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PREFACE

The study reported herein was performed by pervonnel of the Geo-
technical Laboratory (GL), U. S. Army Engincer Waterways Experiment Sta-
tion (WES) during the period 1 October 1980 through 30 June 1982, The
investigation was sponsored bv the Office, Chief of Engineers (OCE),

U. 5, Army, under Project No. 4A762719AT40, Task €O, Work Unit 007,
entitled "Tunnel Detection in Rock." The OCE technical monitor was
Mr., C. A. Meyecer,

The project was conducted under the geneval supervision of
Dr. W, F. Marcuson III, Chief, GL, and under the direct supervision of
Dr. A. G. Franklin, Chief, Earthquake Engineering and Geophysics Divi-
sion (EE&GD), GL. The report was prepared by Mr. R. F. Ballard, Jr.,
EE&GD. Other EE&GD personnel actively involved in this and related
projects were Messrs. J. R. Curro, Jr., S. S. Cooper, D. K. Butler, and
D. H. Douglas.

COL Tilford C. Creel, CE, was Commander and Director of WES

s

during the preparation of this report, Mr. Fred R, Brown was Technical

Director.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (S1)
UNITS OF MEASUREMENT

I U. S. customary units ol measurement used in this report can be converted

to metric (SI) units as follows:

Multiply By To Obtain
] feet 0.3048 metres
gallons (U, S. liquid) 3.785412 cubic decimetres
inches 2.54 centimetres
miles (U. S. statute) 1.609347 kilometres
F square miles 2.5899938 square kilometres




TUNNEL DETECTION

PART I: INTRODUCTION

Background

1. Since tlhie mid-1960's, the U. S. Army Enginecer Waterways Experi-
menc Station (WES) has been actively involved in tunnel detection
beginning with the Vietnam conflict. After the first Korean tunnel was
discovered ir 1975, the WES participated in a review of the U. 8. Army
Mobility Equipment Research and Development Command (MERADCOM) tunnel
detection plan of attack. At this time, the Corps was also beginning
research on cavity detection with the CWIS Project, ''Improvements of
Geophysical Methods,'" later evolving to "Remote Delineation of Cavities
and Discontinuities in Rock." In the summer of 1977, WES hosted a Sympo-
sium on the Detecction of Subsurface Cavities attended by more than 100
people from all over the United States. In 1978, WYS and MERADCOM estab -
lished an interagency committee (now comsisting of 12 Federal agencies)
on "Engineering Geophysics Research and Cavity/Tunnel Detection." In-~
volvement with this interagency committee has enabled WES to maintain
an awareness of up-to-date technology regarding tunnel detection. In
1979, the third Korean tunnel was discovered, and WES made an on-site
evaluation of a seismic triangulation system permanently installed at
Loveridge Mine, W, Va., intended to locate activity or distress signals
from the mine. The system was developed jointly by the Continental 0il
Company (CONOCO) and the U. S. Bureau of Mines (USBM).

2. WES first received funding specifically for tunnel detection
research in 1979. During 1979 and 1980, some 28 different geophysical
methods weze tested for their ability to detect and trace cavities ox
tunnels at three different test sites. In 1981, WES participated in a
tunnel detection symposium sponsored by MERADCOM at the Colorado School
of Mines.

3. The thrust of tunnel detection research at WES during the

final year of this project, FY 82, included the evaluation (for military




applications) of a portable triangulation system developed by the USBM
for locating mine cave-ins or trapped miners at depths exceeding
1500 £ft.* It was felt that this system should also be able to locate i
F clandestine tunneling activity. Related projects funded by MERADCOM
will continue after this projcct has been completed. An evaluation of a
fﬁcused current borehole resistivity technique developed at WES will be
i conducted at a mine in Idaho Springs, Colo. Another crosshole borchole
method using induced random seismic spectra originatiag from a downhole
vibrator will also be evaluated at the Idaho Springs site.
4. Tunnel detection by aerial and satellite remote-sensing
‘ methods has proven to be relatively ineffective. Usc of satellite photo- -
graphy, infrared imaging, etc., can be used to detect spoil areas; how-
ever, deep-based tunneling activity has thus far eluded state-of-the-art
remote-sensing techunlogy. While WES has not participated in a firsthand
. evaluation of remote-sensing methods, WES contacts with MERADCOM, the :
Engineering Topographic Laboratory, U. S, Geological Survey, and other 7
agencies involved in remote sensing substantiate the fact that no
clandestine tunneling activities have becn remotely detected.
5. In the course of this study, volumincus amounts of data were -
F obtained. Some 2¥ geophysical techniques were evaluated and documented.
Much of these data obtained were wholly or partially finmancially support-
ed by other projects having a common need for geophysical data acquired

at well-documented test sites. This approcach resulted in the savings of

L

thousands of dollars by preventing costly duplications of eftort, parti-
cularly in site selection, documentation (drilling and geologists), data
acquisition, data reduction and processing, and data interpretation.

q Each of the following projects, active during FY 80, made substantial ®

contributions tn the obj:ctives of this project:

X A table of factors for converting U. S. customary units of measure-- s
metric (S1) units is presented on page 3. X
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OCls (CWIS)

OCE (AT22)

MERADCOM

MERADCOM

OCE (AT22)

WES (ILIR)

NRC

Title

Objective

Remote Delincation of Cavi-
tics and Discontinuities in
Rock

Downhole Geophysical Explo-
ration Techiniques

Tunnel Detection ~ Resis-
tivity

Tunnel Detection - Cross-
hole Methods

Analytical and Data
Processing Techniques for
Geophysics

Evaluation of Microgravity
for Geotechnical Use

Siting of Nuclear Facili-
ties in Karst Terrains
and Other Arcas Suscep-—
<llvl L.IICL DL cad \JLLDLC}J

tible to Ground Collapse

Improve existing or develop
new systems for detecting
cavities

Determine feasibility of us-
ing downhole geophysical
techniques to scnse voids or
poor-quality rock

Determine changes in electri-
cal properties as a result of
tunneling activity

Evaluate electromagnetic and
scnic crosshole methods for
tunnel detecction resolution
capability

Develop or improve techniques
for handling and jnterpreting
large quantities of geophys-
ical data

Evaluate microgravimetry for
detection of cavities

Survey state of the art in
prediction, detection, and

engincering treatment of
concitions potentially lead-
ing to ground collapse

Final recports on many of the above projects have already been published,

This report relies heavily on information contained within those reports,

which in turn have benefited from information obtained under this

project.

6.

Ubjective

The primary objective of this test program was to evaluate

and refine the geophysical technology needed to detect clandestine

tunneling activity by meaus of field tests at well-documented field

sites. The first priority was to develop a rapid and reliable approach

to detect tunneling at shallow depths (less than 50 m).




Approach

7. In an effort to reach the stated objective systematically, a
five-step approach to the problem was adopted:

a. Sclect candidate geophysical teclmiques best suited for
tunnel detection.

b. Sclect representative test sjites for evaluation of the -
met hod.

<. Thoroughly document the test sites.
d. Conduct a suite of geophysical tests.,

¢. Evaluate cach technique, determining its optimum deploy-
ment, advantases and limitations for military {icld use,
and possible countermeasures which could be taken by an
cneny force to disrupt the survey.

Scope of Report

8. Those techniques showing greatest promisce of success for
tunnel location will be treated in greater detail than those methods
which do not. A primary zsesumption is that an investigator will fivst
perform a general tunnel detection reconnaissance survey using only
surface methods followed by a detailed (high--resolutien) survey of a

suspect area (identified in the reconnaissance survey) in which strate-

gically placed boreholes will be included.
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PART 11: SITE DESCRIPTIONS AND TESTS CONDUCTED

Medford Cave

Site description

9. Medford Cave test site is located approximately 12 wiles
north of Ocala, Fla., in an area of karst topography and has been a
local spelunker attraction for a number of years. The cave system
exists in limestoune covered by about 3 to 6 ft of soil and has known
passageways whose roofs range from 10 to 22 ft below the ground surface.
Figure 1 is a plan view of the Medford Cave system as mapped by person-
nel of the Southwest Research Institute (SwRI), showing the grid system
used for geophysical surveys at the site. The general geology of the
arca and of Medford Cave site in particular is covered in a report by
Mr. William D. Reves, which is included as Appendix A in Butler (in
preparation).

Surface methods

10. In the course of planning the field iuvestigation at Med-
ford Cave, it was determined that at least nine geonhysical surface
methods might be applicable to the problem of tunnel or cavity detec~
tion. The surface methods used are presented first because they would
most likely be employed as a reconnaissance measure at a site where
tunneling activities are suspected. TFollowing the reconnaissance survey,
a highly detailed survey would likely be conducted in selected suspi-
cious areas, These methods, in all likelihood, would require boreholes.
Consequently, the philosophy of this repert will be to separate the
reconnaissance survey (surface methods) from the detailed survey (methods
requiring boreholes).

11. Conventional seismic refraction. The conventional surface

seismic refraction survey, in principle, consists of measuring the
travel times of compressioual and sometimes shear waves generated by
an impulsive energy source to points at various distances alung the

surface of the ground (Redpath, 1973; Department of the Army, 1979).

The energy source is usually a small explosive charge or an impact
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MARION COUNTY, FLORIDA
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delivered by a sledgehammer. Energy is detected, amplified, and
recorded so that its time of arrival at each point can be determined.
The zero time, which is that instant of initiation of impact or explo-
sion, is also recorded along with the ground vibrations arriving at the
detectors (geophones). The raw data consist of measured travel times
and distances, the travel time being the interval between the zero time
and the instant that the detector begins to respond to the disturbance.
This time-distance information is then processed to obtain an interpre-
tation of the velocity of wave propagation and the structure of the
subsurface strata. This method is extremely useful as a rapid means
for performing a site reconnaissance.

12, The following factors are vital considerations in the con-
duct of a seismic refraction investigation:

a. Tcpography. A seismic refraction traverse should be
oriented to avoid radical changes in site topography.
When abrupt changes occur, it is necessary to deter-
mine accurately the elevacion of each geophcne.

b. Distance. Surveying must be accurate in order to make
correct depth determinations of the refractor.

c. Geophone spacing. -Geophone spacing and overall length
of the seismic traverse are dictated by the required
amount of detail and depth of investigation. In all

cases, however, velocities of the near-surface materials

must be obtained. As a general rule, the overall
length of the traverse should be four to five times the
desired depth of investigatiom.

13. The above factors are not all-inclusive, but must be given
prime considevation when the surface refraction seismic method is to he
used for detection of an anomaly such as a tunnel.

14. Eight seismic retraction lines, three 240 ft in length and
five 120 {t in length, were run at the Medford site and are reported by
Curro (in preparation). The tests were conducted by two men in approxi-
mately 10 hr (20 man-hours), equating to about 15 man-hours per 1000 ft
linear coverage.

15. Refracted wave form. The retracted wave form seismic techi-

nique can be conducted in its simplest forwm using a sledgehammer as a

seismic source in conjunction with a single geophone receiver. The

10
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method could be employed when tunneling activity is suspected to be at .

fairly shallow depths, i.e., less than 50 ft. . :
l6. 1In practica, a distance is chosen between the scurce and - ..

receiver whicn will be about four times the desired depth of investi-

gation. The seismograph amplifier is then adjusted so that a single

hammer blow will be displayed with an unclipped trace. The source and

receiver are then moved in tandem a short distance, say 5 ft, maintain- -

ing the same spacing {25 and 50 ft were used at Medfcrd Cave). Without

adjustment to the amplifier or the time scale, a second recording is

then taken. By repeating this procedure along a given line, numerous

records will be obtained which can be directly compared to one another, .

noting not only differences in arrival times but characteristic changes

in signature, such as amplitude or frequency. Obviously, under relative-

ly homogeneous conditions, all of the records obtained in this manner

would be similar. When an anomalous condition such as a cavity or tunnel )

occurs, its presence is usually readily apparent. Although anomalies

in wave form signature may be associated with many different kinds of

subsurface conditions, once an operator has obtained some ''ground truth" - o

information, he can often relate the signature with some confidence to .

a limited range of anomalous subsurface conditions., The refracted wave

form test can be conducted rapidly, but it is depth-limited to about

50 ft unless a high-energy seismic source is used. Threc test lines

were run at the Medford Cave site, concentrated in areas cf known geclog- i'.

ic conditions (Curro, in preparation). The tests were conducted by two

men in approximately five hours (10 man-hours) cquating to 18 man-hours

per 1000 ft lincar coverage.

17. Refraction fan-shooting. The refraction fan-shooting

technique is somewhat similar to the constant-spacing refracted wave
form technique previously deseribed, but covers a much greater areal
extent,  To conduct these tests, all seismic detectors are located 1in
semicircular fashion the same distance from an explosive or other high-—
energy source.  Consequently, selsmic wave arrival times will be the
same at each detector if subsurface conditions are the same. Should a

tunnel be present between source and detector at a depth less than about

11




25 percent of the source-geophone distance, the time of wave arrival 'f;

L wili be delayed and other elements of the seismic signature changed. ' ;_ﬁ
,‘ Figure 2 illustrates the geometry of the fan-shooting tests performed :..':
at Medford Cave, The tests were conducted by two men in about 15 hr E i

4

(30 man-hours) equating to the same time to cover 1000 lin ft assuming ﬁ-.ff
200 ft between source and geophones.

18. Refracted shear wave. The refracted shear (8) wave method ®

is very similar to the conventional seismic refraction technique. It
is conducted in a similar manner witly the major exception being the use

of a seismic source chosen to have a large part of its energy concen- o

YT R TY ey -m ——— =
1

trated in shear wave motion and horizontal rather than vertical geuphones.

|
o
S
b

Whereas the conventional refraction seismic survey places emphasis on

the detection of the first, or primary (P), wave arrival, the refracted

shear wave survey places its emphasis on detection and timing of the

_‘___.._
1

shear wave, which arrives at a later time. The seismic shear wave @
source can be as simple as a sledgehammer striking the end of a large -
board laying on the surface of the ground, perpendicular to the line of
horizountal seismic detectors oriented perpendicular to the source. The
beard is struck alcernately on first une end and then the other to ¢

generate horizontally polarized shear waves of opposite phase in order : ;;
to aid in the interpretation of their first arrival. Data reduction is —
inherently more complex than in the P-wave refraction sucvey because the T;i;@
shear wave arrives at a later time and often in the midst of an ongoing ,.

compressional wave train. Data are interpreted in the same way as the

conventional refraction survey. .

b Fad e 22 b 28 2L ot "V"""""."Y""W"I"T"'rvw—f—""—'
e

19. Four S-wave refraction lines were run at the Medford Cave f' if
: T
| ! site in about eight hours by two men (16 man-hours), equating to about ]
- e
15 man-hours per 1000 ft linear coverage. While the tests werce being o

conducted, poor data quality was evident and further tests suspended.

20. Seismic reflecrion. Seismic¢ reflection surveying, in its o {ﬁ

simplest application, uses the principle of reflection occurring when ¢
interfaces between Jlayers or zones have a high P-wave velocity and/or

density contrast. VFor cxample, when a water table, bedrock surface, or

SR I .

1 _ an air-filled void (such as a tunnecl) is encountered by stress waves

12
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propagating downward through soil materials, upward propagating reflected
P-waves will be generated at that interface. If subsurface vertical
velocities are known, the time of arrival of thesc reflected waves at
surface geophones can be used to determine the depth of the interface,

21. Interpretation of reflected P-wave arrivals is difficult
in shallow surveys because available energy sources, such as explosives,
sledgebammers, or drop weights, produce characteristic wave trains whose
wavelengths are large with respect to the depth aad dimensions of the
target. Identification of the reflected arrival time from shallow tar-
gets is often masked by the presence of surface waves. If an extremely
short duration source can be used, arrivals can sometimes be better
separated and more easily identified.

22, Seismic reflection surveying was performed at 81 stations
along 6 lines at the Medford Cave site by Technos, Inc. Results werc
reported in Curro {in preparation). An experimental techrique developed
by Mooney (1977) designed to enhance shallow reflections was used.

23. Electrical resistivity. One of the geophysical methods

used in tha investigation at Medford Cave showing promise from a recon-
naissance as well as a detailed survey standpoini was the surface
electrical resistivity method. Surface electrical resistivity surveying
is based on the principle that the distribution of electrical potential
in the ground around a current-carrying electrode depends on the electri-
cal resistivities and distribution of the surrounding soils and rocks.

In usual field practice an electrical current is applied between elec-
trodes implanted in the ground and a measurement of the difference of
rotential is made between two additional electrodes that do not carry

curreni. Variations in the geometry of electrode arrays are often

employed to enhance particular features. A detailed explanation is . -

given in EM 1110-1-1802 (Department of the Army, 1979). : -
24. Two different array configurations were used at Medford ';;

Cave. One was the Wenner ¢lectrode array, and the second was the ";,

Bristow (pole-dipole) electrode array. Both methods were used in the T

prufiling mode; i.e., the entire array 1is moved in increments along a

proile line using a fixed electrode spacing. By so doing, one will




obtain a profile of apparent resistivity representative of a more or
less uniform depth of investigation. The Wenner array was used with an
electrode spacing of 10 and 40 ft in an effort to show the effects of
the overburden material and the entire cavity system. The Wenner array
is well suited for locating fairly large size anomalous features when
conducting a reconnaissance survey.

25. The pole-dipole array can be used in a survey procedure
which actually combined horizontal profiling and vertical sounding
concepts. The method is well suited for the detection of localized
anomalies, such as cavities and tunnels. A graphical interpretation
procedure, such as described by Bates (1973) and Fountain, Herzig, and
Owen (1975), can be used to detect anomalous subsucface conditions.

The pole-dipole technique has been successfully used for a number of
investigations in karst regions (Bates, 1973; Butler, 1980c; Cooper and
Bieganousky, 1978; Fountain, Herzig, and Owen, 1975) and also for tunnel
location in hard rock (Fountain, 1975). During the conduct of tests at
the Medford Cave site, it was noted that a drawback to the pole-dipole
survey is the time required to conduct the field tests and process and
interpret Lihe data. Three men were used to conduct the field survey in
about eight hours (24 man-hours), equating to about 18 man-hours per
1000 ft linear coverage.

26. Radar (Technos and SwRI1). 1In the early 1950's, experiments

were conducted using clectromagnetic (radar) waves as a means of probing
through solids. It was quickly recognized that the wave speed and its
amplitude as a function of distance through the solid could vary
drastically from one material to another. Factors which control the
velocity and absorption characteristics of a radar wave are generally
related to conductivity, which is strictly defined only for a material
which obeys Ohm's law, and is equal to the ratio of current density to
the electrical field vector. The most commonly used unit is the mho/cm

(conductivity is the reciprocal of resistivity). In terms of radar wave

penetration or reflectance, it should be noted that as conductivity

increases, higher losses of clectromagnetic (EM) signals are normally

experienced. Consequently, materials with high conductivities, such as




clays, actually become barriers to electromagnetic signals beamed into

the carth.

——
¢

27. A second parameter which greatly influences the character-
istics of EM propagation is the dieclectric constant of the material,
The dielectric coustant is defined as that property of a material that
determines the electrostatic energy that can be stored per unit volume
| for a unit potential gradient. When the ratio of the dielectric constant T
of a material to that of a vacuum is used, the term is referred to as
the relative dielectric constant. As the dielectric constant increases,
it signifies that more EM energy can be absorbed consequently resulting
I in less penetration, T
28. When using radar as a geophysical tool for ground penetra-
tion, many resolution requirements demand that the use of short radar
wavelengths (generally less than 30 ft) be used. Since manv ground
materials are highly absorbent of short wavelength EM energy, there is
a tradeoff between resolution and penetration. Generally, the absorp-
tion characteristics of geological materials are such that radar wave-~

b K S 1+ thain about 2 f+ are reauired
iengins greatel tudit avouce < ¢ 4rc¢ régquirca

to gain appreciable

I penetration. An EM wave's attenuation can be described mathematically )
and the absorption can be expressed in decibels per metre. The absorp-

tion coefficient is highly frequency~dependent and is a function of the

electrical conductivity, magnetic susceptibility, and relative dielectric

constant of the medium. Such mathematical expressions can be found in
Morey er. al. (1978) and Von Hippel (1954).

29. Since penetration depth or distance is generally one of the
first questions addressed by the user, it must be realized that it is
quite difficult to estimate a radar system's capability to penetrate to
a certain depth before a survey is actually run., If beforehand know-
ledge of the material type is available to the investigator, however,
rough estimates can be made. Reported results using ground penetration
pulsed radar document penetration depths of greater than 75 ft in the
glacial delta composed of water-saturated sands in Massachusetts (Morey
et al., 1978). A depth of greater than 230 ft has been measured in a

antarctic ice shelf; however, penctrations of only 5 ft or considerably
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less in wet clays are commonly expected. In some rock materials or in
dry sands, penetration depths of 100 ft or so might be expected.

30. The surface ground-probing radar iavestigation conducted at
Medford Cave by Technos used a Geophysical Survey Systems, Inc. (GSSI)

Model 4700P radar system. This is a pulsed system used with two antcu-

nas. The first was a bistatic shielded antenna having a center frequency

of about 300 MHz (3-nsec pulse). Data quality was recognized as being

extremely poor with this antenna, and conversion was made to a monostatic,

nonshielded antenna having a center frequency of about 130 MHz (10-nsec
pulse). The system was deployed in a towed traverse mode providing a
continuous near real-time graphic record by scanning the antenna across
the surface of the ground. Data were also recorded on magnetic tape on
most of the traverses for later processing.

31. Some sampling was done with the antenna stationary provid-
ing a static record of reflecting horizons. 1In one instance, a metal
foil reflector was placed inside the secondary entrance and attached to
the roof of the cave. The radar transmitter/receiver was then located
on the ground surface immediately above the reflector. Overburden thick-
ness at this location was 9 ft. A very weak return was noted at this
location, thereby proving penetration to at least a depth of 9 ft.
Figure 3 shows the location of radar traverses made at the Medford Cave
site. Three Technos men conducted the radar survey covering more than
3000 lin ft in about 4 hr (12 man-hours); however, only two men are
necessary to perform a survey. Assuming that a survey could be conduct-
ed towing the antenna at a speed of about 2 mph, only 0.2 man-hours
would be required per 1000 ft.

32. The ground-probing radar system used by SwRI was designed
and built in their laboratory. The system is quite versatile and can
be used from the ground surface in the reflection mode or in a borehole-
to-borehole configuration for crosshole testing, as will be discussed
later. During the operation, the SwRI system emits lO-nsec-duration
EM pulses (100 Milz) from the transmitter. The full wave form of the EM

pulse is received, converted to a low-frequency replica of the real time
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pulse by a time-domain sampler, and recorded in cither analog or digital
form for analysis. A conceptuosl illustration of the ground-pentrating Ell
system developed by SwRi is shown in Figure 4. It will be noted that

the same system, using borchele antennas, can be used for crosshole
applications (described later). Surface ground-probing radar traverses
were conducted in the same locations at Medford Cave used by Technos.

33. Magnetic. For tunnel detection, the magnetic survey is a
logically cliosen technique because the presence of man-made ferrous
metal objects would be cxpected to produce large magnetic anomalies.
Depending on how a tunnel is constructed, metal objects such as tools,
rock bolts, liners, rails for mucking carts, etc., could be inside.

34. In a magnetic survey the strengths of various components of
the earth's magnetic field are measured. The presence of magnetic mate-
rials in the subsurface perturb or produce anomalies in that measured
field. In the case of a nonmetallic air-filled cavity, such as a
tunnel in limestone, granite, or other nonmagnetic rock, little influence
could be expected on the existing magnetic field. As a result, it is
felt that the magnetic teclinique would be useful only when man-made
metals are present in the tunnel.

35. The survey conducted at Medford Cave was performed by Butler
(in preparation), using a hand-held flux gate magnetometer which is
sensitive to the vertical component of the magnetic field and must be O
kept level while making measurements. Data were acquired on the project e
grid system, mostly at 10-ft intervals along north—-south profile lines
separated by 20 ft in the east-west direction. A total of 250 stations
were measured. Butler reoccupied base stations at the beginning of each S 4
profile to determine whether secular variation or drift was occurring. : ‘
None was noted. The entire survey required about 8 man-hours over a -

two—day period equating to slightly more than 3 man-hours per 1000 ft.

36, Microgravity. Microgravity methods have been used for the
detection of cavities in Europe since the 1960's. The technique, as o 3

used at the Medford Cave site, consisted of making relative measurements
ol the vertical component of gravity in a grid pattern. After the normal -~

corrections and adjustments to the data were made, a contour map of
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gravity anomalics caused by density variations in the subsurface was
produced. CGravimetry, like the magnetic method, is a potential fjield
method. Gravity anomalies occur when lateral density contrasts are
present in the subsurface. Most of the gravity measurcments at the
Medford Cave site were taken along the grid lines at 10-ft intervals.
Some 420 stations were occupied with a LaCoste and Romberg Model D-4
gravity meter. The Model D-4 gravity meter has a sensitivity of about
1 uGal and relative gravity values in a survey can be determined with a
precision and accuracy in the range of 3 to 6 nGal (Butler, 1980a). A
detailed description of the requirements of microgravimetric surveying
are given in Butler (1980a, b).

37. The micvogravity technique was selected for application to
the tunnel detection problem because the air-filled void produced by
the presence of a tunnel has the net effect of producing a low density
zone., Whether or not that feature is detectable depends not only on
the sensitivity and accuracy of the gravity meter, but on the size,
density contrast, and depth of the anomaly below ground surface, In
practical terms under average conditions, a sphere having a radius of
about 10 ft should be detectable at a depth of about 30 ft. CouSgqueut-
ly, the microgravity technique will 1ikely have an application for
tunnel detection at relatively shallow depths, i.c., 20 to 40 ft (assum-
ing a 10-ft-diam tunnel), dependent upon site density contrasts. The
rate at which tests were conducted at the Medford Cave site would indi-
cate that approximately 30 man-hours per 1000 ft lincar coverage are
required to conduct a microgravity survey.

Meihods rtequiring boreholes

38. Seismic cresshole. The seismic crosshole metihiod is normal- ®

1y intended to provide a designer or investigator with seismic wave
velocities of the subsurface materials (Woods, 1978), or simply for the
determination of anomalies that might exist between boreholes.
39, The seismic crosshole system used at the Medford Cave site .
consisted of a vibratory borehole energy source, used to generate verti-
cally polarized S-waves, and small explosive charges which were used to

generate P-waves, Crosshole tests were first conducted between
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borings €0, C7, and €8 in an arca where no kaown anvmaliecs existed.

Data obtained at these locations were to be used for a relative compari-
son witn data obtained between borings ClL and €10 which were placed on
cither side of a prominent wmapped feature of dedford Cave. YVigure 5
shows the test locations.

40. Tests were conducted by placing the scismic source in one
borehole at a specified elevation and reccivers in adjacent boreholes at
the same elevation. The seismic source was repeatedly activated at
different elevations and the times of arrival of the specific wave type
were noted at the receivers at corresponding elevations.

41, When competent rock is displaced by an anomaly such as an
air-filled tumnel or cavity, the arrival time at the receiver point will
be lengthened by an amount that is related to the size of the void
between the source and receiver. In addition to changes in arrival
times, the secismic signature is usually affected by a decrease in ampli-
tude and an increase in the predominant period of the signal. The
seismic crosshole method was selected as a candidate for tunnel detec-
tion for the above reasons and because the equipment is relatively
straightforward to operate and readily available. Based upon the time
required to conduct the seismic crosshole tests at Medford Cave site and
other WES experience, it is estimated that a 200-{t-deep survey will
regquire about 8 man-hours.

42. Crosshole radar. Crosshole radar tests were conducted at

Medford Cave by the SwRI using equipment previously described. 1In the
hole-to-hole method of operation, l0-nsec-duration EM pulses were
emitted from the ground-penetrating EM system transmitter in a borehole
located on one side of the tunnel/cavity targer. The receiver was posi-
tioned in another heole located on the opposite side of the target to
detect the transmitted pulse. During typical operation, the transmitter

and receiver were first located at the same depth below the suspect

cavity region., The two probes were then hoisted together, maintaining a
common depth while through transmission pulse wave forms were continu--

ously monitored at about 3-ft-depth intervals within the horeholes.
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43. The bhorechole EM system was operated in L0 hole pairs at
} Medford Cave. Data were collected in two ways: with transmitter and
‘ Yeceiver antennas at a common depth and with the antennas offset at dif- )
; ferent depth increments. Specific information of interest includes the

EM pulse propagation time hetween the holes and the amplitude attenuation S

of the radiated pulse as it passes through the geologic structure between S
holes. An air-filled cavity or tunnel between the holes should typically L
cause a reduced transmission time because of the higher propagation

velocity of an EM signal in air. Additionally, signal amplitude and

transmission time may vary in the viecinity of the cavity as a result of

diffracrion and scattering effects (Fountain and Herzig, 1980). Based L/
upon this series of tests and other SwRI experience, it is estimated '
that about 2 man-hours will be required to survey between borings 200 ft

deep.

44. Uphole refraction seismic (wave frent). According to ® L?

Franklin (1980), the uphole refraction method provides the same informa-
tion as the surface refraction seismic met..od but adds to it observa-
ticns of the effects of wertical displacements of the shotpoint. Thus,
it provides another dimension in the information obtained about subsur- e
face conditions. The method was thought to be applicable te the tunnel
detection problem because presence of a tunnel or void can be expected
to influeunce the transit times of the seismic signals whose ray paths
;‘ they intercept. The uphole refraction survey conducted at Medford Cave . ‘,
was located along the zero &0 grid line with each of 24 geophones locat-
ed as shown in Figure 6.
45. The test was conducted by firing a small explosive charge
at a predetermined depth in the borehole. The time required for the ®
signel to reach ecach geophone was then noted. The same procedure was
repecated as shots were fired at progressively shallower depths in the
borehole. The number of data points acquired will be equal to the number
' of shots fired times the number of geophone receivers. Since the uphole L
refraction method produces more information about subsurface conditions
than does the surface cefraction method, it offers the possibility for

detecting anomalies invisible to the test conducted on the ground surface.
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Data are ordinarily displayed in the form of a contoured two-dimensional
grid matrix. A complete discussion of data handling and processing is
given by Franklin (1980). The uphole refraction seismic method was
selected as a candidate technique for tunnel detection because the
presence of a void or tunnel should appear as an anomalous feature when
the travel times between source and receivers are not compatible with

the geologic model being used.

Manatee Springs

Site description

46. The second test site, also located in the State of Florida,
near the town of Chiecfland, is a state park called Manatee Springs.

This site differs from the Medford Cave site in that the cavities are
located approximately 100 ft below the ground surface, are water-filled,
and were mapped by cave divers, In view of the fact that Manatee Springs
is a state park, permission was secured from the State of Florida to
conduct tests within the boundaries of the park. The site chosen and
gridded for geoprhysical survevs ig¢ located near the mouth of the subter-
ranean system. The vclume of flow at this point is approximately

82,000 gpm.

47. The Manatee Springs cave system extends several miles to the
southeast of its mouth, and approximately 10,000 lin ft has been mapped
by the cave diving section of the National Speological Society. The
Manatee Springs site was chosen because it met the requirements of
several geophysical investigation programs. Contrasted to the Medford
Cave site, its cavity system was considerably deeper and cffered the
challenge of geophysical data acquisition in the presence of rapidly
flowing water.

48. With regard to tunpnel detection, Manatee Springs met the
requirement for obtaining data at depths representative of tunneling
activity suspected at some military outposts,

49, The arca chosen for higb-resolution (methods requiring borve-

holes) geophysical studies was discovered by cave divers on a
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reconnaissance mission while looking for a continuous feature having
dimensions approximating those of a tunnel. Figure 7 shows a plan view
of this feature, the surface grid system, and the exploratory borings
which were placed to provide geological information and support the
geophiysical testing program. $eologists were on site throughout the
entire exploration program and documented the site in detail. Their
report is contained in Part III of the repori by Butler et al. (in
preparation),

Surface methods

50. Microgravity. A microgravity survey was conducted at
Manatee Springs in a manner similar to that previously described at
Medford Cave., A complete documentation of the sgurvey is reported by
Butler et al. (in preparation). The site chosen for the microgravity
survey is about midway between the mouth of the spring and the first
large water-filled sink. A gridded rectangular survey area 120 to 400 ft
was chosen perpendicular to the local trend of the cavity system.

Methods requiring boreholes

51. Crosshole radar. Crosshole radar tests were conducted at

the Manatee Springs site by SwRI and by the Lawrence Livermore National
Laboratory (LLNL). The SwRI system has previously been described under
the Medford Cave test site section and will not be repeated here. A
derailed description of the SwRI radar study at Manatee Springs is
presented by Herzig and Suhler (1980); only a summary of the test program
will be presented in this report.

52. SwRI conducted crosshole radar tests between holes C2 and
C5 to provide a basic reference point because no cavities were known
to exist between these twu buriugs. The second series of tests were
conducted between borings C2 and C3 spaced approximately 30 ft apart and
straddling a known cavity feature. A final series of tests were con-
ducted between borings C3 and Ch.

53. Crosshole radar tests were conducted by the LLNL during the
sunmer of 1980 and documented by Laine (1980). The LLNL ground-probing
radar equipment operates on a slightly different principle than that

used by SwRI. Where the SwRI system uses a short rise-time pulse and a
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receiver which monitors the transmission time of the pulse and its signa-
ture, the LLNL approach is to use a swept frequency or a frequency scan
to determine that discrete frequency best suiced for probing the area
between boreholes. The swept frequency is not ordinarily used by LLNL
because it requires considerably more time to conduct the test. Rather,
é single frequency restricted to narrow bandwidth, typically 1 kHz,
brings system noise levels down to the point where signals as low as
-110 dbm can be analyzed.

54, In practice, once a frequency has been chosen, the LLNL
transmitter power amplifjer is carefully controlled to provide a constant
power output. The receiver signal is then observed for appearance of
prominent nulls in the signal level as a furnction of depth. When signal
losses are observed at a particular depth, the transmitter and receiver
can be offset (held at different depths) so that a "skewed" run may be
made to determine the geometry of the anomaly in two dimensions.

55. Scans were made between boreholes C3 and C2 with the trans-
mitter in C3 and the receiver in C2. Other cross borehole testing was
donc with the transmitter in borchole C4 and receivers in holes €3 and
C2. 1In this particular case, recelver C3 was used as a reference for ;‘.'
the spectrum analyzer and receiver C2 as the test input. In this way,
phase changes representative of the change in relative dielectric cou-
stant of the media provided the means for determining the dielectric
constant. "‘-

56. Scismic (acoustic) crosshole. Three independent crosshole

acoustic studies were conducted at the Manatee Springs site by Tennessee :':;_ié
Valley Authority (TVA), Sigma Industrial Systems, Inc., and Sonex. ' ;
Results from two of these studies and detailed descriptions of test "6 ’
methods are contained in the reports by TVA (1980) and Sigma Industrial
Systems, Inc. (1981). Test results obtained by Sonex were reported in :
a letter report to NERADCOM (Sounex, Ltd., 1982). . _.:'S

57. The acoustic study performed by TVA provided little tangible @
data because the high—encrgy sparker source malfunctioned. The TVA .
signal source basically consists of a bank of capacitors which can be

discharged across two electrodes encased in a borchole sonde. After
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failure of the high-energy source, three crystal energy sources, which
are normally used for conventional single-borehole logging, were tried
l in the crosshole mode but could not project a detectable signal to the
receiver located about 30 ft away.

58. The second study, which was conducted by Sigma Industrial
Systems, Inc., met a similar fate. Their seismic source also failed

before testing was done in the area of interest. Slightly more than

£ ]

one year later (October 1981), Sonex, Ltd. successfully completed an
acoustic crosshole test program. Tests were first conducted between
borings C5 and CZ to provide a reference standard before a survey was
- made between borings C2 and C3, straddling the anomaly. The Sonex sys-
tem consists of a high-energy sparker delivering a seismic impulse in
the 2—- to 10-kHz region, which is received by a compatible transducer.
59. Data are analyzed in terms of arrival time, signal strength
(amplitude), and frequency content. Theoretically if an anomaly, such
as a tunnel or cavity, is located at the same elevation between the
seismic source and detector in an otherwise homogeneous medium, its
presence should cause a change (lengthening) in arrival times of seismic
‘ signals and an alteration in the amplitude and frequency content c¢f the
seismic signature.

60. Crosshole resistivity. Crosshole resistivity measurements

at the Manatee Springs site were jointly funded by the USBM (80 percent})
and WES (20 percent) and carried out by LLNL (Laine, 1980) using an LLNL

approach. The crosshole resistivity method typically requires fluid-
filled holes or scraper pads. The LLNL test is conducted by inducing
an electric fi1eld by energizing a downhole current electrode with coumu-
tated DC current. (The other current electrode is located on the ground
surface at some remote distance from the borehole.) The electric poten-
tial produced in the subsurface strata is then monitored by a voltmeter
connected between the downhole and surface potential electrodes. The
downhole current electrode is held in the fixed position while the down-
hole porential electrode is moved up or down in the adjacent borehole.
Using this procedure, measurements were made at l-ft-depth increments S

between borings €2 and C3 for the depth interval of 89 to 138 frt.
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The crosshole resistivity method was thought to be applicable to the
tunnel detection problem because presence of a void, air- or water-
filled, should cause a detectable change in the apparent resistivity of
the medium. Only the LLNL method was evaluated, but it should be noted
that other crosshole rvesistivity concepts are currently in the develop-

ment process.

Passive Techniques

Concepts
61. Most of the geophysical methods previously described are

' The term "active' is derived from the fact

referred to as "active.'
that a given technique induces into the earth medium and measures

changes which occur in the process of conducting the test. Examples

are: scismic and electrical techniques.

62. ''Passive" techniques, on the other hand, rely upon the
measurement of changes in natural phenomena such as the earth's magnetic
field or variations in gravity. Other items included in the passive
category would be the mcasurement of signals produced by the target of
interest. For example, construction of a tunnel will inherently produce
noise, electrical power within a tunnel might create a magnetically
induced field, ventilation blowers might create a resonaunce effect, etc.,
all of which are remotely detectable proviaed signal-to-noise ratios
are favorable. The most noteworthy passive technique for tunnel detec-
tion is perhaps seismic triangulation.

63. Tunnel construction (lO-ft-diam or larger) is generally
accomplished by drilling and blasting, tunnel boring machines (TBM),
or in rare instances, pick and shovel. 1In all of these cases, measur-
able seismic disturbances are created. Additional seismic disturbances
not associated with construction are also likely to occur. These are

roof cave-ins and vehicular or personnel traffic. Since an appreciable
amount of seismic activity can be associated with the construction or

maintenance of an existing tunnel, the seismic triangulation concept
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could prove to be one of the most reliable and reasonable approaclies to
the detection of clandestine tunneling activity.

64. The location of a target which generates seismic activity

2n be accomplished by considering the simplest case of three geophone

detectors counfigured such that a geophone is placed at each of the
vertices of an equilateral triangle whose sides are oriented to a speci-
fied reference. Signals from the geophones are simultancously recorded
on a system which has an accurate common time base., Assuming that an
explosive charge is detonated during the construction of a tunnel, a
seismic wave originating at that point will arrive at some later time
at the detector array. By determining the phase shift or difference in
arrival time of the seismic wave train received at each geophone, the
direction to the target can be calculated. The target which created
the disturbance can then be located in two-dimensional space (Cress,
1976).

65. 1In order to increase the accuracy of target location,

several improvements can be added to the basic concept. These are:

|

. Increase the number of geophone detector statioas.

152

Replace individual gecphones with subarrays consisting
of several geophones summed at a common output point
(Durkin and Greenfield, 1981). This approach will tend
to cancel random noise thereby improving signal-to-noise
ratio.

c. Bury and grout the geophones to rock at the soil-rock
interface. This eliminates most unwanted surface noise
sources such as wind or traffic.

d. Place an additional array of geophones underneath an
cxisting array at greater depth. By having detectors
at different elevations, preferably some well below the
elevation of the suspected target, triangulation can
be accomplished in three dimensiocns.

Implemented systems

66. In the course of this study, two implemented seismic loca-
tion systems were closely observed, Both systems arc traceable to USBM
and were designed to meet the needs of the mining community. Even so,
the basic concepts and hardware are applicable to the military situa-

tion. These two systems, one permanent and one portable, are intended
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for deployment above mining activity and are designed to monitor cave-

ins and locate trapped miners in the event of a disaster.

L. 67. CONOCO seismic location system. The Loveridge Mine, owned
and operated by CONOCO, is located near Fairview, W, Va., The permanent
seismic detection system deployed at this site was brought to the atten-
tion of military authorities by CONOCO after publication of an article

on clandestine tunneling, which appeared in the 6 November 1978 issue of

T

U. S. News and World Report. Since this system was thought to be appli-

cable to the tunnel detection problem, representatives of CONOCO invited
interested partics to a site visit and subsequent demonstration in April

‘ 1979. T

T T

68. The Loveridge Mine system consists of nine geophones buried
and grouted about 40 ft deep at various locations over a l5-square-mile
arca, amplifiers, associated hardware required to transmit signals (over

| telephone lines) to the main office, and the central processing unit
programmed to detect and locate seismic activity. The system was
installed during the period June to September 1974 under partial sponsor-
ship of the USBM at an approximate cost of $100,000. Once minor prob-

lems associated with the original installation were solved, the system

PR

has remained in virtually continuous operation and has required very
little maintenance. The system has detected roof falls in the "room and
pillar" areas of the mine and has located blasts as small as one-quarter

pound ot dynamite. Location accuracy has typically been within about

hv‘-v

250 ft of known sources. This level of accuracy derives in part from
an extensive P-wave velocity survey conducted by CONOCO to determine

a typical wave propagation velocity for the shale rock al the site

P

(P-wave velocity equals 14,000 £ps), which lies between the coal secam ®

-

and the surface. Surface topography in the area is irrvegular with hills

L a0 i adn 0 a0

and valleys of about 400 ft relicf. The coal is about 600 ft below the

E . valleys and it is at this depth that most of the activity being detected

& has taken place. The system and subsequent modifications are described L
in Fowler (1973, 1974a, 1974b, and 1975). Some of the 40-{t-deep
geophones arce grouted in soil, while others oce grouted in rock and are

located in a somewhat random pattern above the mine. Automatic gain
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control (AGC) amplifiers, 60-cycle notch filters, and modulation circuit-

ry are installed in metal boxes on poles on the ground surface above

each geophone, as shown in Figure &. AC power is provided along with ‘o

small back-up batteries, Current draw is so low that the system could

run on batteries alone if they were replaced every few months. The

biggest technical problem has been 60-cycle electrical noise emanating : ) =i

from overhead power lines in the near vicinity. For all practical pur- ® B

poses, this noise has been eliminated by the inclusion of 60-cycle

notched filters. The AGC circuits of the amplifiers automatically B

suppress many steady-state signals after allowing passage of their ini- -

tial arrivals, thus tending to minimize the number of false alarms. - ’7
69. The system works on the following principle. Signals from

nine geophones spread out over the l5-square-mile area are monitored.

Arrivals above a preset threshold voltage are counted. If arrivals

from three or more different geophones occur in a 500-msec interval, an " @

event is said to have occurred and all the arrival times plus the known '

location of the geophones and the seismic velocity of the rocks are used

by a digital computer to triangulate the source. A map of the area is 73';*NL

displayed on a cathode-ray tube (CRT) screen and the location of the ;-0'

source is marked on the display by one of several symbols which indicate

how many different gcophones recorded the cvent, providing an indirect

indication of the strength of the event and establishing a confidence

level. The computer program computes sources for seismic signals origi- ‘ ‘
nating outside the mine but does not report them to the operator. The .”.;i;
same logic could be used in military theaters to eliminate surface signals :
generated by friendly forces in rear areas behind the geophone arrays.

Finally, the computer prepares a report of source coordinates and times ".
of occurrence for each 24-hr period in tabular and map form. Comparison
of the map output for several dayvs by someone knowledgeable about

construction, vehicular, or explosive surface activity in the area will

readily expose quasi-linear patterns of sources.which tend to move in a ¢
linecar fashion as a function of time in areas of very little surface
activity, These patterns can identify tunneling operations in rock.

®
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Signal-conditioning equipment used in the
CONOCO seismic location system
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70. MSHA scismic system. The Mine Safety and Health Adminis-

tration (MSHA) has implemented a scismic detection system conceived

through USBM rescarcl. efforts. Portability and automation are the pri- "o
mary differcances between the MSHA system and the permanent system

installed at the Loveridge Mine in West Virginia. In accordance with

its operational concept, the MSHA scismic detection system is maintained

in a state of readiuess at a facility necar Aliquippa, Pa. Upon notifi- -
cation of a mine disaster, the cquipment and operations persomnel arc

sent to the scene of the disaster to aid in the location of trapped

miners. The equipment is highly mobile and in its present configura-

tion the eclectronics are

housed in a metal cab which can be detached from

the back of a flat-body truck. Figures 9 and 10 are photugraphs of

the equipment cab and its interior, respectively. When detached, the

equipment. can be shipped
equivalent to anyv chosen
time. Its basic concept

71. 1n order to

periodically checked out

by an aircraft such as an Air Force C-130 or
destination and deployed in about 3 or 4 ur

is shown in Figure 11.

maintain a state of readiness, the ecquipment is

above various mines locaved throughout tlie

country. When fully operational, the MSHA system uses an array of seven .
seismic stations whose coordinates have been established by survey.
Each of the seismic stations, deployed in a manner jillustrated in
Figure 12, consists of a subarray of seven vertical geophones whose
output is summed into a single telemetry channel and then beamed toward
the receiving station located at the instrumentation van {see Figure 13). N

The telemetry system has been carefully calibrated and compared to a "

[

of hard-wired installations to be certain that arrival time

0

\r
~~~~~ J

and phase relations are not distorted. The configuration of each
15-ft-diam subarray is similar to that shown in the inset in Figure 12.
By configuring the subarrays in this pattern, as opposed to using a
single geophone, several decibels signal-to-noise ratios can be gained
because random surface noises and seismic surface waves are not in phase
and consequently will tend to be cancelled when summed. Typically, the
distance between subarrays will be 800 to 1000 ft depeuding upon terrain

conditions.
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RECEIVING, RECORDING, PROCESSING

D

ARRAY (7 SUBARRAYS)

-~

e .- .

4 ®
/ ~

15° diameter

HARD-WIRED SUBARRAY
(7 GEGPHONES WITH CENTRAL TELEMETRY)

Figure 12. Telemetry data acquisition, MSHA
selsmic detection system




Figure 13. MSHA subarray components and telemetry system
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72. As soon as the system is in a state of readiness, the sur-
face crew dectonates three explosive charges which can be easily heard
underground by a trapped miner. After hearing these shots, the miner is
istructed to pound 10 times on a part of the mine, preferably the roof
or roof bolt with any heavy object he can find. Following this, the
miner is to rest 15 min, then repeat the process until he hears five
shots from the surface which will indicate that his signal has been
heard and help is on the way. During the location process, a technique
known as stacking is used to enhance the signal level. In theory, and
in practice, this leads to an increase of /N in amplitude signal-
to-noise ratio, where N is the number of pulses stacked. The present
system relies on the operator's ability to determine when a signal has
occurred. Manual detection of the signal can be unreliable due to the
low signal-to-noise ratio often encountered and the ability of the opera-
tor to maintain peak performance over extended periods. At present,
efforts are being made to automatically detect the miner's signal by
computer using seismic event algorithms similar to those used by CONOCO,
thus eliminating possible human ervor (Durkin and Greenfield, 1981).

73. If tunneling activity is suspected in a given area, the MSHA
system, in its present state, could likely triangulate and locate the
source of activity provided it could be deployed directly over the
activity. If, however, the tunneling operation occurs some distance
outside of the array, location accuracy will be appreciably hampered.
Modifications of computer software can probably overcome this deficiency.
The software triangulation package contained in the present MSHA system
calculates the target location from arrival times measured on stacked
seismograms. This program combines the individual subarray arrival
times either threc or four at a time to find the location. The program
can use a known depth for the source (which is often the case in coal
mines) or can fit data for the source depth. Alternate methods of loca-
tion based on the least-squares principle are offen times used in
seismic location work and can also be used here. Durkin and Greentield
(1981) tabulated the results of numerous field exercises in which simu-

lated trapped miners pounded on the ceiling at a location unknown to
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the search team, but known to the "miners.' Results of 12 tests showed
that in four cases the error range was less than 50 ft. In six cases,
tlie error range was less than 100 ft, and in two cases, the error range
was approximately 150 fc.

74. 1In a contract report (Dyson, 1981) prepared for the USBM,
the feasibility of employing automated processing and detection tech-

niques in the mine disaster communication problems is demonstrated.

LI
©

Efficient processing methods were developed. These methods were demon- .
strated both in laboratory and in a field environment. Evaluation of

existing MSHA computer capacity was given along with recommendations for

expansion. Techniques evaluated included digital filtering and Fast .
F Fourier transform, Wiener and Kalman filtering, prefiltering correlation, i.f
and stacking. A request for proposal to upgrade the system accordingly : f N
has been issued by the USBM and will be implemented by MSHA. Thcsg

modifications will also greatly enhance the potential military use of

this portable seismic detection system for locating underground activity.
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PART III: TiST RESULTS

75. The results of tests conducted will be limited to chosen
typical examples which serve to show the advantages and limitations of
the various test techniques. Complete data can be found in the refer-
cnces. Greatest emphasis will be placed con those methods which show
promise when applied to the problem of tunnel detection., Those methods
concerned with rapid reconnaissance surveys are presented first, follow-
ing by the methods which would be used to conduct a high-resolution

survey based on findings of the reconnaissance.
Medford Cave

Surface methods

76. Conventional seigsmic refraction. Eight conventional seismic

refraction lines (18 traverses) were run ¢ - the Medford Cave site. The
lines were purposely located so that areas where no known cavities
existed and areas with known cavity features of various sizes could be
investigated. Data were plotted in the conventional manner as P-wave
arrival time versus distance. Apparent velocities and depths to refrac-
ting interfaces were then determined. A detailed description of the
interpretation is given by Curro (in preparation).

77. As expected, many of the time-distance plots showed anoma-
lous data in the form of delayed, early, and undetermined arrival times.
In summary, it was determined that departures from expected arrival
times might bde caused by the presence of subterranean cavities. b5ix
out of the scven seismic lines which were located over known cavity
features showed cither delayed arrival times or no data due to the
extremely poor signal quality. The seventh seismic line also displayed
somewhat erratic arrival times, but not such that one could positively
say that the presence of the cavity was noted. Figure 14 was selected
as a typical example of data obtained over a known cavity. The delayed
arrival times toward the end of traverse S$S-6 correlates well with the

known cavity features. On the reverse traverse, 5--5, there is no
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indication of late arrival times in the area of the cavities. This was
probably the result of the shotpoint for $-5 being too clese and too
shallow to produce dclayed arrival times. The delay times at the eud of
traverse S-5 were found to have been caused by an increase in overburden
(17 fr compared to less than 1 ft near shotpoint S-5). This can also be
seen from the first two segments of the time-distance curve for traverse
5-6.

78. Refracted wave form. Test results obtained during the con-

duct of the seismic refracted wave form {constant spacing) technique
proved to be quite interesting. As described previously, the refracted
wave form is intended to provide information beyond the conventional
determination of arrival times. That information is contained in the
total seismic signature, i.e., amplitude and frequency variations.

79. 1In addition to the "quick look" analysis done on site, the
data were digitized to aid in a more quantitative assessment. These
data, along with a Fourier spectrum analysis of each wave shape, arec
presented by Curro (in preparation).

80. In summary, in several areas where frequencies and amplitudes
of the signal decreased, cavities were found to exist. Generally speak-
ing, when consistent arrival times, high frequencies, and amplitudes
were present in the seismic signature, no cavities were found. Since
all of the known cavities at this site were fairly shallow, the effect
of cavity depth on detection success still remains a question. However,
the techinique shows promise for the detection of shallow tunnels (less
than 50 ft).

81. Refraction fan-shooting. Referring to Figure Z, the tan

test layout, one will observe that test No. 1 was intended to be con-
ducted in an area where no known cavities existed. Arrival times deter-
mined from this test showed appreciable delays (Figure 15), beginning
with geophone 20 and continuing through geophone 24 or beyond the eastern

edge of the grid system. Boring E21, located between the seismic source

and gcophone 20, detected numerous small cavities in the depth range
from 10 to 40 ft, but it is also known that the thickness of overburden

material increases in an easterly direction. As a result, one must
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acknowledge that the delayed arrivals could be caused by one or a com-
bination of both circumstances,

82. As the test sequence progressed in a northwesterly direc—
tion, some of the geophones were purposely located over known cavity
features. Observing Figure 16, which is the plot of arrival time versus
geophone number at sta (50,10), it will be secen that the arrival times
at geophones 10 and 11 are appreciably delayed. These geophones were
located over mapped parts of the cavity system. As testing continued,
inconsistent data were obtained in several instances. Geophones located
directly over cavity features in test No. 3 did not indicate any anoma-
lous delayed times; however, one bit of consistency was noted in every
test case. The last four geophores (those located on the eastern por-
tion of the grid) showed appreciable time delays. It was concluded
after exploratory drilling that these were likely related to the combi-
nation of increased overburden in that area and cavity features.

83. 1In summary, results of the fan test present no conclusive
evidence of anomalous arrival times being cavity-related; however, if
the gains on the seismograph had been set lower so that the entire signa-
ture had been visible on the record, other clues such as amplitude and
frequency content might have provided greater insight into the subsur-
face conditions.

84. Refracted shear wave. Results of the refracted shear wave

tests were considered to be inconclusive bhecause the seismic source
(sledgehammer) did not provide adequate energy for confident data
analysis.

ion seismic tests were first

rr

85. Reflection secismic. The reflec

conducted in areas with no known cavities and in areas with known cavity
features of various sizes, Data were acquired and analyzed by Technos,
Inc., using a procedure advocated by Professor Harold Mconey (1977) and
described by Curro (in preparation).

86. Even though seismic reflection techniques arec well under-
stood and used on a regular basis by petroleum exploration companies,
shallow reflection procedures zre still being developed. Little, if any,

data exist in the literature documenting the successful mapping of
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strata shallower than 20 ft in depth. The reflection data obtained at
the Medford Cave site should be viewed with that caveat in mind.

87. The interpretation presented by Technos showed considerable
scatter in the reflection picks; however, some trends were noted. 1t
appears that rock strata are horizontal or near horizontal at the site
and the shallowest reflectors could be as shallow as 9 ft or as deep as
22 ft, depending upon the velocity chosen for the interpretation. In
summary, the data from the reflection lines do not provide any positive
indication of correlation with a kuown cavity system and at this stage
of development, usc of the method to detect either cavities or tunnels
would be highly questionable.

88. Resistivity (Bristow and Weuner). The Bristow (pole-dipole)

resistivity array was used to profile several lines at the Medford Cave
site. Results of the survey along the 80W north-south grid line were
chosen as representative of site conditions and because more geologic
informarion was obtained along this line than any other. Figure 17
(Butler, in preparation) shows the pole-dipole sounding results for six
locations of the current electrode (Cl) along the profile line using a
30-ft spacing. Butler described the test and results in the following
manner. The potential clectrodes were moved out to a distance, X =

80 ft, on cach side of each Cl station, where X 1is the distance to
the center of the potential electrodes. The distance between potential
clectrodes Ple was 10 ft and X 1is incremented by 5 ft between
neasurements. The distance between Cl stations is selected as 30 ft;
this procedure allows an anomaly near the surface to be defined by as
many as seven intersecting hemispherical shells. The general trend of
the sounding data is increasing apparent resistivity as a function of
depth. 1n order te pick anomalies, linear trend lines are used as
indicated in Figure 17. High resistance zones, falling above the trend
line, are related to air-filled voids, while the low resistance zones
are associated with clay-filled voids or depressions. According to
Butler (in preparation), the degree of success that can be expected
using this technique will depend a great deal on the experience of the

interpreter and on haviong cousiderable redundancy of the data., Test
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resules obtained by the geometric method are shown in Figure 18 (Butler,
in preparation). Comparisons with the near—surface geologic cross sec-—

l tion defined by drilling are quite good. Varied hatchinyg patterns "o
denote the number of arc intersections in a particular zcne, hence a —
confidence level can be established.

89. Since the field procedure is relatively slow, the SwRI, with RO

| funding from MERADCOM, has developed an automated resistivity data '.Z .
acquisition system (Fountain and Herzig, 1980). Data are digitally
recorded and graphically processed. This procedure has been used by B 51
MERADCOM under actual field conditions in an effort to locate existing

l tunnels. 7o this date, no new tunnels have been found by this proce- - ®
dure, but an existing tunnel was detected. Consequently, it is worthy
of future consideration.

90. The Wenner array was used with electrode spacings of 40 and

‘ 10 fr at the Medford Cave site. The 40-ft spacing allowed the depth of " @

investigation of the resistivity survey to include the effects of the

entire known cavity system. The apparent resistivity contour map

(Figure 19, Dutler, in preparation) definitely shows the prescnce of the ’
l cavity system. Assuming a baseline resistivity to be about 400 to ‘@

600 ohw-ft, the cavity system produces a resistivity anomaly of about
1000 ohm—-ft. The Wenner array can be considcred as a viable reconnais- PR
sance method. Table 1 can be used to determine deployment requirements.

| 91. Radar (SwRI and Technos). A complete documentary of the B Y

results obtained using the SwRI surface ground-probing radar is pre-
sented by Duff and Subler (1980). Tests were conducted along lines
chosen to be representative of cavity areas and noncavity areas. Just
1 prior to running the traverses, one test was conducted to determine the '0
propagation velocity of the medium., The velocity must be known in order
to analyze the returns of the pulse-echo radar in terms of depth to the
target. The velocity was determined by placing a small recciver antenna
' on the roof of the large room of the cave and recording the transmitter ®
as it traversed overhead on the ground surface. The two-way proupagation
time determined at this depth of 10 ft was 60 nsee. Velocity (£M) is

then determined by dividing the distance by the travel time.
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92. An additional, but highly significant finding vesulting from
the velocity test was the high signal level recorded at a depth of
3 10 ft. The inference drawn is that the EM signal was capable of penetra- i
ting to substantially greater depths at the Medford Cave site. Cave
conditions did not permit further verification to determine the maximum
depth limitation of the surface-mounted unit. Crosshole radar tests,
| which will be described later, were conducted to distances of 100 ft.

93. Data obtained during the conduct of 11 different traverse
lines tend to indicate localized targets or reflectors. In regions
corresponding to known voids, multiple reflections were scen over extend-
I ed portions of the traverse lines. 1In all cases but one, when the tra-
verse line extended over a mapped void, characteristic reflections were
received at the ground surface., In that exceptional case, the depth to
the roof to the cave was estimated to be approximately 16 ft, Reflcction
0 returns were very weak and broad and probably would not have been recug-
nized had the presence of the cavity not been known. Strong echo
responses were found in several locations not corresponding to mapped
portions of the caverns. A recommendation was made by SwRI that explor-
i atory borings be placed at grid coordinates (120,0), (135,40), (125,60),
and (160,100). Exploratory borings were later placed at three of the
recommended four locations. These were designated as E19 (120,0), E23
(125,60), and E25 (160,100). The fourth boring (135,40) was not placed
| due to time and cost limitations for the project. Complete logs and
- descriptions of these borings are contained in Butler (in preparation).

94, A few observations are worthy of note. Boring E1Y encoun- ziif =
tered a massive core loss and some clay from a depth of approximately -

\ 11 to 27 ft. Boring E23 encountered a very soft zone and water loss ' ® R -
from 13.5 to 17 ft, and boring E25 encountered a cavity from a depth of B
8 ft extending to a depth of approximately 10 ft. Therefore, one can

conclude that the SwRI ground-probing radar tests were successful at the

] Medford Cave site and should be considered for both reconnaissance and ®
high-resolution tunnel detection surveys, recognizing that the SwRI ground- -
probing radar's maximum effective depth of penetration will be dependent

on site conditions.
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95. The surface ground-probing radar tests conducted by Technos
were reported by Benson and Glaccum to WES in an unpublished letter
report in 1980, Twelve selected radar traverses were run in areas
where known cavities existed and in unmapped areas where the presence
of cavities was unknown. 1ln the areas of low conductivity (low clay
content in the near-surface), radar profiles produced numerous clear
anomalies over mapped cave areas as well as over unmapped areas. In
the areas of higher conductivity, the anomalies became less distinct.
The 80-MHz antenna achieved much better results than a 300-MHz antenna
because of the greater depth of penetration and amplification of the
lower frequency antenuna,

96. At the beginning of the survey, calibration of the system

was accomplished at a small, accessible horizontal cave whose roof
was approximately 9 ft below ground surface. An aluminum foil reflector
was used in thc cave to provide a recognizable target. The 9-ft depth
produced a response at approximately 50 nsec comparing favorably with
SwRI findings. Other tests were conducted using an aluminum reflector
in the main cave entrance where the roof of the cave wvas approximately
22 ft thick., ©No detectable reflections were observed at this site.
An auger boring was placed in this area, and approximately 7 ft of clay
overburden was found overlying the rock surface. This concentration of
clay (clay has a high dielectric constant) was probably responsible for
the lack of radar response at tnis location.

97. The GSST recorder provided a convenient display for use on
site. Technos personnel classified the anomalies in two categories:
Class I, thece which were clearly iandependent of any EM noise, and

Class 11, those which were present in zones of noise (particularly PR

@
overhead noisc caused by trees). Only the Class I anomalies were used T
by Technos in determining the overall pattern of the radar anomaly zones, -_1;
thus presenting a somewhat conservative interpretation. It was inter- e
esting to note the extension of radar anomalies in the easterly dircc- .'

tion along the axis of the two main mavped cave sections into what may

be incipieut cavities or fractured rock zones. A large concentration

of radar anomalies occurred in the vicinity of (140,80} and (160,60).




A few of the radar traverses werc processed from a magnetic tape record

which was obtained on site to remove unwanted low--freguency components,

as well as noise generated by overhead tree branches. It was recommended Y
by Technos that exploratory borings be placed at grid coordinates -
(110,0), (117.5,-5), (60,0), and (165,95). Borings E19, E20, E21, and

E25 accomplished this purpose. In each case, the boring logs indicated

the presence of cavities or other anomalous features such as soft zones. ) ‘?;
Figure 20 is the graphic display obtained by lechnos along the zero

north-south grid line. The targets identified by Technes are indicated

by the arrows, and logs of borings E21 and E19 are also shown in the

figure, [

98. Tn summary, the results of ground-probing radar at the .
Medford Cave site show promise for future application in detection of :_é
shallow cavities or tunnels at sites where the dielectric characteristics i- ;!?
of the overburden materials are compatible with ground-probing radar. ®

99. Magnetic. Detailed results of the magnetic survey are '
reported by Butler (in preparation). In several instances, the data
obtained were influenced by the presence of metal, such as the ladder
used for gaining entrance into the main portion of the cave and a nearby Y ]
sink which was used as a garbage disposal area. The magnetic data
obtained at the site were plotted and contoured on the grid system, but
showed little discernible relation to the known geology or known cavi-

L ties. Consequently, these survey results do not encourage use of the ®
magnetic techinique for tunnel detection unless it is known that a high
concentration of metal exists in the tunnel system.

100, Microgravity. Details of the microgravity survey conducted

{ at Medford Cave site are presented by Butler (1980c; in preparation). ®
The data were carefully processed and corrected for time variations, .
latitude, elevation, Bouguer corrections, and terrain effects.

101, After adjusting the microgravity data, Bouguer and residual
i anomaly maps were made for both 10- and 20-ft station spacings. Four ]
major negative anomaly features were observed, some of which were readily
accountable, but others requirea confirming borings. Those borings

v based on gravity anomalies were E18, E19, E20, E23, and E25. It will
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be noted that some of these borings coincide with the findings of otleer
geophysical techniques, specifically borings E19, E23, and E25, which
were related to findings of the ground-probing radar contractors and
various seismic tests. Borings E19 and E20, located at (117,-5) and
(110,0), respectivelr, both encountered cavities which are the probable
cause of gravity lows noted in this area. Boring E18, located at grid
coordinates (225,40), encountered a partially clay-filled cavity at a
depth of 9 ft extending to 14.5 ft. Boring E23, located at grid coordi-
nates (130,60), was placed to investigate the cause of a small gravity
anomaly which appeared on the 10-ft spacing map. Boring E23 encountered
a clay-filled cavity extending from a depth of about 9 to 18 ft. Addi-
tionally, a broad resistivity high occurred over the central part of
that position. According to Butler, two factors might account for the
resistivity high: (a) a broad region of increased porosity due to solu-~
tioning, and (b) the close proximity of the large known cavity system.
Other interesting results obtained during the gravity survey can be seen
in Figure 21, which is a profile along the ncrth-south 80W grid line.
Comparing the microgravity to the geologic profile, one can see that the
relarive highs and lows can be associated with the gecologic featuies.
Particularly, note that the stroangest low occurs over the cavity system.
Other lows can be attributed tu clay-filled depressions in the bedrock,
Thus, it would appear that the microgravity method shows a great deal of
promise for the location of shallow tunnels to a depth less than four
times the diameter of the tunnel. From a military standpoint, however,
one must consider that the microgravity method requires considerable
expertise and time to conduct and interpret the survey. Table 1 shows
these requirements.

Methods requiring boreholes

102, Crosshole seismic. A complete discussion of the results

obtained during the crosshole seismic test is presented Uy Curro (in
preparation), To illustrate the applicability of the crosshole test
scheme to tunnel detection, only the results of the P-wave tests conduct-
ed between borings Cl and ClO will be presented. Figure 22 shows the

apparent P-wave velocities and the approximate position of the known
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cavity between the borings. From Figure 22, it is quite evident that
the lowest apparent velocitics (3595 and 4650 fps) were obtained in the
cavity region. The 3595-fps value obtajned about 2 ft below the cavi-
ty is almost certainly cavity-related and probably shows some of the
inaccuracies associated with the mappiug of the cavity system or indi-
cates a solutioned fractured zone cxtending to some depth below the
mapped cavity. Velocities ranging from 5145 to 7620 fps are related to
the more competent limestone formations that exist under the site.

102. Crosshole S-wave tests did not produce valid data simply
because signals could not be transmitted between borings when caviries
were present. This in itself is an indication that an anomaly exists
between two borings and can also be related to the presence of a tunnel.
The seismic crosshole method shows promise for tunnel detection during a
high-resolution survey.

104. Crosshole radar. Results obtained during the hole-to-hole

EM transmission (radar testing) are presented by Fountain and Herzig
(1980). The time window for observing received pulses between boreholes
was adjusted to cover the range of 50 to 300 nsec. Some data were
obtained with transmitter and receiver at Lhe same elevation, while
other tests were conducted with the transmitter and receiver offset in
depth for the purpose of making a more detailed analysis using tomo-
graphic image reconstruction.

105. The data were closely examined for differences in pulse
arrival times. The presence of an air~filled cavity between transmitter
and receiver causes a speedup in time; whereas, water- or mud-filled
cavities should cause a slowdown or longer time of flight of the pulge
than through rock without cavities,

106. Figure 23 serves to illustrate that the crosshole radar
techinique should receive serious consideration for tunnel detection.
Figure 23a shows a crosshole record obtained between boreholes C4 and

€5, 17 ft apart, with no known cavity between the borings. One will

observe that the first arrival times are approximately equal throughout

the scan. Tigure 23b is a crosshole record obtained between borings €2

and ¢3, which were 23 ft apart. 1ln this case, a known cavity existed
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i between the boreholes and its presence is evidenced by the decreased

first—arrival times and the diffraction effects which are also visible -

on the record, - s

—.—y "
.~
.
®

107. Uphole refraction seismic (wave front). A detailed discus-

ey =

-T""l B S R
] - TN

sion of the results obtalned during the conduct of the uphole refraction

seismic survey is given by Curro (in preparation). Since Curro's final :
conclusion was that the results of the uphole refraction tests did not ‘9 :
?~4 indicate anomalous data caused by presence of cavities, the method should !
E noc be used as a cavity or tunnel detector. Certain very large cavity
2

teatures did affect the travel times of the seismic signals, but smaller

features, such as a 10-ft-diam tunnel, would be undetectabie in compe- @

tent rock materials.

Manatee Springs A

Surface methods

108. Microgravity. Results of the microgravity survey at

Manatee Springs, Fla., are documenied by Butler et al. (in preparaticn).

T YTy T W ST —"y < Yy
L]
a "

The survey was conducted along an established grid pattern and applied N :

-~
L FEE

corrections to the microgravity data in a manner similar te that at the
1 . Medford Cave site. These test results were presented in the form of a
- residual gravity anomaly map. Directly above the main channel, Butler
Ew‘ observed a region of -20 pGal compared to positive readings of 20 to 'Q :
40 pGal noted in other areas of the test site.

109. Several other anomalous features were noted in the micro-

gravity survey, but due to time and fiscal constraints only a very

's limited number of verification borings were possible. O0Of the total of .0‘
! 12 borings at the site, the gravity data were consistent with subsurface C
[ conditions revealed by all but two of the borings. These two borings .
| were located in the iortheast half of the survey area away from the area ‘
; @ above the main cavity system and produced no features which could be ®

related to the microgravity survey. The microgravity investigation at
Manatee Springs strengthens the conclusions drawn from the survey at

Medford Cave. 1t would appear that the microgravity method is a viable
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contender for shallow (depths less than four times the tumnel's diameter)
tunnel detection provided site conditions are conducive to this type of o
survey.

Methods requiring boreholes ®

110, Single borehole methods., Results of single borehole conven-

tional logging techniques were reported by Cooper (in preparation). He
concluded that the maximum volume of material influencing measurements

made within a single borehole extended no more than 3 ft (probably _ 0_7,?
considerably less) from the sidewall from the instrumented borehole,

Consequently as a method for detecting tunnels, single borehole tech-
niques offer little promise,

111. One single borehole technique, however, that was not evaluat- . ._:
ed by WES during this test series should not be overlooked as a possible -
contender for tunnel detection--the borehole microgravity method. The
borehole microgravimeter is not a widely available tool due to its very
high cost and delicacy. Its primary use to date has been in petroleum
exploration. Based upon results obtained during surface microgravity .
testing at both the Medford Cave and Manatee Springs sites, one might fﬁ‘j
expect a borehole microgravimerer to be sensitive to tne presence of a
10-fc-diam tunnel 30 to 40 ft away from the borehole. This gupposition ] ?..__,
is partially confirmed by recent borehole microgravity tests conducted
at a site near Idaho Springs, Colo. (Exploration Data Cconsultants, Inc.

(EDCON), 1982). EDCON was successful in locating a tunnel approximately ]

10 ft in diameter at a distance 16 ft from the borehole. The tunnel _‘”
could not be detected at a distance of 50 ft. Based upon the quality of
data obtained 16 ft from the tunnel, EDCON predicted detection to a
distance of at least 33 ft. Military deployment considerations can be
guided using Table 2.

112, Crosshole radar. Results of crosshole radar tests con-

ducted at Muanatee Springs, rla., showed that electromagnetic wave propa-
gation is indced influenced by cavities in wet rock. A detailed
description of the SwRl radar study at Manatee Springs is available from -

the literaturce (Herzipg and Suhle¢, 1980). Cooper (in preparation) also

discussed the findings of SwRI. The test secquence was similar to that
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conducted at Medford Cave in that the radar was first used to survey
between borehnles C2 and C5 because no significant cavity features were
known to exist in this section.

113. Figure 24 (Cooper, in preparation) provides a straighcfor-
ward description of the test results. In this illustration, Cooper
shows the location of the cavity feature and a zone thought to be a
lateral cavity network between borings €2 and C3. Radar and acoustic
crossiwole test results between borings C5 and C2 (no cavities) are
shown to the left, while results obtained between C2 and C3 (with cavi-
ties) are shown to the right. It can be seen that the C5/C2 radar
pulse travel times are reasonably ceonsistent except for one interval
becween 101.7 and 105 ft in depth. Here, the radar pulse is attenuated
and its arrival time increases only slightl. The 40- to 120-ft-depth
interval between borings C2 and C5 is essentially free of cavities and
may be considered as competent rock at this site. It is interesting tc
note that perturbations do appear in the zone 95 to 100 ft and 115 to
120 ft. These, in all likelihood, correlate with poor-quality rock or
solutioning which has occurred.

114. Obscrving the data obtained between boreholes C2 and C3

°
which straddled the known cavity (Figure 24), it is seen that: -
4. There is a distinct signature change in amplitude and S
frequency at a depth of 90.2 ft corresponding to the e
top of the target cavity. S
b. No radar pulse arrivals were detectable below 100 ft : 6
in depth, probably due to the presence of the known T
cavity and related cavity networks,
11.5. Electromagnetic propagation thecries suggest that the
presence of water-filled cavities would tend to both increase the travel
time through such zones and also scverely attenuate signal pulses. . 0—>
Note that the travel time in the air-filled cavity system at Medford
Cave decreased.
116, As cvidenced by the data obtained by SwRI and LLNL (Laine,
L

1980), it must be concluded that the crosshole borehole EM (radar)

techinique must be considered as one of the most promising candidates for
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tunnel detection at sites composed of igneous rock (granite) where
dielectric characte-istics of the substrate are favorable,
117.

Seismic (acoustic) crosshole. Of the three seismic (acous- -

tic) crosshole tests conducted at Manatee Springs (TVA, Sigma, and
Sonex), only the data obtained by Sonex will be addressed. As stated
earlier, equipment failures resulted in little or no data obtained by

TVA and Sigma in the zones of interest.

118. Test results cobtained by Sonex are alsc presented in ®
Figure 24 (Cooper, in preparation). Tests were conducted in the same
sequence and in the same boreholes used for radar measurements. The .
left-hand acoustic plot in Figure 24 is the result obtained when the N o
receiver was located in boring C5 and the transmitter located in .
boring C2. These data are presumed to be representative of the test ;rfi
site where little or no cavity development is expected. The acoustic _;1i
test results show a uniform P-wave arrival time of approximastely 2 nsec, .:;
thus indicating that no anomalous condition is present. ©
119. The acoustic cross survey made between borings Cz and 3
can be seen on the right side of Figure 24. Comparing the two plots
(C5/C2 and C2/C3), the following details will be noted: ‘e
a. Uniform arrival times, frequencies, and amplitudes are "j_
exhibited when no significant cavities are present, L
b. When the cavity is introduced (C2/C3), the crosshole -f:ff
acoustic signals are severely attenuated and changes
are noted in frequency along with a delayed signal ﬁ-o
travel time. -
c. Little or no crosshole signal is received through the
cavity zone.
d. A distinctive diffraction pattern can be observed in

the sccondary wave train arrivals at the detector in |
boring C3 above and below the clevation of the target
cavity.

120. Cooper (in preparation) used the arrival time data in

conjunction with the lknown dimensions of the cavity between bhorings C2

and C3 to mathematically prove its reasonableness. ®
121. Tests were also conducted by Sonex to determine the two-
dimensional geometry of the mapped cavity. The source and detector were
¢
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offset in depth by secveral feet and skewed runs were made between bor-
ings C3 and CZ. J(ooper documented these results and concluded that the
vertical dimensions of the target cavity were well defined by the offset
surveys when the diffraction pattern is used as the standard for
comparison.

122, For high-resolution tunnel detection surveys, the seismic
{(acoustic) crosshole method appears rto be a logical choice at sites
having a shallow water table or where boreholes can be made to contain
water. Coupling with this type of seismic source is extremely critical
and it can only function well under water. Since the technique deals
with sonic P-wave velocities, it is inferred that any good, repeatable
P-wave source (such as an air gun) should be able to function as well,

123, Crosshole resistivity., Results of crosshole resistivity

tests conducted at Manatee Springs are presented by Laine (1980) and
Cooper (in preparation}). Ilo summary, plots of apparent resistivity as

a function of depth identified a significant resistivity anomaly in the
114~ to 120-ft-depth intervat between boreholes CZ and C3. This anomaly
is assumed to be the extensive lateral cavity feature intersecting bore-
holes C2 and C3. No indication of the crosshole target cavity feature
was detectable. Cooper {(in preparaticn) concluded that the crosshole
resistivity method was not able to detect features other than those
intersecting the borehole. Thus, it must be concluded that the crosshole
resistivity technique, as conducted by LLNL, would not be well suited
for tunnel detection. Alternative electrode configurations as suggested

by Cooper may offer more positive results.

Passive Techniques

CONOCO seismic location system

124, Figurcs 25, 26, 27, and 28 show examples of computer
printouts (which are logged practicaliy every day) superimposed on a
map ol the mine system.  Figure 25 shows activity which is thought to

be associated with a fault in the mine which has been activated by

hydrofracturing in an effort to promote the release of methane gases
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from certain zones. Seismic movements caused by the fracturing process
are shown in precise detail. Another example (Figure 26) pinpoints
"long-wall" six-panel mining process activity and a continuation of
fault activity on one particular day. Data depicted in Figure 27 were
recorded several days later than that shown in Figure 26. Note the
long-wall mining progress. The plots showing fault activity are similar
to data which would be expected from a tunneling operation, i.e.,
straightline progression. Surface activity was also detected and an
example is shown where a slurry pipeline was being placed atove the
mine and its installation tracked by the seismic system (Figure 23).
Figure 29 is a photograph of the microprocessor key board and recording
system, and Figure 30 is a photograph of the microprocessor and CRT
display.

125. In summary, the system's simplicity and outstanding record
of reliability is impressive. It is particularly encouraging to note
that during the life span of this system none of the buried geophones
have required maintenance or replacement. The operational seismic
monitoring system installed at Loveridge Mine is readily adaptable, with
minor medificatien, for military and cven for some civilian applicatioens.

MSHA seismic location system

126. Seven seismic stations were deployed by MSHA and their
coordinates established by survey at the Island Creek Hamilton No. 1
Coal Mine near Waverly, Ky. Each station consisted of a subarray of
seven vertical geophones whose output was summed as previously described.
In this experiment, the extreme length of the seismic array pattern was
slightly less than 2000 ft and the extreme width approximately 1200 ft.

127. A number of different tests were conducted. In one
instance, crew members were dispatched into the mine workings some
60C ft below the ground surface. Communication was established by
telephone contact and the men were instructed to pound on the voof, roof
bolts, wall, fioor, or rails using a heavy timber. Comparisons were
then made of the amplitude and signature of the received signal. 1n

almost all cases, impulses criginating on a roof bolt were considerably
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better than those at any other location. These tests showed that the
system was operative,

128, A second test was designed to demoanstrate the sensjitivity
1 and accuracy of the system. This was accomplished by having the under-
greund team pretend to be lost miners. Ian so doing, the team members
pounded on the roof bolt at a location of their own choosing but unknown

to the surface team. In less than 15 minutes, the signals received from

Tanl

the "lost miners" had been recorded, processed, and cocrdinates estab-
lished for a simulated rescue., After the coordinates had been estab-
lished, the underground tecam revealed their location. The seismic
system proved to be accurate within 80 ft of the known location. -
’ 129. This demonstration was performed without the benefit of a ’
surface refraction seismic survey which is normally performed at each of
the substations within the array to establish the overburden velocity
and its depth. The refraction seismic survey was later conducted and
correction factors applied. This resulted in a location accuracy to
within 50 ft of the known location.

130. Other tests were conducted using horizontal geophones in

place of the vertical, a second array configuration, and the comparison

P
.6

ot a sabarray cluster of several geophones as opposed to a single
vertticai geophone.,  The effectiveness of the cluster versus the singie
guvophone was aaply demonstrated by the improved signal-to-noise ratio
witear -t amall charge was detomated in @ 5-ft-deep hole approximately
Ir00 1t t1om the arrav.

131, Waile the M3HA scismic location system was not coanstructed

to detect clandy ~tine tunneling activity, it would appear that with only

minot oaditioations, it couid be optimized for that application. Based

wport toesults obtarned at the Island Creck Noo 1 Coal Mine, the seismic : ¢
tiangulativg techitique must be considered as a viable approach in

locat ing tunneling operations when active seismic noise is being

procrated within the tunnel.  The concept will be addressed in the ®

following scction (Part 1V). |




PART 1V: DISCUSSION

132. The following discussion is predicated on the premise thac -
persomc! in a forward military arca suspect clandestine tunneling
activity and scek to determine its location. Presumably, the method of
attack would be to perform o4 reconnaissance survey using surface geo-
physical techniques comparsble with site characteriatics such as geology, -
topography, and acceess to the area in question.  Six methods are deemed
suitable for this purpusc.  The hig'est procability of tunnel detection
will bhe achiieved by using as many of the methods as possible.  LBach witl
be discussed with regard to deployment of the method, its advantages, -
limitations, and possibic enemv countermeasures which could be used to
disrupt the survey. Table T can be used to compare surface metnods when
deployed under the same set of clrecumstances.

133, After conduct of the reconunaissance survey, a Ligh- -
resolution survey should be performed in questionable arcas located by

the reconnaissance operaticon. A1 of the aceptable high-resolution
methods, with the caception of the pole-dipole electrical resistivity
technique, requive the use of borebeles. Comparisons of these methods
acse preseated in Tiable 2,

134, 1In addition to the geopnvsical search methods proposed for
recomnaissance and high-resolucion surveys, the location of c¢landestine
tumeling activity can be detected using a passive technique consisting
of a permanent se’ =i surveillance system supplemented by a portabie
system desipgoned for deployment in the immediate area where sigas of

activity have been detecied by the permareat system.  Exploitation of

tais concept will also be addressad.

Reconnaissance Survey
ALL b A

Convent jonil = 7smie refraction
135, Dbeployment, Jn an arca where tunneling activity is
suspected, a osurtace scismic refraction survey should be conducted in

grid line fashion, i.e., svveral traverses parallel to each other
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supplemented by an equal number of traverses at right anpgles and over-
laying the first serices of traverses. The length of each line should be

approximately four times the desired depth of investigation and geophone

r .y

e

spacing should not exceed 25 ft (l0-ft spacing would be preferable if
practical). A high-intensity seismic source should be used to generate
a good signal-to-noise ratio producing well-defined arrival times. nNata

E} should be analyzed to define velocities and refracting lavers so that

- @

departures from the norm will be apparent in the form of delayed travel
times at certain detectors.

136, Advantages. Multiple-channel seismic refraction equipment
! is readily available and field procedures are well established. Data ®
interpretation is also straightforward. If a minicombuter is used,
analysis can be accomplished on the spot. The conventional seismic P
refraction method will prove to be the most useful where vunneling
activity is suspected in soil materials., Soils having characteristically P’y
low velocities will exhibit meore pronounced delays in arrival times
(compared to rock) when a tunnel is present.

137. Limitations. The couventional secismic refraction method

. could not be expected to directly detect a tunnel existing below the top »

-

of a refracting horizon., The degree of arrival time resolution available
with most seismographs is generally less than 0.5 msec. 1If tests are
being conducted in a high-velocity material such as competent rock,

!] delays caused by a 10-fr-diam tunnel would probably be on the order of i.
] msce or less. Otherwise stated, the degree of resolution is inversely

related to increasing velocity. In many instances, it is conceivable

that normal bounds of data interpretation would mask the prescnce of -
) such a tunnel. ®

138. Enemy countermeasures. The most likely enemy countermea-

sures taken to prevent acquisition of high-quality seismic refraction
data would be the creation of high-level seismic noise which would tend
) to degrade the determination of first-arrival times. 9

Scismic refracted wave form -

139, Deployment. The seismic refracted wave form method sheuld

be deployed only when tunneling activity is expected to be at a depth of ;
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less than 50 ft and when poor-quality rock or soil materials are present.
Since the method uses a single-channel seismograph and sledgehammer or
. drop weight as a seismic source, it can be mobilized very gquickly and _—
P data interpretation made on site. 1f shallow tunneling activity is o
suspected, the seismic refracted wave form method should be used prior
to the conventional seismic refraction survey. Tests should be conducted
along parallel lines where activity is suspected using a spacing between -
seismic source and receiver equal to four times the desired depth of
investigation. The existence of suspected tunneling will appear as
delayed times and alternations in the seismic signature. Most apparent
sighature changes will be loss of high frequency data and a decrease in
signal amplitude.
140. Advantages. The seismic refracted wave form test requires
only the simplest form of seismic refraction equipment, that is, a
single-channel seismograph and a sledgehammer or drop weight to be used -
as the seismic source. Once the field team has been trained in conduct
of the test, the intcrpreter should develop a "feel" for the data and
immediately recognize anomalous signals. _ .
141, Limitations. Near-surtace geologic and stratigraphic
F changes can affect the seismic wave form. Presence of a tunnel could be "3
masked or conlused hy such changes. The method is also depth-limited to

a maximum of about 50 ft because of its low-energy seismic source.

142, Ynemy countermeasures. Conceivably, the enemy countermea-

Ly

sures would be the same used against the conventional surface seismic R
refraction iesi.

Seismic refraction fan-shooting . f‘f
A lan-shootlug

143, Deployment. Optimum use of the scismic refraction fan-
shooting method will be realized by conducting the survey along a
single straight line in the area of interest. The geophones should be
placed in an arc all equidistant from the scismic source. They should
be positioned no more than 25 ft apart and at a distance (from the source)
equal to four times the desired depth of investigation. Preferable
sceismic sources would be a large drop weight or an explosive charge.

Two sets of data should be obrained at ecach point--one using high
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amplification to optimize first-arrival breaks and the other using low
amplification to capture the signature of the entive wave tvain at each
geophone. By so doing, the data can be analy:zed froa the standpoint of
delayed times aud by noting characteristic changes in signature similar
to the approach used when performing the seisuic retfracted wave form
test.

l44. Advantages. The basic advantage of the refraction {an-
shooting method is its rapid coverage of a broad areal expanse,

145. Limitations. Localized near-surface condiZions can also
affect arrival times and alter seismic signatures in the manner des-
cribed for the refracted wave form test.

146. Enemy countermeasures. The same enemy countermeasures used

against the conventional seismic refraction method would also be appli-
cable for fan-shooting.

Electrical resistivity

147, Deployment. During the conduct of a reconnaissance survey,
clectrical resistivity tests should be performed in the profiling mode
along an established grid system similar te that described for the con-
ventional surface seismic refraction. A desicable electrode spacing
would be equal to about twice the desired depth of investigation. 1t .

should bhe recognized, however, that this is a basic "rule of thumb."
!7 ? ?

A better estimate of effective survey depth can be ontained from vertical .-

soundings at locations where geological information from other sources

might be available if time permits. Also, the spacing between resis- .

tivity stations should be smaller than the width of the smallest fearure

te be detected,  Quick looks at the field data should be performed so

that anomalous conditions such as extremely low resistivities can be

1avestigated in more detail, -
148. Advantages. Resistivity equipment is readily available and

inexpensive. A resistivity survey is quite rapid if a field team of

three men is employed using a spacing between stations equal to the

e¢lectrode spacing. In this case, only the rearmost clectrode need be

moved in preparation for succeeding tests. Data interpretation is

straightforward.
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148. Limitaticns. Large resistivity changes or complex geology
of the host material way mask the presence of a tunnel. Resolution of
the techulque diminishes with increasing depth.

150, Enoawy coun:zermeasures. Any surface electrical technique

could be hawpered by eormy induction of sporadie electrical currents or
by placing metallic objects in the ground or on the ground surface.
Ground-proping radur

15%. L-pioymeat, By far, the fastest of the geophysical
reconnaissance methods 7or tunnel detection is the ground-probing radar.
1f verrain will accomedate vehicular traffic, the transmitting and
recelving antennas chould be towed at a speed of approximately 2 mph
1n a grid pattern travecsing the entire area where suspected tunnel
activify is occerving. Data should be displayed in variable-density
{shades of gray) chart format. If suspicious reflections are noted, the
antenna should be detached from the vehicle and pulled very slowly by
hand over the area where the reflection was noted.

152. Advontages. Surface ground-probing radar has two primary
advantages: (&) speed, and (b) near real-time data reduction and
prescentation.

153. Limitations, The depth of investigation by ground-prebing
radar is controlled by the diclectric constant and conductivity of the
hust material, Tt ig extremely limited in depth if wet clays are present
on site. 1ts resciution is directly proportional to increasing fre- Q?‘

quency, but high frequencics are normally rapidly absorbed.

[

54, Enewy countermeasures. One enemy countermeasure tactlc

could be accomnlished by burying reflecting objects in the near-surface
materials, thereby creating numerous false targets. ¢
Microgravity

155. Deployment. The microgravity technique should be used only
in areas where suspected tunneling activity is no more than 40 ft deep :
and where radical changes in topography do not exist. A scarch pattern 9
can be established using a grid system of approximately 20 ft between

point=. Data should be analyzed on the basis of relatively low or nega-

tive pravity readings.




156. Advantages. Where relatively shallow tunnels dare suspected
and where the presence of the tunnel would drastically alter the density
of the medium, the microgravity technique would prove to be extremely
useful. Even though the survey should be carefully conducted, well-
trained personnel can move quite rapidly.

157. Limitations. Interpretation is tedious and numerous

terrain corrections must be made. Surface topography influences data
and highly irregular bedrock surfaces could mask the presence of the
tunnel.

158. Enemy countermeasures. As a countermeasure, the enemy

could conceivably Lury heavy metallic objects to influence microgravity

readings or create high levels of seismic noise.

High~Resolution Survey

Crosshole radar

159. Deployment. Based upon the results of the reconnaissance
survey, 4-in. inside-diameter borings stould be placed no more than
100 ft apart aleng a line where tunneling activity is suspected. The
borings should be at least 50 ft deeper than the elevation where tunnel-
ing activity is expected. Tests should be conducted by placing the
transmitter in one boring and the receiver ia an adjacent hole. Data
should be acquired at 2-ft intervals, beginning at the bottom of the
hole and proceeding toward the top. Signal amplitudes and arrival times
should be cbserved for departures from the norm (both decreasing). 1If
anomalous zones are observed, tests should be conducted with the trans-

mitter and receiver at different elevations, approximately 10 ft apart.

This skewed look at tlie target will aid in establishing the distance to B "jf
. =

the target and its geometric shape. ' t?
160. Advantages. Like the surface ground-probing radar test, . E

the cross borehole radar application is also quite rapid and, provided ® ';i
transmission characteristics are good, the data interpretation is T ﬁ
straightforward. %
. :
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161. Limitations. The maximum distance between transmitter and

veceiver is controlled by the dielectric constent and conductivity of

the host material. Resolution decreases in direct relation to frequency,
The lower frejuency limit to resolve a 10-ft-diam tunnel will be approxi-
mately 100 MH=z.

162. Enemy countermeasures. No enemy countermeasures are known.

Seismic crosshole

163. Deployment. Placement of borings to conduct the seismic
crosshole test would be identical to the crosshole radar described above
except that borings should be no more than 50 ft apart. The seismic
source should be placed in one boring near the bottom of the hole and
multiple recelvers located in adjacent borings at the same elevation to
a maximum distance of 100 ft. The test procedure should also be the
same as described above. Data should be analyzed on the basis of arrival
times and wave train signaturces. Delayed times in combination with
decreased amplitudes and loss of high frequencies are indicators of the
possible presence of & tunnel.

164. Limitations. The maximum distance between borings is

primarily dictated by geology. Snell's laws of refraction must be
aprlied to escablish zoning. A vepeatable seismic source should also be
used.

165  Enemy countzrmeasures. Er-my countermeasures would likely

take the form of artificially generated seismic noise.

Borehoie microgravity

166. Dbeplovment. The borehole microgravity instrument is de-
ployed in a single borehole having a minimum diameter of 6 in. (The
borings used for radar or seiusmic tests can be reamed to the larger
diameter.) Based upon the results obtained to date, thz2 boring sidewall
would have to be located within 20 to 30 ft of the center line of a
10-ft-diam tuauel in order to be able to detect its presence (EDCON,
1982). Data should be obtained from the bottom of the hole working
toward the tep at intervals not exceeding 5 ft, Terrain corrections
must be applied to the data before an analysis can be made. After cor-

1ection, the preseunce of the tunnel should be apparent from the decrease

85




Vol

in natural gravitational field caused by the apparent density change in the

material. If an anomaly is detected, additional borings should be placed
in the 40-ft-diam pattern around the test borehole to locate the tunnel.

167. Advantages. The prime advantage of the borchole microgravity
survey is the fact that only one boring is required to perform the survey.
However, other borings will be needed to actually locate the tunnel.

168. Limitations. The equipment is delicate and costly. Inter-
pretation is tedious and surface topography influences data. The maximum
distance between the source borehole and the tunnel, whose presence is
detectable, wili be limited to about 30 ft. The coordinates of the tun-
nel cannot be established without additional borings.

169. Enemv countermeasures. The same countermeasures used

against surface microgravity are possible,

Permanant Surveillance,
Seismic Triangulation

Deployment

170. Deployment of a permanent seismic surveillance system in
a forward area should be accomplished using a two-part approach. First,
a series of seismic stations should be located nc more than 5 miles
apart along the perimeter of the forward area. Each station should con-
sist of an array of approximately five (no less than three) triaxis
geopnonas located near the soil-rock interface and, below that array, a
second ldentical array located at some two times the depth of the sus-
pected tunneling activity. By so doing, triangulation can be accomplished
in three dimensions. Figure 31 illustrates the deployment concept. Using
this concept, the permanent stations would monitor activity on a continu-
ous basie. Secondly, a portable surface-deployed seismic triangulation
system similar to the one developed by MSHA should be maintained as a
backup. When suspected tunneling activity has been observed by the tixed
permanent station and rough coordinates established, the portsble syatem

should then be deployed in the immediate target ares to pinpoint che

activity.
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Advantages

171. The advantages provided by seismic surveillance are:  ."1'
(a) near real-time detection and location of subterranean activity, (b) — e
a three-dimensional target location scheme, and (c) a determination of
construction rate of progress.
Limitations

172. Seismic triangulation must rely upon activity generated from LE
within the tunnel complex; i.e., if there is no activity, there will be
no detection. The degree of location accuracy diminishes with increasing
distance tc the source. Continuous noise sources such as TBM's requirve .
more sophisticated data analysis (pessible cross-correlation) which can -
result in a loss of accuracy. " -

Enemy countermeasures -

173. 1In order to confuse a permanent seismic surveillance systen,
an opposing force might generate seismic activity at other locations to
mask the tunneling operation. Additionally, low-flying aircraft might
be used in an effort to generate an acoustically coupled high-intensity

e oA e o a o

These countermeasures, although annoying, should not prove to be a long- -

term detriment to a permanent seismic surveillance system.
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PART V. CONCLUSIONS

174. To some degree, many of the geophysical teclniques evaluat-
ed could detect the presence of cavities. Recognizing that the complex
mechanisms associated with the formation of natural cavities greatly
influence a much larger zone than the cavity itself, it was more easily
understood why some methods worked when theory based on an idealized
model would have predicted otherwise. A tunneling operation, however,
would not be expected to influence its host material more than two
tunnel diameters away from its center line, making detection a bit more
difficult.

175. 1In view of the fact that the relative success of a geophys-
ical technique is highly site- and interpreter-dependent, it was dcter-
mined that it would not be practical to rate the recommended methods in
order of effectiveness. Rather, it was determined that quantitative and
qualitative comparisons could be made between methods given the same set
of circumstances. The following techniques, not in order of preference,

were concluded to be best suited for reconnaissance surveys:

o Surface ground-probing EM (radar) - Very rapid. Best
suited for shallow investigations. Will not perform
well on sites where clay is present.

o Surface electrical resistivity (profiling and sounding) -
Generally good performance under a variety of condi-
tions. Well suited for deep investigations.

o Seismic refracted wave form - Rapid, but limited to
shallow (less than 50 ft) investigations.

0 Microgravimetry - Requires well-trained personnel. Best
suited for smooth topography.

o Conventional surface seismic refraction - Widely used
for other purposes. Cannot directly detect cavity/
tunnel below top of refracting layer.

0 Scismic refraction fan-shooting - Broad arcal coverage
of the site. Delaved times readily apparent, though
sometimes caused by near-surface conditions.

176. 1t was further concluded that those geophysical methods
hest suited for a detailed or high-resolution survey were as follows:

o Crosshole radar - Excellent results when used at sites
having favorable dicelectric characteristics,
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o Pole-dipole electrical resistivity - Good results but
specialized interpretation is involved and slow.

o Crosshole seismic - Good results if repeatable source is
used.

0 Borehole microgravimetry - Equipment delicate and costly.
Data interpretation is tedious. Effective in locating
tunnels within a radius no more than four times the
tunnel diameter from the borehole.

| 177. 1t was also concluded that tunneling activity can be
detected using passive seismic triangulation techniques. The permanent
system installed by CONOCO in West Virginia was capable of locating sub-
surface mining activity over a 15-square-mile area within less than

250 fe. Likewise, the MSHA portable system demonstrated an accuracy of
S0 ft when deployed over simulated "trapped miners'" 600 ft deen at a
site in Kentucky. Enemy countermeasures would likely be directed toward
the generation of scismic noise designed to mask tunneling operations.
Although this could affect accuracy, a long-term scismic surveillance

operation would still prove to be affective by concentrating on data

that plots in a straight line.




PART VI1: RECOMMENDATIONS

176. It is recommended that technological improvements in
existing or newly developed techniqu‘ 7, such as borehole microgravity,
crosshule resistivity, and induced random seismic spectra, be monitored.
179. While the MSHA seismic detection system was not constructed
to detect clandestine activity in a feorward military area, with only
minor modifications it could be optimized for that application. In its
present configuration, the MSHA system should be duplicated with some .
modifications. 1lts estimated cost (with modifications) will approach _ ;.
$150,000 (FY 82 dollars). '
180, Considering tuvaneling problems in forward areas, the
following approach is recommended as a viable tunneling detection scheme.
Deploy several permanent seismic statiouns, locating geophones in an
antenna-like array within the bedrock at two depths, near the soil-rock
interface and at a depth directly below that array some two times the
depth of suspected tunneling activity, as illustrated in Vigure 31. By : -]
so doing, triangulation can be accomplished in three dimensions. Using
this concept, the permaneat stations would monitor activity on a continu- S -
ous basis, When suspected tunneling activity has been observed and
rough coordinates established, a system similar to that of the MSHA's
would then be deployed in the immediate target area to pinpoint the

activity.

Tan
L J

181. Those tunnels which are already in existence require R | -
maintenance., Personnel traffic, carts, and possibly roof falls are all
potential selsmic sources. It is entirely likely that their location
could also be established. 4
182. It is also recommended that further tests be carried out ~
using the MSHA system to determine the system’s strong points and limita-
tions regarding the detection of boring machines, drilling, blasting,
cfifects of countermeasures, etoe.
183, Finally, it is recommended that a site within CONUS where a
tunneling operation is just beginning be instrumented to evaluate the

advantages and Timitations of the three-dimensional triangulation concept.
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