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DYNAMIC TECHNIQUES FOR'DETECTING AND TRACING TUNNEL COMPLEXES

Background, Purpose, and Scope

1. An investigation is currently being conducted by the Enginee-
Research and Development pabor;tories (ERDL) for the purpose of de-
texrmining methods of detecting tunnel‘netﬁqus. At the request of

ERDL in a telephone conversation on 2 February 1966, between Mr. Z. B.

" Fry of the Waterways Experiment Station (WES) and Mr. Robert Klmble

(ERDL), a field party was sent to a test site near Calhoun Palls, 8. C.
Tests were conducted during the period 11-13 February. The purpose of
this investigation was to determine the feasibility of usiﬁg various

types of dynamic test techniques to detect and trace tunnel complexes.

?
. ;

Test SiteiLocation and Conditions

2. The terrain in the vicinity of the tunnels was flat to slightly
rolling with pine tree torests. The predominant soil in the area is

red clay. During the testxng there v3s contlnuous rainfhll accompanied

by occasional high winds.

Equipment_and Measuring Techniques

Vibratory tests

8. Vibratiou tests were conducted to detexrmine the length of
surface (Rayleigh) waves gemeratad by a vibrator at controlled

frequencies: When sustained vibrations are 1nduced fnto a so;l,

concentric waves are- propagated outward and downward from the source.
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By weasuring the wavelength (utilizing instrumentation and -techniques
described in ﬁES Miscellaneous Paper No. 4-577, "A Procedure for
Determining Elastic Moduli of Soils by Field Vibratory Techniques,"
dated June 1963) and knowing the frequencx of vibration, the wave

velocity can be calculated as follows:

v = Af
where ;
v = wave velocity, vt
A= wavélength, L
| f= fggquency of vibrator, cycles T’l

4. As an approximation, it can be sald that surface waves
emanating from a vibratory source propagate through a depth abouF
equal to half the wavelength. 1In preéious tests at several test

sites, it was found that subsurface enomalies (pipelines, cavities,

conduits, etec.) disrupted the regularity of measured half-wavelengths. -

It was anticipated that the vibratory technique could possibly be

utilized as a detection de&ice for underground cavities, viz., tunnels.
5. Tests were copducted at the site by placingla small (50 1b

foxce) vibrator at several locations away from the tunnel and running

traverses perpendicular and parallel to it as showh in fig. 1.

Numerous frequencies were selected for the tests, but it was found

that the lowest frequency which could be successfully used was 75 cps.

This allqwed @ depth penetration of only 4.2 ft which was not suf-
ficient for the tunnel detection. External construction noises at

the site and lack of adequate vibrator power were the deterrent ~
q c P ent ~
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factors in a more complete investigation of the tunnel complex. Un-
fortunately, the large vibrator used for deeper investigations was
not available at the time of field tests. It is surmised, however,
that the vibratory wethod shows promise for detection of subsurface
anomalies and further investigations should be conducted.

Drop hammer tests

6. Drop hemmer tests were conducted on the basis of investigations
performed by the U. S. Geological Survey on deeé underground cavity
detection. Resulis of tests conducted by USGS indicated that a
sizable amplitude increase could be noted on geophones spaced im-
mediately above 8 large cavity when excited by an explosive charge of
large wagnitude a congiderable distance away from the detectors.

This phenomena is thought to be caused by reverbration of the cavity,
which is a closed volume, at its natural frequency. Tests vere
conducted by first locating the drop hammer (a 10-1b guided mass
striking a 7-in. steel plate from a height of 5 ft) 25 ft from the
center of the tunnel and a geophone 5 ft from the hammer on a
perpendicular line toward the tunnel as shown in the test layout
(f4g. 1). The hammer was dropped from a height of 5 ft and the
output of the geophone rec irded on an oscillograph. The geophone
wvat then moved in 5 ft increments toward the 4¢unnel and recordings
were made at each location for & distance of 25 ft, thus rassing
immedlately above and & distance beyond the cavity. The hammer
location was then moved toward the tunnel a distasce of 5 ft and

the same procedure was followed. Amplitudes were recorded from
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Seismic tests

hamaer sta*ions progressively up to 2 ft from the edge of the tunnel.

These 25 recordings did not reveal any indication of an existing
underground anomaly. A normal exponential amplitude decay pattern
was exhidbited by each progressive line. Test results therefore

indicated that such a simplified method of detection was not foasible,

probably duz to a lack of adequate shock wave energy to resonate the

underground chamber.

7.. Seismic tests were made to determine the compression wave
velocity of the soils near the tunnel complex. ‘These data were
collected with a portable hammer—type seismic unit which incorporates [
a binary counter to weasure elapsed tiwe from the poiat of hammgr |
impact to a single geophone receiver. These tests were performed, ﬁ

not for detection purposes, but merely for information on wave propa- ' 4

gation characteristics of the soils at the test site. It wa; found .
that reliable impulses could Ve cbtained from a si;dge hammer blow ]
for a horizoﬁtai distance of only 70 ft ard associated'combression E
wave velocities were approximately 2500 ft/sec for an undctexmined :
depth estimated to be about 25 £t below gZround surface. This depth i
was estimated by "rule of thumb" whicb'is gen;rally accepted to !

.

pradict depth of wave propagation as equal to about 1/3 the total

horizontal traverse distance. - ) ;{
Acoustic tests Ii

8. Acodstic tests were performes to determine the feasibility i
of tracing an wnderground tunnel complex. A block diagraﬁ of the

4




instrurentation sending and receiving ;pparatus is shown in fiz. 2.
Froem this diagram it can be seen that an acoustic transducer (an
acoustic suspension high fidelity loudspeaker system) was placed in
one of the entrances to the tunnel complex and its resultant signal
was received viﬁ,aéoustic:coupling at the ground surface level by a
moviﬁg coil velocity-type pickup. Tests were conducted by placing
the pickup at a point known to be immediately above a section of the
tunnel near the loudspeaker. The oscillatoxr was swept through a
wide range of frequencies and a frequency wag selected where the
amplitude of ground motion at the pickup was at a maximum level.
Thé'pickup was then moved to various iocations both over the tununel
and away from the complex. Recordings were taken at each locayion
and a frequency check was made. If it was fﬁund that another ‘

frequency resulted in a higher amplitude at a particular location,

then a recording was also made at that frequency. This pattexn was

followed for two.separate tunnel conditions: (a) shoring in place, and

(b) shorinﬁ removed. These tes layouts are shown respéctively in
figs. 3 and 4. Directions will be indicated as either right; lefx,
up or down the referenced figure.

9. The initial data point taken in each test case was located

in line with the speaker at the first "I" of the center tummel in

the complex. A frequency was selected at this point where the ampli-
tude was at its maximum.  During the tests with the shoring in place,

" the maximum amplitude at the "T" was obtained at 75 cps (Fig. 3).

As the pickup ‘'was moved outward (down the figure) from that point
* ' . ..5 .. .
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the amplitude diminished from 6.7 to 0.9 in a distance of 9 £t. In
moving either right or left along a line direcfiy ovex the tunnel

the amplitude dimished rapidly at a frequency of 75 cps;'however, a
frequency of S0 cps produced a larger amplituée.‘ t a frequency of
S0 cps the pickup was moved outward (down) at a point 12 £t to the
right of the "T" and the amplitude diminished. However, as the
pickup was moved in the opposite direction (upward) the amplitude
progressively increased. As the pickup was moved further to the
right froa the "I" the maximum amplitude was‘produceﬁ at a ffequency
of 66 cps which was also the frequency producing the maximum amplitude
at the corner to the right entrance shaft. The amplitude also in- |
creased as the pickup was moved upward between the center and.right
entrances for the 66 cps freguency and is attributed to the eﬁergy
transfer resonat;ng between the two tunnels. In ﬁoving the pickup
to the left of the "T" ;he maximum amplitude was obtained.at S7 cps
at the first cornmer and progressively ihcreased as the pickup was
moved outward (down) from the corner for no apparent reason. A

maximum amplitude was obtained at the left shaft at a frequency of

S,

73 cps.

10. Tests conlucted after the shoring was removed showed a
noticeable decrease in frequency at which maximum amplitudes were

observed. The same general trends were widened as found with shoring

in place. The pickup was located initially at the "T" of the central

tunnel entrance and a frequency of 44 cps produced the maximum ampli-
tude (fig. 4). The amplitude decreased as the pickup was moved
S 6.
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outward (down) from the tunnel, although not as rapidly as when the

shoring was installed. In moving right or left from the upH, first
corner to left and midway between central and left entrance tunaels,
the frequency producing the maximum amplitude was 66 cps. At the

coracr to the right shaft entrance the frequency producing maxicum

- amplitude decreased to 51 cps. In moving outward froa the tunnel

at those frequencies there was unly negligible decrease ir amplitude.

‘In moving further around the cormer and along the tunnel to the 'left

tae central tunnel the frequency producing the maximua amplitude

th

o
was noar S1 ¢ps. One notable point of interest was the manner in
which amplitudes at a frequency of 51 cps decreased, increased, and
again decreased while moving from the tunnel "dogleg" toward the
lower left of fig. 4. Tunnel geometry could possibly account fox
this irregulaxity. At each point where measurements were wade, the
frequency indicated on tﬁe figures produced the largest amplitude
on the surface. ' |

11. During the performancé of test: with shoring in blace, the
speaker system was inadvertently turned over face down, thus trans-
mitting a goodly portion of acoustic energy directly into the soii
material. However, these amplitudes and frequencies are stili

ghown for information and coqparativé’pu:poses.

Conclusions and Recommendations

12. As'a result of several dynamic test methods used for a
feasibility study in the detection and tracing of underground tunnel

7
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comnlexes it was concluded that:
a. Vibratory tests with a low power source were inconclusive
for detection purposes.

b. Drop hammer tests did not release enough energy to cause

1

revarbration of an undefground cavity, and are therefore not readily
adaptable for'QQéection. |
¢. Acoustic tgsts are a feasible means of tracing tun£e1
coxplexes from the ground surface.
13. It is
instrumentation and techniques of utilizing the acoustic method of

tunnel tracing.

recommended that further tests be performed to develop
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E uscillator ’ ,bscillcgraph . §
|
: _ h
; . © | DC Amplifier ;
! ‘ Fower I :
| : | hmplilier | . 1
. . — o4y . Pickup ‘ P
j
r——— Ground Surface —oo—prmp -t | emom—— 3
B
!
3
i‘ \ " /J \-""""""""""-"="—"="-"="="-"="7""="-~7 ! ;
| 4 1
5 1 4
o Speaker |- Underground cavity ;
| < :
L :
: ] 1
! ! 1‘
. -Iten . _Make and lodel ,
L Signal Source System ) 'i
§ Uscillator Hewlett-Packard 202 CR ' ]
| | amplifier | Dynakit MK III 60 watt , !
P ‘ Speaker Acoustic Suspension System {
E AR-3 30-20,000 cps i
e - . . Signal Heception System i
i * Hoving coil Philips PR 9260 i
I velocity-type pickup Sensitivity 0.7 v/in/sec 1
: or
. Hall Years Hs5-10-1
: Sensitivity 45 v/in/sec . _.;
i ] Arplitier Alinco 518 1
i Uscillograph CEC 5-124 + : ‘
_ CEC 7-363 galvanometer _
; ;
t ; : ‘ IO ':i
T ' . Block Diagram and 3
i : | Assoclated Electronic Equipment at
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Ballard, Robert F

Dynamic techniques for detecting and tracing tunael
complexes / by Robert E. Ballaxd, Jr. Vicksburg, Miss. :
U. S. Waterways Experiment Station ; Springfield, Va. : !
avallable from National Technical Information Service, :
1977.

8, 5p. : 411. ; 27 cm. (Miscellaneous paper - U. 8.
Army Engineer Waterways Experiment Station ; S-77~-25) .

Prepared for U. S. Army Mobility Equipment Research §
and Development Center, Fort Belvoir, Va.

1. Acoustic tests. 2. Drop hammer tests. 3. Dynamic i
tests. 4. Seismic investigations. 5. Subsurface ex~ 1
ploration. 6. Tunnel (.%ection. 7. Tunnels.

8. Vibration response ..sts. I. United States. Army t
Mobility Equipment Research and Developument Center.

II. Series: United States. Waterways Experiment Station,
Vicksburg, Miss. Miscellaneous paper ; $-77-25.
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