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I. INTRODUCTION, SUMMARY .\ND CONCLUSIONS 

I . 
t 
~ ,, 

The discovery in late 1974 and early 1975 of North Korean tunnels 

k • t: 
r~ 

beneath the Korean Demilitarized Zone focused attention on tunneling as a 
;r. ,, 

I 
,, 
~ 

f" 
t 
_f .,. 

~ f .... 

means of clandestinely placing intelligence agents and possibly larger 

forces a kilometer or more inside South Korean territory. In October, 

1978, a third tunnel was discovered which, if completed, could have 

~ ·r 
[ L infiltrated about one division of fully armed troops per hour into South 

·'' Korea. The United Nations Command responded by deploying various existing 

.,!,• 
tunnel detection techniques as quickly as possible. On a longer time scale 

,.· 
~. 

~) 
8 the Defense Advanced Research Projects Agency (DARPA) originated a program 

to explore new tunnel detection tP.chniques applicable not only to the 

Korean problem, but nlso to tunnel detection in general. This report 

describes investigations in support of this DARPA research program. 

While the motivation for this research arose from the desire to 

detect clandestine military tunneling, applications also exist in the 

discovery and exploration of non-military tunnels and other underground 

features resembling tunnels. For example, many unloceted mining tunn~ls 

exist from century old wo~kings in what are now populated areas, e.g., in 

the county of Derbyshire, England. Surveys of such tunnels ore necessary 

to insure the stability of surface .. tructures above them. 

l 
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North Korean Tunnel• Beneath the Korean Demilitarized Zone 

Since three North Korean tunnels have already been discovered 

(Korean Overseas Information Service, 1975, & Hoon, 1978) it is useful to 

describe briefly how these discoveries took place and outline the 

characteristics of the tunnels discovered. 

1. Tunnel Discoveries 

The first tunnel came to light in November of 1974 when a 

Republic of Korea (ROK) Army patrol noted significant variation in the 

vegetation pattern along a linear path and later steam escaping from the 

ground. Subsequ@nt investigation revealed a very shallow tunnel--only a 

few feet below the surface. A warm North Korean lunchbox and various 

~ersonal effects attested to the fact that tunnel construction was still 

underway at the time of discovery. This tunnel, known as the "Chang Jong-

Ni Tunnel," is located near Korangpo in the western sector of the 

Demilitarized Zone (DMZ). 

The second tunnel is located at Sobang-San near P'Yonggang in 

the central. DMZ. It had been a suspected tunneling site since November, 

1973, when a large number of explosions were monitored and troops in the 

DMZ felt ground tremors. This information plus photographic and defector 

intelligence gave a gcneril idea of the tunnel location. Subs~quent 

seismic listening activities enabled ROK scientists and geologists to 

locate the tunnel more exactly by means of triangulation. It is not clear 

from present information precisely what techniques were used 'ut 

apparently the relative intensities of blasting and drilling noises 

2 

• 

• 

, 

~ 
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observed at a number of locati~n• played a key role. It should be noted at 

this point that several tl&ousand explosions 'ccur each month near the DMZ 

from such soure•• as fortification construLt • artillery prac~tce, and 

even civilian mining operations. 

Based upon this more refined location, a drilling campaign 

was instituted in which sixty-nine 7. Scm boreholes, each lOOm deep, were to 

be drilled along a 225m strip transverse to the suspected tunnel path. 

Upon discovery in December, 1974, 44 of the 6~ holes had been completed. 

At thousands of dollars per hole, the drilling operation represents 

considerable expense. The borehole which did in fact break into the tunnel 

was most striringly noted by the loss of some 6000 liters of drilling fluid 

after the breakthrough. F.xamination of core samples, borehole photography 

~ 
and finally an intercept tunnel confirmed the discovery. 

I 

The third tunnel, discovered in October, lq78, passes under 

the demilitarized zone (DMZ) at a location about 40 km northwest of 
t 

Seoul. This unfinished tunnel extends some 425 meters into South Korea 

about t.7km southwest of Camp Kittyhawk, a u.s. advance post supporting the 

U.N. forces in the DMZ· An underground explosion, apparently caused by the 
·' 

North Korean tunnelers, led to the discovery of the tunnel. Never~heless, ,;l 
.~ 

three months of digging and drilling by South Korean engineers was required 
,, 
•j 
'I 

to locate the tunnel precisely and dig a counter tunnel to a depth of 70 
t 

meters. 



2. Charactftr•attca of the Dtacovered Tunnell 

The tunnela fall into two claaaea, ahallov and deep. The 

• Chona Jona-Nt tunnel waa very ahallow, averaatna only about o.sm below the 

aurface. Betna in aoil, the tunnel waa lined alona the aidea and roof with 

reinforced concrete alaba. The cross section was approximately square, 

1.2m on a side. n,e tunnel was about 4km lona, extendina some 1·2km aouth 

of the military demarcation line. Waste waa removed by a narrow aaa• rail 

line and mining carta. Ventilation was by means of vente to the surface at 

intervals alona the tunnel. No mention is made in the available reports of 

electric power lines for liahting or other uses. Moat of the tunnel was 

destroyed by explosives, but a section was retained for historical int~reat 

and sensor experimen~ation. 

The Sobang-San tunnel is considerably more elaborate, being 
l 

blasted and drilled through granite some 50 to lOOm below the surface. No 

roof support wes evident in photo~raphs of the tunnel interior. Its cross 

section is approximately rectangular with a flat floor, 2.2m wide, slightly 

concave walls and a 2m high arched roof. The walla and roof are rather 

rough and typical of mining tunnels. The total length is about J.Skm with 

several turns and eloping sectiors penetrating about 2km south of the 

military demarcation line. Ventilation was by tnechanical blower and 

j . ~ • J 

ducts. Electrical lines for lighting and power were run along the tunn•l ~ 
~~ 

and waste removal was by mining carts along a narrow gage 'ailway. A good 
., 
..; 

deal of the southern end of the tunnel was backfilled by the North Koreans 

and subsequently cleared by the United Nations Command after the intercept 

tunnel was completed. Both sides have now fortified sections of the tunnel 

and peer at each other across the demarcation line. 

4 
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The recently discovered tunnel near camp ~ittyhawk is si~ilar 

to the Sobang-San tunnel. It was dug at depths of around 60m through - . . . . . ~ • 
granite with a diameter of some 2-Jm. The tunnel extends eome 435m into 

South Korea, having crossed the demilitarized zone. Such a tunnel, if. 

completed, could infiltrate about on~ division of fully armed troops p~r 

hour into South Korea. 

B. Summary of JASON Summer Stady Investigations 

Tunnel detection has m~ch in common with exploration geophysics 

and naturally araws on many of the same techniques including seismic waves, 

electromagne:tic waves, ground resistivity and many others. A good 

introduction to a wide variety of geophysical cxplor.ltion methods is gi·1en 

by Telford, et al, {1976) while methods direc~ed specifically at tu~el 

detection ara reviewed by Systems Planning Corporation (1979). Tne JASON 

Summer Study effort has focused on the characteristics of the propagating 

medium and on techniques using compressional seismic (P) and electro-

magnEtic (EM) waves propagating between sources and sensors located in 

bo~eholes at d~pths comparable with the tunne! for which one is 

searching. Borehole sensors are advantageous because wave propagation 

paths are shorter and because near-surface layers usually scatter and 

attenuate waves more strongly than do deeper layers. Our investigations 

deal with the interaction of P and EM waves with tunnels and with the 

surrounding t:'ledia and on detection methods in a general sense. We have not 

looked into the specifics of sources, sensors and ambient noise levels 

except to note the existence of appropriate sources and sensors and the 

approximate amounts of signal loss that can be tolerated in a realistic 
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~ystem. While th•se fact~re a~e clearly important they are beyond the 

scope of the present study. 

In Chapter II we examine the P and EM wave pr;,pagation ·Character-

istics of subterranean media in general and consider the case of weat~ered 

granite, typical of the DMZ, in more detail. In comparing P and EM waves 

we have taken as comparable, waves having the same wavelength in the 

me~ium. For example, a wavelength of 6.3m resonates with a lm radius 

tunnel. In monolithic granite EM waves at 28 MHz and P waves at 720 Hz 

have about this wavelength. For comparable waveleui,~hs of 3m P waves 

suffer only about one-tenth thl! pbwer at·:enuation rate (0.13 dB m- 1) of EM 

waves (2.2 dB m- 1). The EM wave power attenuation rate gro~s more slowly 

with frequeto~y (approximately as ,ff) in the 10-100 MHz range than does the 

P wave attenuation rate (appro~imately as f) over the comparable frequency 

range. In underground exploration, inhomogeneities in the medium can, 

through scattering, affect tunnel detection systems as much as or more than 

the large propagation loss. Inhomogeneities can mimic tunnels, causing 

false alarms in the detection system as well as providing unwanted 

"clutter" signal paths between source and sensor. The natural weathering 

process of granite rock causes joints (cracks) along fairly well-defined 

and approximately parallel planes. These joints of varying width fill with 

clay minerals as weathering progresses. Modeling the granite-clay-granite 

sandwich as simple slabs, we find power reflection coefficients as high as 

0.3 for EM waves incident on weathered joints having widths in excess of 

about 20cm. For P waves incident on weathered joints having widths of a 

few centimeters and more, power reflection coefficients reach 0.9. Since 
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many weathered joints are likely to exist between source and sen$or 

(depending on geological setting;., ~cattering in the mt!dium and hence false . ·-
alarm and clutter signals could be a serious problem. Any det~ction system 

for general use will have to deal with this problem • 

In Chapter III we consider a particular tunnel detection system. 

forward scatter between borehole sources and sensors, in some detail. Tne 

data collection scheme involves two or more boreholes, each having one or 

more sources or sensors. Detection is accomplished by transmitting EM or P 

waves from one borehole to another and noting the effect of the tunneJ (if 

there is one) on the spatial distribution of received intensity and phase 

along the sensor borehole. First we discuss forward scatter by a 

cylindrical object. noting that the-rock-air 4ate~face at the tunnel wall 

reflects normally incident P waves very efficiently for a wide variety of 

rock types. For EM waves at normal incidence the rock-air interface has 

power reflection coefficients varying from about o.s to o.a for a wide 

variety of rock types. After discussing a number of possible schemes to 

model scattering from a cylindrical tunnel, we coneider a very simple model 

in so1ne detail. Here we model the tunnel as a thin, opaque strip. Using 

this n•odel we calculate the spatial distribution of received signal 

intensity and phase for a variety of source-tunnel-sensor geometries, wave 

types (P and EM), and wave frequencies. Here we note especially the 

contrast between the use of E~t and P waves, noting the advantages and 

disadvantag~s of each. No scattering from geological inhomogeneities is 

included aside from the tunnel itself. 
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We next discuss signal analysis schemes including matched filter 

and correlation detection as well as how parameter estimation might b@ used 
...... - • • • • 41 • 

to obtain diagnostic information once a tunnel is detected. Observational 

methods vary from single source and singlP. sensor to source and sensor 

arrays in three boreholes operating in a differential scheme. 

The last chapter contains b~ief discussion of two topics. First 

we note that borehole to borehole tunnel detection might be accomplished by 

placing the line between source and sensor along the expected tunnel rather 

than transverse to it as discussed in Ch~pter III. 1bis scheme takes 

advantage of the fact that the tunnel can act as a relatively low loss 

"waveguide" path between source and sensor. We also briefly investigate 

the exploration of a discovered tunnel by inserting EM or P ncoustic waves 

directly into the tunnel. Searching for resonances in the frequency domain 

and radar/sonar echoes in the time domain provides information on the 

tunnel size, length, direction, number of bends (if any), etc. 

c. Conclus1ons Drawn from JASON Summer Study 

In our con~ideration of the underground propagating medium we 

draw several conclusions relevant to the general class of underground EM 

and seismic wave detection systems including both monostatic and bistatic 

radar type systems. 

1. FoL frequencies of interest here inhomogeneities in the 

underground wave propagation medium can cause significant wave scattering 

as a signal propagates from aource to sensor. For weathered granite, which 
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is typical of the Korean demilitarized zone, and typical operating 

frequencies (VHF for EM waves and 500-2000 Hz for P waves) a single ... 
w·eathered joint (crack) can reflect up to abo•1t 30% of the normally 

incide· · EM wave power and up to 90% of the normally incident P wave power. 

• 

2. Strong scattering within the propagating medium implies that 

clutter (signals propagating from source to sensor along unwanted paths) 

will be an important factor in detection system design and operation. 

Placement of sources and sensors at some depth below the surface by means 

of boreholes not only helps reduce clutter, but also reduces si.gnal loss 

since path lengths are shorter. The use of polarized EM or shear wave 

signals may be helpful in clutter reduction. 

3. In almost any detection system and certainly in the 

generalized radar type scheme~ investigated here, a careful review of the 

geological setting will be quite helpful in choosing the type of detection 

system most likely to yield successful results. 

Narrowir.g our consideration to borehole to borehole schemes 

using electromagnetic (EM) or compressional seismic (P) waves we reach the 

following conclusions: 

a. A forward scatter scheme in which one observes the signal 

amplitude and/or phsse of the shadow diffrection pattern (or possibly 

forward scatter enhancement) of the tunnel seems likely to provide a 

workable tunnel detection system. However, inhomogeneities in the 
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underground medium ar" likely to generate a significant false ale.rm 

problem. 

b. Depending on the relative accuracies of phase and 

amplitude measurements which can be obtained with given obYervational 

hardware. it is quite possible that phase mea,urements, rather than 

amplitude, will produce the most salient tunnel signature. It is also 

possible that the phase signature of a tunnel could prove relatively less 

susceptible to clutter from underground inhomogeneities. 

c. Although subjet •.: to uncertainties in source and sensor 

technology as well as ambient noise levels, we conclude that P waves are 

likely to provide better system performance than EM mainly because P wave 

attenuation is so much lower in all the geological settings considerea 
•· J ~ ..... ,, 

I 

I 
here. 

d. In system design one must compromise between wanting high I 
operating frequencies to obtain salient tunnel signatures and wanting low 

operating frequencies to reduce propagation losses. For the scheme 

consider!d here operating frequencies in the VHF range for EM waves and 
', J 

500-5000 Hz for P waves appear practical. 

e. Since real tunnels are of irregular shape with rough 

boundaries, accurate modeling of their scattering characteristics is very 

difficult. We argue on theoretical grounds that a simple model in which 

the tunnel is repr£sented as an opaque ditfracting strip adequately 
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portrays most of the important features of the tunnel~s shadow diffraction 

pattern. .. 
f. Because the shadow diffraction pattern is most evident 

when the tunnel is located near the sensor borehole, it would be aJvisable 

to make observations both before and after exchanging sourca and sensor 

boreholes. 

g. Although requiring movement of both sourc~ and sensor, 

observations in which the source and sensor are kept at equal depths offer 

the advantages that interpretation is more simple and transmission loss~s 

• 

I 
are minimized by keeping path lengths short • 

h. At the expense of increased system complexity arrays 

(strings) of sources and/or sensors could provide advantages in terms of 

beam forming and rapid data collection. Hcwever, if both signal amplitude 

and phase (relative to the source) can be observed at each array location 

• by a single source-sensor pair, results ~quivalent to arrays can be 

obtained though requiring more time and manpower. 
·. ~ 

• i. Again at the expense of additional system complexity 

matched filter, correlation detection or tomographic reconstruction schemes 

in the spatial domain could enhance the probability of detection while 

• parameter estimation techniques could yield diagnostic information such as 

~unnel size and location. 
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j. A differential scheme involving a source in a central 

borehole with sensors in boreholes to either side could be useful in 

removing the effects of large scale horizontally stratified geological 

inhomogeneities. 

Finally, there are two couclusions which arise from our brief 

consideration of other tunn~l detection and exploration schemes: 

k. It appears feasible to exploit the linear aspect of a 

tunnel, detecting it as a relati.,,ely low loss "waveguide" by borehole to 

borehole sounding along the direction of the expected tunnel rather than 
0 I 

transverse to it as discussed above. 

1. Once a tunnel is 1ocated, electromagnet!~ or acoustic 
,I 

waves could be introduced into the tunnel to explore it in terms of length, 

corner locations, diameter, human activity and so forth "by observing 

radar/sonar echo time delays and doppler shifts as well as resonances in 

the frequency domain. 
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II. CltARACTERtSTICS OF THY. PP.OPAGATING MEntUM 

Clearly the propagation characteristics of the medium in which a 

tunnel exists will exert a great influence on the effectiveness of a given 

detection technique. The phase velocity will cont~ol the wavelength in the 

medium and thus the tunnel"s resonant frequency (\':~ .. nncl circumference"" 

wavelength). The attenuation and scattering properties of the m~dium limit 

the p&th lengths one may use. Indeed, inhomogeneities may strongly scatter 

the probing waves and even mimic tunnels. 

The geological circumstances in which tunnels of interest may exist 

are extremely varied. We have focused our attention on a particular 

geologic setting common along the nMZ in Korea, namely weathered granite. 

Conclusions drawn from this example are, of course, not general and 

techniques which seem less effective in this setting may indeed be valuable 

elsewhere. 

A. Electrical and Seismic Properties of Homoceneous Granite and 
Other Materials 

1. Electrical Properties 

Basic electrical measurements on a cor~ sample of Korean 

granite were made by Dolphin (Stanford Research Institute, 1Q76a) from n.s 

to 250 MHz. The sample was obtained from a bor~hole near the Sobang-San 

tunnel mentioned in the introductory section above. Since the sample was 



I 
' 

not received in a moisture-tight con~ainer, it was measured in water-

saturated and oven-dried states as well as "as received." The result~ -"' 

reproduced in Fig. 1 for convenience. It is immediately evident that for 

frequencies near tunnel resonance ( • 30 MHz) attenuation will be 

relatively high ( N 0.1 to 1 dB/m). Since grantte in the Korean DMZ 

setting is likely to be near the water-saturated curve and radar system 

dynamic range is at most about 100 dB, path lengths will be limited t~ 

about 100m. As Dolphin {1976) points out, this implies that the use of 

surface electromagnetic wave radars for the location of deep tunnels will 

be severely limited. 

Alt~ough there has been considerable research inta the 

electrical properties C"f geologic materials in general (Watt, et al., 1fl63; 

Keller and Frischknecht, 1966~ ~arkhomenko, 1967; Wait, ed., lq71), the 

emphasis has been on measurements at low frequencies (leas than a few 

hundred k~z). Measurements at hi3her frequencies are generally of more 

recent vintage (Gdtes and Armistead, 1974~ C~ok, 1975a and b; Vickers, 

1976). For comparison, ~ show in Fig. 1 the electrical properties of a 

saft\ple of Oregon sandstone (Vickers, 1976). It is evident that in both 

cases the attenuation fact~r (a) and the ~ielectric ~onstant (£ ) rise 
r 

sub&tanttally w\.2.:1 wt~ter is pr.esent. 

considers the very high values of £ 
r 

This is not surprising when one 

and a characteristic of water 

solutions involving common minerals, e.g., sea water (Kraichman, 1970). 
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Figure 1. Measured dielectric constant (relative permittivity) ( r and attenuation coef~icient 
Q for Korean Granite (solid lines) and Oregon S.ndstone (dashed lines). Curves are drawn 
for both oven dried and water saturatfld states In order to show the wide range in the 
'Tieasured parameter~ as a function of water content. The sources for these measurements 
were (00' .PH IN, 1Y76) for the granite and Figure 21 of (VICKERS, 1976) for the sandstone. 
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2. Seismic Properties 

The propagation of seismic (elastic) waves in geologic 

materials is a complex subject (see, for example, Ewing, et al., 1957: 

White, 1965; and Off'~er, 1974). In an isotropic solid only two types of 

seismic waves are tound: P (compressional) and S (shea~) corresponding to 

longitudinal and transverse material motion respectively. R~wever, when 

one considers a realistic situation in which boundaries between elastic 

media exist, a third kind of wave, known as a Rayleigh wave, can propagate 

along the boundary (e.g., at a free surface). Further, a fourth type of 

wave, known as a Love wave, can propagate along a boundary if cne consider~ 

layers rather than simply boundaries, e.g., Love waves can propagate along 

the Earth's surface if the velocities of P and S waves increase with depth 

below the surface. 

The phase velocity of ~ P wave {cp) is given by 

.JK + ( 4u/3) 
cp P 

where K is the bulk modulus, u is the rigidity or shear modulus and o 

is the density (all in cgs units). The phase velocity of S waves is given 

by 

Whii:e (1965, Ch. III) discusses the loss mechanisms and 

attenuation of seismic waves in homogeneous rock. Following his treatment 
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where A1 is the wave amplitudte in the ith mode of a wave propagating in 

the positive ~ direction. The loss parameter for the i~h mode i• ai ; 

loas parameters for both 1 • P (compressional) and i • S (shear) waves 

are given for several rock types in Table 1 • 

Since we are seeking to detect tunnels by p~~pagating waves 

through bulk material, our primary interest ia in compressional and shear 

waves and we shall only consider them for the most part. However, Rayleigh 

and Love waves can propagate unwanted signals from a seismic source to a 

receiver. Also, there is the possibility of significant wave coupling at 

the interfaces in an inhomogeneous medium. For example, a compressional 

wave upon atrikin, an interface transfers some of ita energy into reflected 

and refracted waves in both P and S modes and possible surface wave modes 

as well, dependi.ng 'on the circumstances. Officer (197 4, section 6. 3) gives 

an introductory diacusAion of the reflection and refrar.tlon of seismic 

waves at a plane boundaxy. The problema associated with I'UCh wave coupling 

are too varied and complex to be treated here, though they may indeed have 

importance especially for propagation in an inhomogeneous medium • 
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ROCK TYPE 

Granite (in general}* 
Granite (specific samples)** 

Kamyk 
Sample 3 
Sample 4 
Quincy 

Limestones and dolomites 
(in general)* 

Limestones (specific samples)** 
Solenhofen 
Sample I-1 
Hunton 

Sandstones (specific samples)** 
Sample 116 
Amherst 

Chalk (specific samples)** 
Chislehurst 

Shale (specific samples)** 
Sylvan 
Pierre 
Pierre 

Sae Notes to Tabl~ 1 

TABLE 

Seismic Properties for 

Cp CS 

(km 8-1) (km s-1> 

4.,6 to 7.0 2.5 to 4.0 

6.1 3.5 
s.s 3.3 
4.9 3.0 
4.3 2.8 

3.5 to 6.5 1.8 to 3.8 

5.6 2.9 
6.1 3.2 

s.o 

0.81 

1 

Severa: <.ode Types 

f 

(Hz) 

(0.2 to 2) X 106 

(30 to lAO) X to3 

(30 to 180) x 103 
140 to 4~500 

( 3 to 15) X 106 

( 3 to 15) X lOb 
( 3 to 10) X 103 

106 

900 to 1,300 

600 

( 3 to 12) x 103 

50 to 450 
20 to 125 

ap ag 

(cm-1) (cm-1) 

3.9 X 10~8£ 
2.1 X to-7£ :;).) X to-7£ 
1.4 X to-7f 1.7 X to-7f 

4 to 7 x 10-8£ 

5.2 X 10-8f 5.8 X 10-8£ 
3.1 X 1o-8t •2.s x 1o-8£ 
:' .• 2 X to-7£ 

0.035 cm-1 @ 106 Hz 
2.1 x w-7f 

1.2 ~ 10-7f 
4.5 X lfj-7£ 

CC»fMER'l'S 

1 
1 
1 
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1 
1 
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NOTES TO TABLE 1 

* Data taken from Parasnis (1972, Ch. 6) 

** Data taken from White (1965, Ch. 3) 

1 Laboratory measurement 

2 Laboratory measurement applicable to longitudinal waves governed by 

Young's modulus 

3 Bulk medium measured in field experiment 
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There ar~ a number of reasons why compressional (P) waves are 

of dominant importan~e in applied seismology. ~o begi.n with, S waves are 

difficult to generate with sufficient intensity. Explosives generate 

predominantly, if not exclusively, P waves {Parasnis, 1972, Ch. 6). 

Secondly, a perusal of Table 1 shows that S waves are almoet always more 

strongly attenuated than P waves. Though the difference may be small, it 

is in the exponent and hence important. For these reason.s we shall 

concentrate on the more widely used P waves in the discussions which 

follow. 

B. Propagation Characteristics Typical of Weathered Granite 

1. loleathering of Granll!_ 

The near surface granite rock found in a natural setting will 

ccntain various inhomogeneities. The ones of most interest here are those 

introduced by the geological process of weathering. S'i.11ce these inhomo-

geneities imply correspondi~g variations in the refractive index for both 

seismic and electromagnetic waves, !t is important to know what factors 

control the weathering process and the sort of inhomogenP.ities typically 

found in weathered granite. ·The brief discussi.on of these questions set 

out below is drawn principally from Fett (1976) with supplementary material 

from Ollier (1969) and Kerhoogan (1970). 

Most generally, weathering is the process by which near-

surface materials are changed so as to bring them more nearly int~ 

equilibrium with a new physical, chemical and biological environment. 
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Granite is, in general, a plutonic rock, t.e., an igneous rock, formed by 

the solidification of magma under great pressure deep within the F.arth • 

l~en this solidified material is transported to locations near the Earth's 

surface, the pressure is greatly reduced and the resulting internal 

stresses cause the rock to .fracture. Such fractures are known geologically 

as jo1.nts. Typically these joints form along sets for fairly well defined 

and approximately parallel planes. The separation between planes ranges 

from fractions to five or more meters and there are usually two or more 

sets of planes having different orientationA• One of these s~ts of planes 

is typically approximately parallel to the local surface and results in 

sheets of rock following the local topography and increasing in thickness 

with depth. In Figs. 2 and 3 we see how the horizontal sheets combined 

with sets of near vertical joints can cut basement rock into blocks. 

Weathering proceeds mainly along these joints since they 

provide pathways for water solutions to flow deep within the rock and 

attack it chemically and mechanically. To begin with, rainwater itsPlf is 

slightly acidic (pH • 6-7) because of dissolved o2 and co2, and this 

acidity may be enhanced as the water percolate$ down through layers of 

rotting vegetation. Once this acidic solution comes in contact with the 

rocks along the join~s, it begins to react chemically with the mineral 

constituents of granite. Typically, granite is composed mainly of 

feldspar, mica and quartz (in order of vulnerability to weathering). The 

quartz re~ains unaltered, but the feldspars and micas are usually converted 

to softer clay minerals such as kaolinite. The boundary between the 

weathered and unweathered rock is usually well defined in granite, being a 

fev mm or. less. 
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Figure 2. Illustration of basement rock being cut intQ block& by horizontal 
and vertical jointing planes. Tt•is example Is taken from Salterley Grange 
Ou•rry, Ltckhampton Hill, Gloucest!'ahire, UK. where prominent vertical 
joints cut through oolitic limestone. (f t:oto courtesy of the Geological Survey 
and Museum, London). 
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Figure 3. SCHEMATIC REPRESENTATION OF WEATHERED GRANITE. NOTE INCREASING 
SIZE AND FRACTION OF INTACT GRANITE BOULDERS, KAOLINITE AND 
OTHER CLAY MINERALS. WHICH RESULT FROM THE WEATHERING OF 
GRANITE, FILL THE SPACES BETWEEN BOULDERS. IN A NATURAL SETTING 
THE JOINTING PLANES COULD WELL BE IN DIRECTIONS OTHER THAN 
HORIZONTAl. AND VERTICAL, AND MORE THAN TWO SETS OF PLANES 
COULD EXIST • 
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Mechanical disintegration can also result from water 

penetration along joints. If water freezes at atmospheric pressure, its 

vclume increases by about 11%. The weathering produced by the expansion 'j 

and contraction of repeated freezing and thawing is called frost riving and 

would certainly be active along the Korean DMZ. 

As weathering proceeds, joints become wider and filled with 

clay. In general, weathering attacks sharp edges most strongly, and as 

joint blocks become isolated by intervening clay they weather into 

spherical shapes. Sometimes these t·oughly spherical granite boulders will 

become case hard~ned and resist further weathering. Casa hardening occurs 

when silica and hydrated oxides of iron, manganese and aluminum precipitate 

from surface water along the surface of a rock. These mat~rials, once they 

precipitate from solution do not redissolve and thuA protect surface 

d 
materials, inhibiting further weathering. 

,; 

. ! 

A question of particular interest in the present case is how 

deep weathering effects extend. Although the question must be answered for 

each locstion separately, it is known that weathering of granite can extend 

to large depths. For example, Ollier (1969, P• 121) reports weathering in 

granite to maximum depths of 37, 45, 70 and 274 meters at four well 

separated locations in Australia. In ~eneral terms, weathering extends to 

.. greater depths in l~egions where precipitation, vegetation and temperaturH 

fluctuations (across the freezing point of water) are maximized. Thus 

'i weathering extends to large depths (tens of meters) in tropical rain forest 

an~ teMperate regions, but to only small depth (meters) in low-latitude 

desert and arctic regions (Hamblin, 1975, PP• 120-129). 
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2. Present Condition of Weathered Granite 

The question now ar1.1:1es as to what a weathered granite 

environment might look like at the present time. Such a picture, uncertain 

though it may be, gives one at least some guidance in assessing the effects 

of an inhomogeneous medium on seismic and electromagnet~c wave propagation, 

i.e., how much attenuation one might expect from wave scattering and how 

bad the clutter probl~m will be. In Fig. 3 ~ have drawn a schematic 

representation of what weathe~ed granite might look like at the present 

time. This picture is based principally on the following sources: Fett 

(1976), Hamblin (1975) and Ollier (1969); and is, of course, cnly an 

estimate of whdt an actual structure might look like. However, the picture 

does contain most of the salient features commonly found in weathered 

granite. The jointing structure, shown in Fig. 3 as sets of roughly 

parallel vertical and horizontal planes, may vary considerably in the 

natural environment. Usually the joints are along several relatively well 

defined sets of parallel planes with one set of planes roughly parallel to 

the local surface. Other jointing planes are often roughly vertical as 

shown in Fig. 2, but are also found to run at oblique angles to the local 

vertical. Below the soil layer we find solid granite boulders surrounded 

by softer clay minerals such as kaolimites, the clay minerals being the 

results of the chemical weathering of granite. The size and fraction of 

granite boulders increases with depth finally approaching homogeneous 

granite at sufficient depth • 
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3. .Variations :ln the Electrical and Seismic Properties between 
Homogeneous and Weathered Material 

We have now tl&tablished that in a weathered geological 

setting interfaces between the parent (homogeneous) and the weathered 

material are common. Further, in the case of weathered gLanite the 

interface between the parent granite and the weathered clay is likely to be 

relatively sharp (Ollier, 1969, P• 121). In orde~: to estimatE' the effects 

such interfaces may have on electromagnetic and deismic wave propagation, 

it is necessary to know the variation in wave propagation parameters across 

such interfaces. We will simplify a typical situation somewhat by assuming 

granite to be the only parent material and clay minerals to be the only 

weathering product. The requit•ed parameters are given in Table 2. For 

simplicity and other reasons discussed in section C below, we consider only 

compressional seismic waves. Our objective here is to obtain an estimate 

of the power reflected from such a joint. The reflected power would 

contribute to the clutter and signal loss for both monostatic (colocated 

transmitter and receiver) and bistatic (sP.parated transmitter and receiver) 

underground radar/sonar systems. 
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• 
TABLE 2 

• Approximate Propagation Parameters* for r.lectromagnetic 
and Compressional Seismic Wave in Granite and Cloy 

f PARAMETER* GRANITE CLAY l 
r • 

Electromagnetic Waves: 

f - 30 MRz 

e; 3.1 ( 1) *" 10 {2) • r 

<l 1. 4 db m- 1 (1) 5.0 db m- 1 {2) 

f f 60 MHz 

l -
e; 2.9 (1) f',.7 {2) 

8 r 

~ 
l 

a 2.2 db m- 1 (1) 7.6 db m- 1 (2) 

i 
j;~ 
I{ f • 120 MHZ j 

f f 
e; 2.8 (1) 7.6 (2) 

l" • r 
"' db m-1 12 db m-1 * a 4.1 (2) 

~ 

• ; 
Compressional Seistolic Waves: 

f) 

f • 500 Hz 

1 t 

J 5 X 103 ms-1 (3) 2.3 X 103 ms··1 {5) Cp :1 

1 10-2 m- 1 {4) to-4 m- 1 (5) 
1 

ap X 5 X ·i • ' ·~ 
1 

f -1000 'Hz 

5 X 103 ms- 1 (3) 2•3 X 103 
_, 

(5) c'P ms 

ap 2 X 10-2 m- 1 {4) 1 X ln-3 m-1 ( 5) • f • 2000 Hz 

Cp 5 X 103 ms- 1 (3) 2.3 X 103 mo-1 {5) 

ap 4 X • 10-2 m- 1 (4) 2 X to-3 m-1 {5) 
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NOTES TO TABLE 2 

& • relative permittivity • dielectric constant r 
a • attenuation coefficient for power (db m-1) 

cp • compressional •eismic wave velocity 

ap • compressional seismic wave atten~ation coefficient for 

amplitude (m-1) 

Numbers in parentheses indicate sources of information listed below. 

SOURCE~: (1) Hater saturated curve from (nolphin, 1976), see Fig. 1· 

(2) The relative dielectric constant and conductivity data 

given by Hipp (1974) for "grey San Antonio clay loam" 

at lf'OO kg m-3 dry density and 2.5% moisture are 

used. Since o/w£ ~ 1 the attenuatton was 

computed using the complete expression from Kraichman 

(1970, P• 2-1) rather than the con.ventent approx­

imation for a poor conductor (o/w~ << 1 ) , i.e., 

a • -1 m 

in s.r. (mks) unitA. The difference betwe~n the two 

was in fact loss than 5X. 

(3) Average of 5 granite samples collected by White (1965, 

p.89) from several sources. 

(4) Average of 2 granite samples collected by l~ite (1Q65, 

P• R9) from two sources. 

{S) Chislehurst chalk measured in bulk at 600 Hz (White, 

1965, P• A9) and extrapolated linearly with frequency. j 
i 

) ! . 
I 
I 

I ! 



• 

• 

• 

• 

• 

• 

power 

The problem of calculating the reflection coefficient for 

(IPI 2 • power in reflected wave/power in incident wave) is solved by 

Ramo, et al., (1965, PP• 349-351). The result for IPI 2 as observed in 

mcdit~ 1 (on the left in Fig. 4) is given for normal incidence by 

where 

IPI 2 • 
z nlj2 
z + nll 

Tll cos(k2't) + jl12 sin (k
2 

R.) 

z • Tl2 
112 cos(k 2R.) + jl"ll si.n(k 2R.> 

GRANITE CLAY GRANITE 

Figure 4. A SIMPLE SLAB MODEL j:OR PROPAGATION 
ACROSS A WEATHERED JOINT (AFTER RAMO 
et, al., 1966) 
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In the case of electromagnetic waves 

ni ·JIJi/e:i 

with IJi and e:i being th~ permeability and permittivity of the ith 

medium, and 

>- 2 • 1/ [fM]being the wavelength in medium 2, the clay of Fig. 4. 

In the compressional seismic (P) wave case 

where and are the density and the compressional seismi ~ wave 

velocities in the jth medium and 

In the seismic wave case one must be rather cautious because ~h~ar (or S) 

waves as well as compressional (or P) waves c.an propagate in an elastic 

medium. 'if' Moreover, ~hen compressional waves strike an interface away from 

normal incidence, shear waves are generated on both sides of the inter-

face. The case considered here of a compressional wave normally incident 

on an interface is particula'l'ly simple dnce no shear waves are g~nerated 
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(Telford, et al., 1976). In moat geological setting• the amount of 

reflected and refracted power going into shear waves is relatively small 

and can be neglected fer angle• of incidence less than about 200. Telford, 

et ai., consider an illustrative example showing the relative amounts of 

energy going into reflected and refracted, compr· .. ,,ional and shear waves as 

a function of angle of incidence and other pa1 ers. 

For the case where k 2 ~ << 1 we ~ay use a first order 

approximation to Z above and IPI2 becomes 

2 

In Figs. 5 and 6 we have plotted IP!2 for both 

(2) 

electromagnetic and seismic waves [calculated according to Eq. (1) or (2)] 

as a function of joint width £ for several frequencies. The EM and 

seismic wave frequencies in Figs. 5 and 6 correspond in the sense that each 

pair of frequencies has the same wavelength in granite. For example, 30 

MHz EM waves and 900 Hz P-waves both have wavelengths of about 6 m in 

granite. ThiR correspondence has been introduced so that one can cDmpare 

the reflection properties of the two types of waves, each of which will 

interact in approximately the same fashion with a tunnel. In the left-hand 

portion of the figure k 2 ~ << 1 and IP12 becomes proportional to ~~~ as 

indicated in Eq. (2). In the right-hand portion of the figure, k
2

l 

becomes comparable to unity and a pattern of periodic nulls appears as 
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indicated in Eq. (1). A number of implication• for tunnel detection arlee 

from even this crude model; however, we will defer discussion of them to 

~ection C below. 

120 MHI 

"r. I to- 1 ,/ • 1 I I 

I I \' ' I . I I I 
I I 11 

10-1 120 MHz/ / 11 
N II ;· ,, 

Q. -
I l J ~-

w 
/ / t20MHz § to-3 u.. 

u.. I /. I w 
8 I . I z I I I 0 

6 I · I w 
10-4 I / I ~ 

u.. I w 
60 MHz cr: 

I / a: I w 
I I ~ I 

• I to-5 i/3/J MHz I 
• I I I • 

to-6 
I 

0.001 0.01 0.1 1 

t- METERS 

Figure 6. POWER REFLECTION COEFFICIENT IPI2 AS A FUNCTION OF JOINT 

WIDTH .t FOR THREE ELECTROMAGNETIC WAVE FREQUENCIES. 
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1- METERS 

Figure 6. POWER REFLECTION COEFFICIENT IP1 2 AS A FUNCTION OF JOINT WIDTH X. FOR 
THREE COMPRESSIONAL SEISMIC WAVE FREQUENCIES. THESE FREQUENCIES 
CORRESrOND TO THE ELECTROMAGNETIC WAVE FREQUENCIES OF Figure 5 IN 
THAT THE WAVELENGTHS IN THE PARENT MATERIAL (GRANITE) ARE THE SAME 
FOR BOTH TYPES OF WAVES, THE CURVE FOR 3600 Hz HAS BEEN DELETED FOR .t ~ 
0.2 m IN ORDER TO AVOID CONFUSION IN THE RIGHT -HAND PART OF THE FIGURE • 
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c. Implications for Seismic and Electromagnetic. Sounding 

1. Surface vs. Borehole Sounding 

Although the use of sensors down bnreholes clearly requires 

more effort and expense than the use of surface sensors, the substantial 

advantages of borehole sensors (in terms cf \igher probability of detection 

and lower false alarm rate) suggests that they be used whenever possible, 

especially when the search can be localized (fo~ example, by defector 

information). To begin with, borehole sensors can be located closer to the 

suspected tunnel thus reducing propagation loss. Borehole sensors are more 

isolated from surface sources of interference such as electromagnetic waves 

travelling from source to receiver via atmospheric paths. A perusal of 

Fig. 3 shows that, at least in somP. realistic cases, unwanted reflections 

(clutter) from geological inhomogeneities wi!l be a much more serious 

problem near the surface than at depths of a few tens of meters. 

2. The Problem of Unwanted Reflections (Clutt.er) 

The "clutter" problem proves to be quite significant since it 

catl limit the effective range of an underground electromagnetic or seismic 

wave "radar". (Radar here is taken in a very general sense including pulse 

and continuous operation with electromagnetic or seismic waves as well as 

monostatic or bistatic configurations.) The clutter problem is in fact a 

very real problem limiting underground electromagnetic -radars to a dynamic 

range on the order of 100 db at frequencies on the otrier of 10 to 100 HHz. 

Figs. 5 and 6 illustrate the seriousness of the clutter problem. Fer 

example, a 6 m long wave in granite (30 MHz electromagnetic or 900 Hz 
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compressional seismic) has a power reflection coefficient of 0.02 if 

electromagnetic and o.s if co-:npressional seismic at a single joLtt 

• containing weathered material some 10 em wide. If one can redut.r.· ·. '-le jCI nt 

width t by positioning the source and sensors at greater depth~ (seP Fig. 

3), there is likely to be su'tlstanti.al clutter reduction. It is important'. · · . :'. 

to note the obvious fact that clutter imposed limitations can not b~ 

overcome by simply increasing the source power level as would be t~.e case 

in a system limited by a~hient noise • 

• 
In the case of electromagnetic waves some impro'Tement in the 

signal to clutter ratio can usually be obtained by taking advantage of any 

• differences between t.he polari?.ation received after scattering from 

unwanted as compared to desired objects. The Terrascan underground utility 

locator, developed by Leon Peters and his colleagues at Ohio State 

• University (Peters, 1976) and manufactured by Microwave Associates Inc. 

{1976), employa a pair of orthogonally polarized, fold~d dipole antennas 

for clutter reduction. A linearly polarized signal is transmitted on one 

antenna and received on the other {cross-polarized) antenna. Signals 

reilected fr~m plane interfaces parallel to the plane of the crossed 

antennas will be linearly polarized along the direction of the transmitting 

• antenna and thus orthogonal to the receiving antenna. As s~en by the 

receiv~r, such orthogonal echoes will be strongly cttenuated. This type of 

system can clearly reduce the radar clutter due to plane, horizontal layers 

in the Earth. Desired non-plane objects, such as pipes, producg 

"depolarized" components in the reflected signal anri those can be 

relatively easily detected using the cross-polariz~d receiving antenna. 

35 

,) 

' 

.. ~ 
'~ 
'( . ,, I 

J 
,, 
:.-



IL.: 
: 

' J• 

F 

However, geological inhomogeneities are not restricted to horizontal plane 

layers (although they tend to be horizontal near the surface) and natural 

interfaces are usually rough rather than plane. Such inh~ogeneities 

produce depolarized clutter which interferes with the desired echo. 

Since seismic S-waves are poJ.ar!~ed it is conceivable.> that 

one might. use S-waves in a clutter rejection scheme similar to that 

described for EM waves above. However, S-waves are more diffic~lt to 

generate and are generally a little more strongly attenuated {see Table 1) 

than P-waves. In addition, there can be a strong cross coupling betwen P-

and s-waves at interfaces betveen layers with differing seismic properties, 

so P-·waves get converted to S-waves and vice versa. (Telford, et at., 

1976. Ch. 4.) This complicates the interpretation and could be 

partic11larly tmportant in a system relying on S-waves, since any P-waves 

inadvertently generated by the source could ultimately reach the detector 

as s-waves. 

3. Electromagnetic vs. Seismic Waves 

From the above discussions it is clear that eithe! 

electromagnetic or seismic waves could be a logical best choic~ for tunnel 

detection work. The c:hoice would depend on such factors as: 

o the geological setting which determines the wave 

speed, attenuation and dispersion as well as the 

importance of clutter echoes; 

o the probable characteristics of the suspected 

tunnel (e.g., does it contain steel rails?); 
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the geographical location (e.g., can boreholes be 

drilled?); and 

the nature of the detection equipment available. 

As an example, consider a geological setting of weathered 

granite as described above. We will employ a backscatter-type radar which 

searches for the echo reflected from the tunnel. Assume that the suspected 

tunnel is a cylinder, 1 meter in radius, and contains no conducting 

rails. Such rails would, of course, be of distinct advantage to EM wave 

techniques. We will use a wavelength of 6 meters, approximately equal to 

the tunnel ci.rcumferences, so that the probing wave resonates with the 

tunnel. In granite this implies electromagnetic (EM) and seismic wave 

frequencies of about 28 MRz and 800 Hz respectively. From Table 2 we note 

that in gr3nlt~ the EM wave propagation loss is substantially higher: 1·4 

db/m as comp4red to about 0.4 db/m for P--waves. In the weathered, clay 

material the EM wave attenuation becomes substantially greater (5 db/m), 

while the P-wave attenuation is in fact greatly reduced (0.003 db/m). 

Clea~ly the EM waves will suffer greater propagation loss, but we must also 

know the source strength as well as the backgr.1und noise level ag&inst 

which detection must be made in each case. In hoth the EM and a~ismic 

cases detection will most probably have to be made against a background of 

unwanted reflections (clutter) rather than an ambient noise background. A 

perusal of figs. 5 and 6 shows that clutter is likely to be significantly 

tess severe in the F.M case since EM waves are less strongly reflected at 

joint interfaces than are seismic P-waves. ~y the same token, according to 

Eq. (1), th~ reflection of P waves at a tunnel's granite/air interface will 
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' I be virtually complete, whereas EM waves will be reflected with an 
! 

efficiency of about 40%. Electromag~etic wav~s offer the possibility of at 

least some clutter rejection by the use of polarization discrimination, 

whereas P-waves are not polarized and S-waves, though polari~ed, are 

difficult to use as noted above. The resolution in range with which one I, 

could locate the tunnel, once detected, is about the same for either 

electromagnetic or P-waves (~tom). Since the several factors considered 

do not consistently favor either choice, a more detailed analysis, tailored 

to a particular geological setting and including hardware and background 

noise considerations, would be necessary before a definitive choice could 

be made. 

This example clearly illustrates the need for a careful 

analysis of the medium in which the tunnel is bored before an effective 

detection technique can be selected. Geological settings vary greatly, 

even over relatively short distances; thus considerable geological 

i·! 
. ' 

; ~ 

I, 
'. 

expertise is required to choose the appropriate methods and effectively 

interpret the data. For the same reason, automated data interpretation is 

of limited use and must be very flexible. Automated data collection and 
: :'1 

the display of this data in a "convenient form" is, of course, clearly i --~ 

useful. This convenient form may, in fact, require considerable data 

processing. 
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III. TUNNEL DETECTION USING FORWARD SCATTER BETWEEN BOREHOLE SIGNAL 
SOURCES AND SENSORS 

A. Data Collection Scheme 

In Fig. 7 we illustrate the sensor geometry. Here one or more 

seismic cr electromagnetic sources are placed along borehole A with a 

string of receiving sensors along borehole B • A single source and a 

single sensor could also be used by moving them up and down their 

respective boreholes. The data collection and analysis van contains 

apparatus for controlling the sources and recording data (via cables), as 

well as on site analysis. At each sensor the vector sum of direct and 

scattered continous wave signals is received. Both the phase and emplitude 

of the received signals would be recorded. It was pointed out in Section 

II that weathered material typically contains many features capable of 

scattering quite signif~cant amounts of power. Thus we have shown scatter 

paths involving geological inhomogeneities as well as the suspected tunnel. 

If we consider a tunnel as simply a cylindrical scattering 

object, i.t is clear (e.g., see Ruck, et al., 1970, Ch. IV) ti1at much of the 

scattering (diffraction) phenomena, which we will find useful in detecting 

and characteri~ing a tunnel, are best observed in or near the forward 

scatter direction (namely, the diffraction shadow of the tunnel or forw11rti 

scatter enhancement). Hence we will consiJer primarily a detection 

geometry in •..rhich forward scattering from the suspected tunnel can be 

observed. This approach uses spatial variations in the scattered signal • 

One might also use variations in the source frequency. 
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MATERIAL • 

IOigure 7 
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SENSOR GEOMETRY FOR TUNNEL DETECTION USING FORWARD SCATTER BETWEEN BOREHOLE SENSORS. 
TO CLARIFY THE FIGURE WE HAVE NOT SHOWN GEOLOGICAL STRUCTURE. SUCH AS WEATHERED JOINTS, 
WHICH COMPLICATE THE PROBLEM. Figure 3 ABOVE GIVES A SCHEMATIC REPRESENTATION OF WHAT 
WEATHERED MATERIAL CAN BE LIKE. 
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B. Forward Scatter by a Cylindrical Object 

1. Wave Transmission and Reflection at the Tunnel Walls 

Since a tunnel is aptly characterized as the absence of rock 

(or earth), it is important to ask how efficiently the i~terface at the 

tunnel wall transmits or reflects incident waves. To obtain an approximate 

answer consider a simple slab model for the tunnel as illustrated in Fig. 4 

above. In this approximation the tunnel is just an air gap of thickness 

~ between two slabs of rock. We see from the equations following Fig. 4 

that the power reflection coefficient lol 2 is dependent on the 

characteristic impedances of the air in the tunnel n
2 

, and of the 

surrounding material n
1 

as well as t.he product (k 2 ~) of the tunnel 

width and radiation wave number in ait, i.e., the width of the tunnel in 

wavelengths. 

A brief examination of Eq. (1) reveals that for given values 

of and lol 2 varies dramatically with 

tunnel width as measured !n radiation wavelengths 

k2'~ , i.e., t-~ith 

(A ) across the air 

tunnel. For small values of k2R. ' narrow tunnels and long wavelengths, 

lol 2 is proportional to (k2R.)2 as shown in Eq. (2) • As k2R. 

increases, a maxinum is reached when k R. • 
2 

rr/4 , i.e., when the tunnel 

width R. equals A i /4 a r Further increases in k
2

t produce additional 

broad maxima at odd multiples of A i /4 a r separated by narrow nulls at even 

multiples of X i /4 Figures 5 and 6 above illustrate the general a r 

features of the variation of I o 12 with k2.2 So long as k2R. is not 

<< 1 or near even multiples of Aair/4 , one can expect a reflection 
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coefficient not far below the maximum value. For 4 real tunnel, nulla and 

maxima would be somewh~t displaced from the slab model value~. but the 

general behavior is similar (see report by Peters, et al., in Stanford 

Research Institute, 1977). 

Let us now look further at this maximum value of IP12 for 

tunnels in various geological material an'l for both electromagnetic (EM) 

and compressional seismic (P) waves. Evaluating Eq. (1) for k )(. - 'lf/2 
2 

find that the maximum value of 1~12 can be written in terms of the 

we 

impedance contrast o • n1/nair where n1 is the ~haracteristic impedan~~ 

of the material surrounding the tunnel and nair representr the air in the 

tunnel. First z • n:1rtn 1 and thus 

n2 - n2 
air I 

2 2 -

In Table 3 we have tabulated values of 6 for both 

(3) 

electromagnetic and compressional seismic waves and a variety of geologi~al 

materials in which one might find tunnels. At once we see that the 

impedance contrast for EM waves 6 ( 1 while for P waves 
i 

Thus impedance contrast is much more strongly influenced by the type of 

wave used than by the type of geological material· in wh1.ch one finds the 

tunnel. Figuru 8 illustrated the consequences of the vast difference in 

o between EM and P waves as illustrated in terms of the power reflection 

coefficient IPI2 For P waves IPI2 is unity regardless of the 
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geologic material whilft for EM waves IPI2 lies in the range o.s to 0.9. 

Since the impedance contrast plays an analogous role in more sophisticated 

scattering models, we may conclude that for P waves a tunnel will at best 

always_be a very highly reflective scattering object regardless of the 
f 

surrounding material. For EM waves we may expect a tunnel to be at best 

somewhat less reflective, depending on the surrounding material, yet still 

rathl!r high. The words "at best" above refer to the fact that for tunnel 

widths small compared to the probing wavelength or close to integer 

multiples of ).. /2 
ail' IP I is reduced as illustrated in Figs. 5 and 6. 

'· ~ ., 
f 
~ 
X. 

In terms of attempts to hide a tunnel it is conceivable that 
~~ • ~: •,. 

~-
in the case of EM waves a tunnel could be at least partially disguised by 

I 
' '-i 
~-

~ 
1'7- t \~ 

filling it with mat!rial such that the contrast with the surrounding 

rna terial woultl b6 less, o + 1 For example, back-filling a tunnel with 

~ waste could be a ~ather effective disguise with regard to EM waves. 

:; However, for seismic P waves even relatively small amounts of air remaining 

in the backfill material would leave the tunnel as a high contrast .. 
h 

scaltering object. By the same token, as discussed in Section II above, P 

waves suffer ~ore scattering fro~ geological inhomogeneities than do EM 

waves. 

• 
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TABLE 3 

Characteristic Impedance Ranges for ~lectromagnetic and Compressional Seismic 

Waves in a Variety of Geological Materials 

PARAMETER GRANITES S.ALT SANDSTONES LIMES'i'ONES CLAYS OR SHALES 

Electromagnetic Waves 

Relative Dialectric Constant, * 2.8 - 19 5.6 4.7 - 12 7.3 - 7.9 7 - 43 £ 
r 

Characteristic Impedance, ni 220 - 86 160 170 1.i.O 140 130 140 58 

Impedance Contrast, 6i .60 - .23 .42 .46 - .29 .37 - .34 .37 - .15 

~~ .. _ 

Co!2res9ional Seismic Wav~s 

Seismic W&ve Velocity, ** in m/s {4.6-7.0)xl03 {4.4-4.9)xi03 {1.9-5.4)xl03 {3.5-7.0)xl03 (1.5-4.2)xl03 Cp 

Density, ** p in kg/m3 (2.5-2.8)xl03 (2.0-2.2)x103 (1.6-2.8)xto3 (1.7-2.9)x103 (1.6-).2)xi03 

Characteristic Impe~ance, (12-20)x106 (8.8-.Ll)xl06 (3.0-15)xl06 c: 
(2.4-13)xi06 nj (6. 0-20)xl 0-' 

Impedance C~ntrast, 6j (2. 8-4. 7jxl o4 (2.1-2. 6)x104 ( 7.0-35)x103 (1 .. 4-4. 7)xto4 {7 .5-30)xl03 

-------------------------------------------~.·--------------------------------------------------·-------

* Values of £ 
r , as quryted by Telford, et al., {lq76, p. 456), were measured mainly as frequencies of 100kHz and up. 

** 
The relative permeability ~ was assumed to be unity. 

r 

Values of cp and P were taken from Telford~ et al., (1976) pages 259 and 26- 27 respectively. 
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2~ Scatterina Calculation• for Cylindrical Object• 

Among the simple aeometrical shapea, tunnels correspond moat 

closely to cylindera, and wave scattering from cylinders has been 

extensively studied, both theoretically and expe~imentally; e.g., see Ruck, 

et al, (1970), King and Wu (1959) or BoWI!lan, Senior and Uslenghi (eda., 

1969) for general treatment•· MOst treatments of scattering from cylinders 

involve a cylinder, surrounded by air, which ia either a perfectly 

conducting rod or tube or a dielectric rod or tube: Barrick (1968), Burke 

(1964), Bussey and Richmond (1975), Konyounijian, Peters and Thomas (1963), 

Lytle (1971), Lytle and Lager (1976), MOrse (1964), Tsandoulas (1968), and 

Wait (1955). While these treatments can provide helpful guidance, they are 

not specific to the situation at hand. For example, the intrinsic 

impedance of a tunnel is higher than that of the surrounding medium rather 

than lower as would be the case for a dielectric cylinder surrounded by air. 

However, Howard (1972) does treat the case of a subte~ranean 

cylindrical (circular) inhomogeneity. He uses a mode matching method to 

find the solution for the anomalous fields caused by the buried cylinder in 

an otherwise homogeneous lower half~space. A numerical calculation for a 

buried conductor is presented in which Howard~s solution, truncated to five 

modes, is found to be vi~tually identical to a solution by '~sit's method" 

(Wait, 1972)· Further pursuit of Howard's woLk could well be fruitful if 

information beyond the &imple diffraction model discussed below is needed. 

Lytle and his colleagues have done considerable work on both 

the theoretical and experimental sides of tunnel detection, in particular 
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using HF and VHF radio waves propagated between boreholes as illustrated in 

.. Fig. 7, Lytle (1971) and Lytle a~d Lager (1976) and Lytle, et al, (1976 and 
• 
f.· 

r "' J t 
• 1977). This work has included calculation of wave diffractions by circular 
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and realistically shaped tunnels in order to si~ulate the data to be 

collected in experiments. Their emphasis at the time of the Lytle, et al, 

' (1977) report was on wave amplitude and using classic back projection 

techniques to map out t~e area between the borehole sensors on the basis of 

data collected along the b"rehole. Swmnaries of their work are contained 

• in workshop reports by Stanford Research Institute (1976a and b, and 1977). 

Moment methods (Harrington, 1968) provide a powerful means of 

• studving scattering problems numerically. In fact the third chapter of 

Harrington's book is largely devoted to scattering from cylinders. The 

beauty of the moment method is that inhomogeneities and unusual geometries 

t can be handled. Peters in (Stanford Research Institute, 1977) uses moment 

methods to calculate the scattered field from a square tunnel • 

. ' 
~ .• c. Diffraction Model for Scattering by a Tunnel 

1· High Contrast Tunnel as a Diffracti'.tg Screen 

~ 
~t 

From Fig. 8 above it is evident that tunnels will present a 

•• (' 

~· 
very high contrast (highly reflecting) target to P waves and a high 

t • 
contrast target to EM ~aves in most media. Hence in this approximate model 

we will view the tunnel as a plane diffracting screen, i.e., as a perfectly 

conducting (EM waves~ or perfectly =igid (P waves) and hence opaque 

strip. The idea is illustrated in Fig. 9. Further, in Table 2 above we 
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note that for EM and P wavelengths which are near or shorter than the 

resonant wavelength for the tunnel (radiation wavelength u tunnel 

circumference) absorption in the medium surrounding the tunnel plays an 

important role. Because absorption grows exponentially with distance, ray 

paths which deviate markedly from the most direct route between soutce and 

sensor quickly become less important as rt and rr increase (see Fig. 9). 

Signal Source 
........ 

Surface 

Borehole 

Tunnel Modeled 
as opaque strip 

v 

Borehole 

Signal ~ensor 

a 

(x, , Yr) 

Figure 9. Two dimensional diffr11ctian model with tunnel approximated as opaque strip. 
Seismic or electromagnetic waves are emitted by a source, diffracted by the tunnel (opaque 
strip) and received by a sensor or group of sen•ors on the other side; of the tunnel. Since 
we are interested mainlv in variation• along the y direction, we use a two dimensional model 
where the signal 'ource and sensor as well as the tunnel are usumed to extend to large 
distance~ perpendicular to the (x,y) plane; i.e. the source Is a line source perpendicular to 
the (X,'r') plane, the tunnel a strip perpendicular to the (x,y) plane and the senso( a line sensor 
in the y direction. 
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Formulation of the Diffra~tion Model with Attenuation 

To ~alculate the field at the sensor we use scalar 

diffraction theory with the addition of an attenuation term. Using the 

Huygens-Fre~nel principle one simply integrates along the y-axis ~umming 

the contributions of rays passittg ..)etween sour~e and sensor via points A 

as shown in Fig. 9. Sin~e we are prin~ipally interested in variations 

along the y dire~tion (along the borehole) and since it simplifies the 

mathematics, we consider the two dimensional case where a line source is 

diffracted by an opaque strip both of infinite extent along the z 

direction [perpendicular to the (x, y) plane]. Thus we do not consider 

variations along the z direction. Adapting the Rayleigh-Sommerfeld 

diffraction formula (see, for example, Goodman, 1968, Ch. 3) to the two 

dimensional case and inserting an attenuation factor, we have 

U(x , Y .. > • (B/j>.) J• (r r >-1 exp f (-<l + jk) (rt + rr) 1 cos e dy r .. t r -· 

where U is the ~omplex scaler field observed at (xr• Yr) , B the 

source amp11.tude, A the wavelti!ngth in the medium, j • .[::1, <l the 

attenuation factor in nepers m-1 , k • (2w/>-) , ~os e (the obliquity 

(4) 

factor) • (xr/rr) lnd the other items are given in Fig. 9. This integral 

was decomposed into real and imaginary parts and each part evaluated 

numerically u•ing series summations to approximate inte8rals. The terms in 

these sums corresponded sequentially t~ large and larger values of 
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thus making sequentially later terms generally smaller due to attenuation 

and geometry. Each integral was thus evaluated over y values corre-

sponding to at least the first four Fresnel zones. Terms corresponding to 

larger values of y were added until succeeding increments added less than 

o.S% to the total intensity of the field IUI2 

3. Accuracy of the Diffraction Model 

Since thie diffraction model correspottds only approximately 

with physical reality, it is important to discuss the principal sources of 

error and how important each is likely t;o be. To begin with we have 

assumed the tunnel to be a thin opaqu~ screen with sha~p edg~ whereas the 

real tunnel 1.s cylindrical, does transmit some energy through it and has 

rough edges. Since it is beyond the ~cope of this report to compare 

scattering by a thin screen with th.at of a rough cylinder, we argue Lhat 

the principal phy~ical effect of etther is to inhibit radiat1on from 

propagating between sour~e and sensor and in this respect the thin screen 

approximation a~pears intuit'ively to be reasonably sound. An estimate of 

just how opaque a tunnel is Hkely to be can be made by considering Figs. 

5, 6 and a. From Fig. 8 we find that maximum power reflection coefficients 

IPI~ at a rock-air interface vary from about o.s to o.a for EM waves and 

are close to 1 for seismic P waves. Further from Figs. 5 and 6 we note 

that for a slab model tunnel (see Fig. 4) IPI2 varies considerably 

depending on tunnel width and wave frequency thoug~ usually belng near the 

mn:imum value. ~ecause waves striking a cylindrical tunnel are not 

normally incident as with a slab and because the cylindrical geometry would 

tend to scatter waves in all directions, we would expect that considerably 
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less tha~ half, probably less than a tenth of the incident EM power would 

be transmitted directly through an air-filled tunnel. For seismic P waves 

lol 2 is usually near one and very little P wa'il'e power would be 

transmitted. n1ue the assumption of an opaque tunnel is reasonably good 

for EM waves and quite sood for P waves. However, for particular 

geometries and wave frequencies significant amounto of power can be 

transmitted directly through a tunnel and this transmitted energy will fill 

in the shadow of the tunnel shown in Figs. 10-17, thus making the signature 

of the tunnel more difficult to detect. 

The Ruygens-Fresnel principle which leads to Eq. (4) is quite 

accurate prcvided kxt >> 1 , kx » 1 a,nd 
r 

21ta » 1 (Silvert !9~2). 

the higher frequencies considered here (> 2kHz for P waves and > 1~0 ~mz 

for F.M waves) these conditions are fulfiU~ed. However, at the lower fre-

At 

quencies (' 500 Hz for P waves and ' 30 MHz for EM waves) the inequalities 

above are not rigorously fulfilled and the resulting calculations can only 

be considered as roughly correct. Since the diffraction model considered 

here is an approximation in any case, the fact that the wavelength A is 

of the orcier of the tunnel size at th~ lower f~equencies is not a serious 

drawback. 

!n the case of EM waves, polarization comes tnto p1ay: yet we 

are using a scalar diffrnction theory which ignores polarization. TI1P 

principal effect of wave polarization would appear to be in the boundary 

+ 
conditions. Sin~e waves with the E field polarized along the tunnel 

length (along the z-axis) would be more strongly reflected from a 
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cylindrical tunnel, they would correspond more closely to our opaque screen 

approxtmation and thus presumably agree more closely with the results 

reported below. Similarly waves with t polarized perpendicular to the 

tunnel would presumably correspond less well to the resu:·.ts given below. 

o. Diffraction Model Results 

1. Stationary Source and Multiple Sensor Locations 

In this section we consider a stationary original source 

located at varying r.~ , but with Yt • 0 and multiple sensors or a 

movable sensor located at varying (x y ) • see Fig 9 r• r ' • • Although we 

late~ consider the case where both source and sensor move together such 

that Yt • Yr , it may well be that the difficulty of moving both source and 

receiver simultaneouslt will make the stationary source case, which we 

consider here, more operationally feasable. We first consider EM waves and 

subsequently compressional seismic (P) waves. The physical properties of 

the propagating medium are those for solid granite as shown in Table 2. 

a. Electromagnetic Waves 

As an illustrative example, we consider a case where the 

sourc£ is located at the same depth as the tunnel (yt s 0 in Fig. 9) and 

~":11e 20 nt from the tunnel center (xt • -20m) The sensors or movable 

sensor are located much closer to the tunnel (xr • Sm) • Letting B • 1 

in Eq. (4), the received signal intensity 1012 in Eq. (4) and phase are 

calculated for varying locations along the borehole <Yr varies) • Since 

the source is placed at the same level as the tunnel, onl~ results for 

Yr ~ 0 are shown--the results for negative Yr being symmetric • 

... 
52 
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In Fig. 10 we consider diffraction model results for 60 

MHz propagating in granite with and without a 2 m diameter tunnel present 

(a • 1 in Fig. 9). The tunnel reduces the expected intensity by as much as 

a factor 3.3 (5.2 db). The phase contrast between the two cases is as much 

as o.ss radians (31°). The maximum intensity anomaly occurs some 1.6 m 

both above and below the tunnel center level whereas the maxiMum phase 

anomaly occurs at one location directly behind the tunnel. The contrast 

between the rather smooth nature of the curves without the tunnel present 

and the more rapidly and characteristically varying curves with the tunnel 

present suggests that a spatial matched filter might prove effective in 

detecting the tunnel. We discuss this possiblity below • 

In Fig. 11 intensity and phase for three different 

frequencies are shown. For propagation at 30, 60 and 120 MF 2 (tn granite) 

the wavelengths of the probing waves are 5.7, 2.9 and 1.5 m respectively 

or ka • 1.1, 2.1 And 4·2 The quantity ka (where the wave number 

k • 2n/X and a is the tunnel radius) is well !mown AS a characteristic 

parameter in scattering problems (e.g., see JP.nktns and White, 1976, 

Ch. 18). In this case it turns out to be the tunnel circumference divided 

by the probing wavelength X The larger ka , the more pronounced the 

oscillations shown in Fig. 11 and the shorter the length scale (in Yr ) of 

the oscillations. Although the attenuation (a) does have a significant 

influence on the shape of the intensity and phase curves (Fig. 12), both 

these curves remain rather similar in shape for changes in a and X 

which retain a constant value of ka • 
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The intensity level varies quite dramatically with 

frequency. For the geometry of Fig. 11 we find that maximum intensities 

drop rapidly with increasing frequency because absorption increases with 

frequency in granite. The maximum intensities at 60 and 120 MHz are 16 and 

60 db smaller than the maximum intensity at 30 MHz. We also need to 

consider the overall signal loss between source and receiver. For 30, 60 

and 120 MHz the sou:~r~ •.: :' .:;.,;msor signal power loss at the location (yr 
1 

of maximum intensity i$ 78, 94 and 139 db respectively. It is quite clear 

from this 'hat although the tunnel signature is more prominent at higher 

frequencies, there is also a very serious penalty in terms of signal 

strength at higher frequencies. Hence one is faced with the common 

engineering problem of juggling range, frequency, etc., to obtain an 

optimal system in terms of low false alarm rate and high detection 

probability. Here the problem is complicated by geological inhomogeneities 

masquerading as tunnels (see Chapter II). 

Obviously the degree of absorption in the propagation 

medium has a vert strong effect on received signal intensity. But how does 

it affect the form of the tunnel signature? To answer this question Fig. 12 

compares tunnel signatures for two cases: one a low ahsorption case 

(a • o.s db/m) and the other with absorption appropriate to granite as 

shown in Table 2. Aside from absorption, the cases are identical. Very 

little change occurs in the phase signature. However, the intensity 

signature is significantly more pronounced when the absorption is low. 

Thus any detection scheme which depends on tha form of the tunnel signature 

must also take the absorption characteristic& of the propagation medium 

into account in estimating the expected tunnel signature. 
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Figure 10. RE-lative intensity .md phase of received EM signal as a function of sensor depth along 
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propagating medium iu granite with (rel•2.9 and power attenuttion .. 2.2 db m-1 for a frequency 
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Figure 12. Normalized intensity and phase of received EM signal as 1 function of sensor depth 
along borehole (yr). Model results are comp.red at 120 MHt for a case with very low attenua­
tion (Q• 0.5 db/m, d~tshed line) and a c.se with ab\orption appropriate to solid granite (Q • 4.1 
db/m, solid line). Geometric.! parameters are the same as Figure 10. Signal phase has been 
normalized to zero at y

1 
• 0. The actual signal lntenfities have been multiplied by 2.2 x 105 

for the low ablorption case and 2.6 x 1014 in the granite absorption case to normalize them 
to unity at Yr • o. Note the more pronounced turenel signature in the low absorption case (dashed 
line). 
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The diffraction model results shown thus far have been 

for a tunnel much closer to the sensor borehole than the source borehole. 

In Fig. 13 we find that the tunnel signature becomes less pronounced as the 

distance between tunnel and sensor increases. When the tunnel is close to 

the sensor the maximum intensity occurs away from the x-axis (see Fig. 9) 

although a local maximum does occur on the x-axis (yr • 0) • When the 

tunnel is at a sufficiently large distance from the sensor the overall 

intensity maximum occurs on the x-axis as it does when no tunnel is 

present. In the figure we consider a typical case in which the source and 

sensor boreholes in Figs. 7 and 9 are 25 m apart. Solid granite is the 

propa&ating medium for 60 MHz electromagnetic waves. Figure 13 gives 

signal signatures for cases with no tunnel present and 1 m radius tunnels 

at 5, 12.5 and 20 m from the sensor borehole. Even at a signal to 

noise/clutter ratio of unity it appears that the tunnel could be detected 

if lt were closer to the sensor borehole than the source borehole. 

Detection appears unlikely for the tunnel 20 m from the sensor borehole 

unless there were some reliable way to establish the signal level one would 

expect in the absence of a tunnel. Given thl! inhomogeneous nature of the 

propagation medium and difficulties with calibration, it appears likely 

that one would be forced to rely only on the signature shape. In this case 

tunnels near the source would be difficult to detect. Schemes to get 

around the necessity of having the tunnel near the senpor are discus3ed in 

section F below, e.g., swa~ping source and sensor boreholes. 
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FiGure 131. Received intensity of EM signal as a function of sensor depth along borehole (yr}. 
Received signal is compared for no tunnel and a 1 m radius tunnel at three distances from sensor 
borehole with source and sel'lsor boreholes ~5 m apart. Propagation constants are for solid granite 
and 60 MHz EM waves. Note how tunnel signature fades as tunnel is located at im:reasing dis­
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Figunl 13b. Phase of 60 MHz r~ivtd signal as a function of sensor depth along borehola (yr}. 
Signal phase is compared for tour c;.cses: (a) tunnel absent, (b) tunnel 6 m from sensor 
(borehole), (c) tunnel 1~.5 m from sttnsor (hJif way) and (d) tunnel 20 m from s•msor. In 
all cases the sensor and source boreholes are 25 m IIPitt and propagation constants are for solid 
granite. 
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It ts interescing to note that there is a very pronounced 

phase signature (b) in F1.g. 13b when the tunnel is 5 m from the sensor 

borehole. If reliable phase measurements could be made, the phase 

signature might in fact be more detectable than the intensity signature. 

Thi~ of c~urse depends on the nature of the apparatus used. 

b. Seismic Waves 

Compressional seismic (P) waves behave much the same as 

EM waves (having the same value of k in the medium) considered above with 

two important differences. First the P waves suffer much less absorption 

(Table 2), and second the P waves have much greater reflection coefficients 

al typical interfaces (Figs. 6 and 8). 

In Fig. 14 we comp~re the EM and P wave intensity and 

phase signatures of a 1 m radius tunnel. The geometrical parameters (see 

Fig. 9) are the same as for Fig. 10: source borehole 20 m from tunnel and 

sensor borehole 5 m from tunnel. The wave transmitter is stationary at the 

tunnel depth ( v ,. 0) . t and the receiver is moved vertically. The most 

obvious difference between the EH and P wave signatures is the intensity 

level. The P wave signai suffers a transmission loss about 50 db smaller 

than the EM signal. The lower attenuation for P waves results in a 

somewhat more prominent intensity signature than for EM waves. However, 

the phase signatures are very similar. 

Aside from the aforementionP.d transmission loss 

differences and some secondary changes in intensity signatures, the main 
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Figure 14. Comparison of tunnel signatures (intensity & phases) for 1.7 kHz compressional 
seismic (P) waves ( ) and 60 MHz EM waves (-----). The geometry (Figure 9) is 
the same as for Figure 10: 1 m radius tunnel, 6 m from sensor and 20 m from source. The 
prCIPigltion medium is solid granite (see Table II). The EM wave inten,ity has been multi­
plied by 6.4 x 109 and the seismic wave intensity by 105 to no(malize them to unity •t 
Yr • 0. The wavenumber in the medium k Is the same, namely 2.14, for both tt-e EM and 
P waves. 

·' 

., 

"' c: 
Cll :s 
f! 
I 

~ ., 
Cll 
.r. a. 

'il 
.!::! ;i 
"i 
E ;"} 

0 
., 

z 

.! 



• 

& 

• 

• 

• 

• 

• 

• 

points illustrated in Figs. 10-13 for EM waves apply to P waves having the 

same wave number k As discussed in Chapter II, for EM waves in most 

earth materials k • 211'f /e: /c where f is wave fr.equency (Hz), e 
r;J r o r 

relative permittivity and c
0 

the speed of light in a vacuum, while for P 

waves k • 2nf/cp • (2nf ~)/ ~K + (4/3)u where cp i·:; phase velocity for 

P waves (Table 1), P mass density, K. bulk modulus and u rigidity or 

shear n;odulus • 

One obvious consequence of the lower attenuation 

experienced by P-waves is that one can put boreholes further apart for the 

same system loss. We have illustrated this capability in Fig. 15. The 

source and sensor bore~oles &re 50 m apart with the 2 m diameter tunnel 10 

m from the sensor borehole, This is twice the 25 m borehole separation of 

Figs. 10-14· For the 1700 H2 P-wave we find the propagation loss to be 

about 63 db and we note that the characteristic tunnel signature is quite 

prominent. In these circumstances the 60 MHz EM signal propagating in 

grno.ite, which we have considered previously, has a propagation loss of 

some 161 db--nearly 100 db higher than the P-wave loss. In addition we see 

that the characteristic tunnel signature is more pronounced in the P-wave 

case. 

c. Source Not at Tunnel Level 

Since the tunnel location and even existence of a tunnel 

is unknown, the source may not in fact be at the tunnel level as assumed in 

Figs. 10-15. Of course one would ~ake observAtions with the source at 

various levels. However, it is of interest to know how the tunnel 

sign&ture is distorted when the signal source is not at the tunnel level. 
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bott. Pend EM waves. The EM w•ve Intensity has been rr.ult'plied by 1.2 x 1016 and the P 
wave Intensity by 3.3 x 106 to normalize them to unity at v, • 0. tv, 1.,; depth in the ~nr.or 
borehole rtletlvt to the tunnel htvel.) i.e. Yt • 0 in Figure 8. In Figure 16 we show model 
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It is clear from Fig. 16 that the offset or the source 

introduces a major asymmetry in the tunnel signature. First the phase 

signature of the tunnel shadow is shifted from Yr ~ 0 to higher values 

of 
I 

significantly enhanced while the peak below the tunnel level is reducedJ 

Yr • Further thE". diffraction peak ab.ove the tunnel level is 

Comparing these results to Fig.· :0 we see that displacing the source from 

tunnel level significantly distorts the intensity signature while the phase 

sig•1ature is more displaced than distorted. 

2. Source and Sensor at Same Vertical Level 

Although resulting in more complex appa~atus and operational 

procedures, it is clearly possible to vary the vertical level of bot~ the 

source and sensor in Fig. 9 or to have multiple sensors in both Aource and 

sensor boreholes. Observations in this mode hold attenuation losses to a 

minimum since source and sensor are always at minimum separation. They 

also have the advantage that one expects a constant signal level if no 

tunnel or other propagation disturbance is present. In Fig. 17 we show 

model results for a 60 MHz EM wave propagating in granite. The source and 

sensor boreholes are 25 m apart with the tunnel 5 m from the sensor 

borehole. This allows direct comparison with Fig. 10 which has the same 

parameters, but a fixed source. The tunnel signature for intensity is 

somewhat more proMinent in Fig. 17 than in Fig. 10--the peak (F) to vAlley 

(V) ratio being 4. 5 in the latter case and 3. 2 in the fomer. f-Then the 

tunnel is nearer the source than the sensor, the tunnel signature is spread 

over larger values of Yr (see Fig. 13). In this situation the Yt • Yr 

observation mode would be of more help since it would limit attenuation 
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borehole (v,). The source and Mnsor boreholes are 25 m apart with the tunnel 6 m from the 
•niOf borehole. The source Is not at tunnel level, but rether 6 m (yt • -a In Flfure 8) below 
tutlntl level. Propegatlon perametef'l are for 80 MHz, EM waves In aolid granite. Note how the 
lntenlity sipture is dlsplactcl and greatly distorted relative ·to Figure 10 while the I'M• signature 
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loa1es at large Yr • we note here that 1imple reometrical con1iderationa 

allow one to construct Fig. 17 given Fig. 10 and the obeervational geo-

metry. However the conetructed vereion would euffer from reduced aignal to 

noiee ratio at large Yr • 

3. Forward Scatter Enhancement 

Since the preeent acheme involve• forward propagation paet an 

object, one might hope to make use of forward ecatter enhancement when 

source and sensor are sufficiently removed from the tunnel. Pbr example in 

the far zone the scattering width .,f an infinitely long conducting cylinder 

shows enhanc&ment along the forward scatter direction as shown in Fig. 1~ • 

The large forward scatter enhancements are, however, obHerved for lar&~ 

values of ka (•2wa/~) whereas here we consider values of ka near un~cy 

where forward scatter enhancement is rather small. One could raise the 

operating frequency to raise ka and thus ~,resumably create a significant 

forward scatter enhancement. In the EM wave case attenuation increase• 

rapidly with frequency (Fig. 1) so that use of higher frequencies is very 

limited. In the se1.smic P-wave case attenuation docs increase with 

fnquency (Table 2), but not ItS rapidly as with EM waves. So the use of P-

waves at higher frequencies to exploit forward scatter enhancement is a 

possibility. However, one would have to balance any advantages gained by 

forward scatter enhancement against the loss in signal power caused by 

larger attenuation losses. We also note that the roughness of the tunnel 

walls and non-cylindrical shape of real tunnels would reduce the forward 

scatter enhancement • 
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Figure 18. Exact solution for the normalizrd bistatic: scattering widths of an infinitely long, 
perfectly conducting circular cylinder for >~arious v1lues rf k0 1 (ka in OIJr notation). The5e 
calculations are for an i11cidtmt plane wave and observ!r in the f1r zone. Perpenoicular ;>olar~­
Ution refers to tht incident E field bEtinc perpendicular to the cyli"\der's axis. Note that 
forward scatter enhanc~oTlent ( 0 '• ~ 80°) is 1 str.:mg functk•n of poluization and 11: 0 a (t~fte• 
Ruck, et al., 1970) . 
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4. Co~ents & Conclusi?na 

A question Which immediately arises ia whether EM waves or 

seiSMic P•waves are di~tinctly superior in tunnel detection work. It is 

clear from our model resulta abov~ that seismic P-wavea suffer much le•s 

attenuation during propagatiotl and produce more s~alient tunnel ts\gnatures 

for: a giv~·n borehole separation; therefore, instrumentation limitations are 

!important in any overall system evaluation. Suitable me.asur:ing apparatus 
1

for both EM waves (Lytle, et al., 1976 and 1977) and P-waves (Cratchley, et 

al., 1976) does indeed exist. However, the maximum signal source power, 

sensor: noise level, ambient noise level, etc., that can be obtained for 

either case have not been researched in this report. Nevertheless, 

borehole to borehole me9sur:ements have been made using both types of waves 

(as referenced above). Even given these uncertainties, it appears that 

seismic P-waves have a significant advantages over EM waves for air filled 

tunnels, i.e., no conductors (such as rails) in the tunnel. 

Analogous to the choice between EM and seismi.c waves, there 

is the choice between amplitude and phase measurements or to use both 1n a 

vector: apr:oach. Similarly, the choice depends on the measurement apparatus 

used as well as the particular geological setting and tunnel character-

istics. Th~s if signal ph~se (or pulse travel time) can be measured more 

accurately than can signal amplitude, and/or the phase background fluctu-

ations are small relative to amplitude fluctuations, the signal phase could 

well provlde a more detectable tunnel signature. To the author's knowledge 

phase measurements have not yet been studied experimentally as a means of 

tunnel detection. 
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In assessing the sensor noise level it ia important to note 

that signal propagation from source to sensor via unwanted paths will very 

likely be the dominant noise source r4thei than ambient noise. For example 

reflections from near surface layers or other large scale subterranean 

discontinuities would propagate significant power from source to sensor as 

would equipment cables. In radar terminology such unwanted signals are 

called clutter and the signal tc cluttel' r.atio is the important factor 

replacing the signal to noise ratio. 

In field observations one could use either continuous waves 

(CW) cr pulse tyve transmissions to measure the intensity and phase 

profiles displayed in Figs. 10-17. In the EM case intensity observations 

of known tunnels have been done uaing a CW type technique (Lytle, et al., 

1976 & 1977). The results of this work showed profiles comparable to those 

given above, but with &igulficant amounts of clutter or ambient noise 

prel3ent. 13orehoh to borehole seismic measurl:!ments were made by Cratcnley, 

et al., (1976) to find underground regions of fracturee reck. In this case 

velocity measurements were actually made, but these data could ot course be 

interpreted in terms of phase which we have discussed above. Thus the 

practicality of borehole to borehole EM a&ld P··wave measurements has been 

demon~trated by either CW or pulse technique. Lytle, et al., (1976 and 

1977) have in fact applied CW measurements to tunnel detection by observing 

intensity signatures similar to that o£ Fig. 17. Results include bvth 

successful detections snd false alarms (Systems Planning Corp., 1979) • 
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E. Sisnal An~lyaia 

The tunnel detection problem disr.ussed here 1a the familiar onA 

of detocting a ~esired signal embedded in a noise background, due in the 

vresent case to clutter from unwanted signal prop~gation paths, to ambient 

seismic or EM nois~ and to Jystem noise in the measurement. transducers and 

electronics. There are two distinct problems here: detect~ of the 

existence of a tunnel and a description of the tunnel once detected. 

1. Detection Methods 

a. Matched Filter~ 

The data ta.•ith whic:-; we must make our detection decision 

(the presence or absence of a tunnel) are the amp 1.itude A(y) and phase 

.., (y) of the received electromaguet1c or seismic (or other) signal aE~ a 

function of vertical distance along th~ sensor borehole Yr (for 

convenience we will hencef~rth drop the subscriptj. In analogy with the 

more familiar time and frequen-:y domains we consider a spatia). distribution 

domain with coordinate y and the corresponding spatial frequency domain 

with coordinate s wh•ere a function A(y) is moved into the s doma~.n by 

a Fourier transform which we denote by 

! 
.. 

FT!A(y) I • A'(s) • A(y) exp(-j2nsy)dy 
-"" 

The detection scheme illustrated below ~uld involve chopping the observed 

signal A(y) or ~(y) into segmPnts (possibly overlapping), tranoforming 

each segment to obtain A'(s) or ~'(s) , applying a filter H(s) to 
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each A• or ~· ana ~bserving the filter output for each A• or ,. • 

A statistically significant peak in the filter output would indicate the 

deteclion of • tunnel •• well as other information we will discuss later. 

h(yl • LFTJ • •:C•> • B • I [d•l • ouTPUT 

The trick here is to select the filter H(s) in a 

special way based on a priori knowledge. That is, we determir.e H(s) 

based ~n an expected tunnel signature. Since the tunnel signature changes 

with su~h more or less unknown parameters as EM or P-wave speed and tunnel 

location and diameter, w~ waulrl probably need to run the data for a 

succession of "matched filters, •• R(s) representing a variety of values of 

these tunnel parameters. Measurements of the propagating medium and other 

sources of information could narrow the range of parameters to be searched. 

By applying a matched filter in the spatial frequency 

domain one can a~~ieve the optimum detectability of an expected tun~el 

signature At(y) in the sense that. the filter output maximizes the peak 

signature signal to mean noise power ratio (Turin, 1960). The spatial 

frequency response of the matched filter is given by 
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where y1 ia a fixed reference di1placement, e.g., the value c~ y at the 

beginninJ of the sample block used to ~alculate A'(•) • EXamination of 

R(l) reveals that the amplitude spatial spectrum of the matched filter i• 
t• 

the same aa that of the expected tunnel li'!nature,;i.e., 

IR(a)l • IA't<•>l • The phase spectrum of the matche~ filter i• the 

negative of the phase spectrum of the expected tunnel signature plua a 

phase shift proportional to spatial frequency. The imputae reaponae of the 

matched filter h(y) ia the s~me as tunnel signature At(y) run backward• 

beginning at Yl I i.e~. h(y) a Ae<Yt- y) • 

While the matched filter may not be the beRt way to 

implement a tunnel detection scheme operationally it provides us with an 

interesting way to determine how close together measurements should be made 

along the sensor bonhole. Since the matched filter H(s) baa ao• upper 

frequency cutoff •c above which IR(a)l ia small we need only make 

measurements sufficient to define A'(a) below sc • Using the sampling 

theorem (e.g., see Schwartz and Shaw, 1975) we find that we should make 

measurements along y at intervale ~Y where 

b. Correlati~l Detection 

Ay < 1/2a e 

An altern*tive (3nd equivalent) way of doing matched 

filter detection is to make a erose-correlation between the observed s:;.gnal 

distributions A(y) or ~(y) and the expected tunnel signature At(y) or 

~t(y) • The expected tunnel signaturP.s are of course also functions of 

tunnel and propagating medium parameters (location relative to boreholes, 

size, relative dielectric e~nstant, seismic wave speed, etc.). In this 
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detect .l scheme one simply formulates the cross-correlation function 

where y1 is the location of some specific characteristic point in the 

expected tunnel signature. Detection then involves computing C(y 1) for 

some selection of t ~el and propagating medium parameters and comparing 

C(y1) with some thrashold value selected as a compromise between 

probability of detection and false alarm rate. This cross-correlation 

scheme is probably a more practical means of doing tunnel detection 

"perationally. 

2. Parameter EStimation 

Once a tunnel is detected one would like to obtain as much 

descriptive information on the tunnel as possible from the Bmplitude and 

phase information at h~nd A(y) , ~(y) • One might also drill additional 

more advantageous boreholes to obtain further o~servations. Once a 

borehole actually enters the tunnel further exploration is possible as 

discussed in the following chapter. Suppose one ha~ a model for the 

expected tunnel signature which contalns parameters d~scribing the tunnel 

and pro?asating medium, such as the diffraction model discussed at length 

above. Then one can use the observations A(y) and ¢(y) togeth~r with 

the model in a systematic way to estimate the model parameters. Brandt 
l ,. • • • • I t • 

(1976) and Matthews and Walker (1965) discuss methods by which parameters 

in the model are adjusted such that the closest fit to the observational 

data, A and t , is obtained in a least squares sense. 
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Pitting of linear functions of measured quantities to 

observational data by using a least squares criterion is well-known, e.g., 

linear regression analysis. Although it involves more complicated and 

iterative calculations, the least squares concept can be applied to non-

linear funct>ons which involve variables~ directly observed. This is 

the case we have here. In this case the observed quantities A and ~ 

are expressed as Taylor expansions in the parameters one wishes to 

estimate, tunnel location, size, etc. The Taylor expansion is initially 

around a set of "best guesses" for the parameters and an iterative 

procedure converges by progressing through a sequence of better and better 

estimates for the desir~d parameters. Detailed procedures including 

FORTRAN codes are given by Brandt (1976, Ch. 9)· 

F. Observational Methods 
I 

.. 
1. Borehole Scannins 

In obtaining the distribution of amplitude and phase along l 
the ~enaor borehole, A{y) and ~(y) • one is faced with the problem of 

., 

·~ wanting many sources and sensors so as to obtain much data quickly, but 

also having to exp~nd the material and manpower resources neceeeary to ' 
·.~ 
;~ 

obtain thea. So, what advantages are there to having more observational ~ 
,j 
:_; 

data? The baaic determining factor in this problem ie signal to noiee {or 
.. 

clutter) ratio (S/N), i.e., how well the tunnel signature stande out 

relative to t{te ambient noise or clutter. As S/N riseA, fewer observations 

are required. While one would not initially know the S/N ratio, infor-

mation regarding the local geology would be helpful. Also one could begin 
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with simple observations and progress to more extensive schemes as 

necessary. Below we discuss increasingly more complex observational 

schemes. In all eases we assume that the boreholes are drilled so that 

lines between boreholes are transverse to the long dimension of the 

expected tunnel, Figs. 7 and 9. 

a. Stationary Source with Sensor Scanned 

The simplest observational scheme would be to have one 

source located at the expected tunnel level and one sensor which would 

traverse along the sensor borehole obtaining A(y) and o(y) • The 

diffra~tion model results of Figs. 10-16 correspond to this case. Multiple 

sensors along the sensor borehole would speed data collection. 

b. Sean with Source and Se.1sor at Same Level 

By moving a single source and sensor combination together 

(such that Yr • Yt in Fig. 9) one obtains observations corresponding to 

Fig. 17. s~ch a scheme involves moving two items and the related 

ur1eertainties of location along the borehole. 'l1le main advantages of the 

scheme are that attenuation is minimized by keeping the transmiseion path 

short, and ease of interpretation, i.e., constant A and ~ is expected 

in the absence of a tunnel. This method is the principal one used by 

Lytle, et al., (1976, 1977). Again strings of multiple sensors would speed 

data collection • 
• l ... ~ ...... . .... . . . . . . . . .. . . . 

c. Multiple Source and Sensor tocati~ 

Data could be ~olleeted most quickly and comprehensively 

by deploying multiple sources and sensors. Multiple senso~s and/or 
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sources, if sufficiently closely spaced, allow for beam forming as with 

phased array antennas. The matched filter detection approach discussed 
'' 

above could be viewed as a special type of beam forming. Beam forming with 

a atring of sources could alRo be combined with the matched filter/ 

correlation approach for the sensor array. Because the propagatin~ medium 

is rather highly absorbing, especially for EM waves, beam forming is 

limited since the waves emitted from the ends of the beam forming a"erture 

would be very weak if the aperture were too large. Nevertheless beam 

forming could be useful. especially in the seismic wave case. 

One might be concerned that arrays of multiple sensors 

would be so complicated to use and the data processing requirements so 

large that the effort would not be worthwhile. Complications in both 

observational procedures and data processing software do inde~d exist. 
'l 
''·· 

However, existing computational and data stor3ge hardware are quite 

adequate to the task even for field operation from a 3/4 ton sized 

vehicle. Also one would need to consider the trade-off between investment 

in data proc~ssing and multiple sensor and investment in more closely 

spaced boreholes. 

2. Tomography Using Multiple Source and Sensor Ln<~ations 

Tomographic reconstruction is a technique which uses 

information gathered along many ray paths pasging through the area to be 
I t • • • . • • • , 

sensed. Along each ray path one measures the line integral of some 

parameter, for example, seismic or EM wave attenuation or phase change. A 

set of linear equations is then solved to obtain the desired "image" of 
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what is contained in the region observed. Dines and Lytle (1979) discuss 

geophysical applications of the technique in general and Lager and Lytle 

'(1977) apply the technique using VHF radio wave attenuation sounding 

between boreholes in a coal field. To the author's knowledge the 

tomographic technique has never been succegsfully applied to tunnel 

detection. 

In our opinion tomography constitutes a systematic way to 

analyze tunnel detection data and should not be overlooked. Two areas of 

improvement come to mind. Fi~st, EM wave amplitude may not be the optimum 

quantity to sense, i.e., seismic wave amplitude or phase or EM wave phase 

sensing could prove to be the basis of a workable tunnel detection 

scheme. Second, a vectoL (rather than a scaler) approach should work 

better since more information is being us~d. In this type of tomography a 

vector quantity, e.g., the received seismic w~ve phasor (amplitude and 

phase), is analyzed rather than simply u scaler quantity like EM wave 

amplitude. 

3. Use of Multiple Boreholes--Differential Obse~ations 

Since in all pt·obability multiple boreholes will have to be 

dr~lled, it is interesting to ask how one might use more than two boreholes 

by filling the extra boreholes with strings of sources or sensors. Suppose 

we have three boreholes (A, B and C) spaced 25 m apart in a line transverse 

to the expected tunnel direction (see Fig. 19). By pla"cing on•e or more 

sources in the middle borehole (B) and strings of sensors in the outer 

boreholes (A and C), one could work a differential detection scheme, e.g., 
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usink the AB path as a reference with which to compare the BC path and vice 

veram. Consider a propagation medium which is statistically homogeneous in 

the horizontal direction, but varies in its properties with depth--a 

typical though not general case for subterra~ean propagation (see Fig. 2 

and Ollier, 1969}. In such a medium the differential scheme will help 

remove vertically stratified variations in the natural environment which 

might obscure or be mistaken for a tunnel. Under this assumption the 

differential scheme would also permit the detection of tun•1el sign&tures 

when the tunnel is nearer the source than the sensor and the resulting 

signature is more a variation in overall strength than in signature shape 

(see Fig. 13a). 

As shown in Fig. 13, the tunnel signature is more pronounced 

when the tunnel is nearer the sensor borehole than the source borehole. 

This tben suggests that one should also obtain data in which sensor and 

source boreholes are interchanged, i.e., source string in borehole A and 

se~sor string in B as well as vice versa. One could also employ a 

differential scheme comparing the A(y) and ~(y) data both before and 

after the interchange. One could obtain such source-sensor interchange 

observation• by employing the three borehole scheme suggested above and 

simply moving the distribution of sensor in A, source in B, sensor in C 

sequentially down a line of boreholes. 

80 

_., .. ,_ 
I' 

\ -~~ 
~ 
-~ 

I , 
I •,,•-

·~u~ /j 
- ·-·----~~· • ·M'W'b'.l' -~~~ ..... ~-~-·~~~-.:~~.-.~~L.... •. 6+·•,•.>••---'-•"-···-~~-·-····-'-' .:o...da...I...:.&.....~!.'J.o.o:S:~..o. ...... ~~!--&....., 



t 
t 
~ 
~ 
~ 
~ 
t 
I 
) 
); 
l. 
~~ 
} 
f 
r 
f; 
!> 

c 
l 
l 

i 
! 
t 
f 
t 
f 

t 

t 
<· 

t 
[ 
f 

• 

t 

. ' 
L 

• 

• 

PLAN VIEW 

A 

0-----~ 

Surface level 

SIDE VIEW 

Tunnel 

Figure 19. F:an and side views of longitudinal tunnel detection scheme. A line of source borehole~ 
is deployed transverse to the e)(pect~ tunnel direction and some dist11nce awf'Y, but along the e)(­
pected direction of the tunnel, a string of sensor boreholes is deployed transverse to the expected 
tunnel direction. 
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4. Multiple Observations 

Let us assume that the inhomogeneities in the subterranean 

propagation medium can be considered as statistical fluctuations. Under 

this assumption one could reduc~ the effect of these fluc~uations by 

averaging. Unfortunately the fluctuations in the propagation change only 

very slowly with time an.:l hence time domain averaging is not feasible-

Some advantage in terms of averaging might be obtained by spatially 

shifting a string of sensors slightly, e.g., + 20% & + 40% of the 

distance between sensors, or changing the operating fr~quency by + 10 O[ 

20%. This would yield sets of observation over which one would average in 

the hopes of redu~ing statistical background fluctuations. The idea here 

is to change the observational frequency or geometry enough to obtain 

statistically independent samples of the spatial distribution of signal 

diversity might also be used in this same manner. Figs. 5 and 6 illustrate 
'j I 

I 

! 

energy scattered by the inhomogeneous propagating medium. Polarization 

. ! 

how the propagating characteristics of geological joints change rapidly 

with frequency. 

·- ·• . .., . .. . ' , '. ... . . 
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IV OTHER TUNNEL DETECTION AND EXPLORATION SCHEMES 

• 
~ 

The major research effort reported here was directed toward the 

~- borehole co borehole EM and seismic wave met~ods discussed in 

[ 

~ I ~ ! 
Chapter III. Several other topics, briefly considered, are discussed 

balow. 

A. Borehole to Borehole Sounding Along the Tunnel Direction 

" In Chapter III we considered borehole to bor3hole sounding whete 

the boreh~les were oriented such that waves travelling between source and 

t sensor would propagate transverse to the tunnel direction. An alternate 

t 
scheme would take advantage not only of the fact that the tunnel is filled 

with air rather than rock, but also of the fact that the tunnel provides a 

long air-filled chatanel travelling from one place to another. The idea, 

illustrated in Fig. 19, is to propagate either pulse or continuous wave , (r.W) signals from source to sensor using the tunnel as a "wave guide" or 

' relatively low-loss propagation medium. Both signal strength and/or phase 

(or time delay) would be tunnel indicators depending on the different 

propagation characteristics of t'~e tunnel and the surrounding rock. 

1. Propagation Along the Tunnel 

While we have not made any extensive investigation of EM or 

~eismic wave propagation along a tunnel, it is clear that a tunnel provides 

• a rath which is ~ignificantly different from propagation paths in the 

surrounding rock. 
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a. Electromaanetic Waves 

While tunnels are clearly not desianed as wave guides, we 

note from Wait and Hill (1977): 

"The concepl: that electromagnetic w~ves can be 
autded in tunnel-like structures in the earth i• 
nov being exploited for telecommunication purposes 
by groupe in Belgium, France, England, Canada, and 
the u.s •• The relevant propagation phftnomena are 
much more sophiatic6~P~ than firat envisaged. Some 
of the complexities are due to the complicated 
structure of tunnels and haulageways that were 
designed for ease of transportation rather than 
co"Aunication. Nevertheles•, much progreaw has 
been made by utilizing idealized ~dele with 
varying degrees of complo!xity." 

Some further sources of information are Watt (1976 and 1978). Propagation 

is greatly aided by conductors running along the tunnel. In Fig. 20 we 

show results obtained by Wait and Hill (1977) f~r what is known as a 

surface wave Uansmisdon line (SW'i'L) in a circular tunnel. nte SWTL is 

simply a wire with a dielectric coating. we note that attenuation rate for 

propagation alona the tunnel is a strong function of frequency, thus 

suggesting that a multiple or swept-frequency system be used and that the 

frequency range bo rather wide. The phase speed of waves along the SWTL 

is - 0.9c at - 100 MHz • 

b. Seismic Waves 

For seismic waves the uUenl difference between the 

tunnel and the 1urrounding medium occurs in terms of compressional wftve 

velocity ( N 330 me- 1 in air, but - 2,000 to 5,000 ma-l in rock) rather 

than in terms of attenuation (a- 0.02 .-lin either air or rock). 
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2. Coupling Into end Out of the Tunnel 

Given that th~ tunnel provides an anomalous pathway between 

source and sensor we must couple energy into the tunnel from the source and 

out of the tunnel to the sensor. From Fig. 8 and Table Iti we note that 

electromagnetic waves are trP.nsmitted into the tunnel much more readily 

than are compresYional seismic waves. This occurs because the impedance 

contrast for seismic waves across an air-rock boundary is orders of 

magnitude higher thar. for EM waves across the same boundary. In Fig. 8 we 

note that ~he higher i~edance contrast implies a higher reflection 

coefficient at the interface. 

3. 1\etection Method~ 

Consider the power ratio Ptd between transmission of EM 

wa·11es along the tunnel (t) and directly (d) through the subturanean 

medium. Refen·ing to Fig. }Q we have 

where Rc: is the coupling distance between the source (11r sensor) and the 

tunnel and exp(-2a ) is the power loss caused by coupling into or out of c: 

r 
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the tunnel. Here we have assumed the dietancea between the tunnel and the 

source or aenaor borehole to be the aame, Rc • We 4lso assumed the 

couplins loaaee into or out of the tunnel to ba equal. 

If Ptd ia substantially sreater than unity, then the 

presence of a tunne1 should be easily detected by the increase in sisnal 

intensity relative to the casa where no tunnel ia present. As an example, 

for F.M waves let Rc • 10 m , (20 dB coupling loss), 

at • 0.03 m-l (0.3 dB m- 1 , see Fi8• 20), Kt • 100m , ad • 0.16 m-t 

(1.4 dB m-1 , see Table 2 for granite at 30 MRz). Substitutins in the 

above formula we have a factor 1.6 x 10-13 loss alons the tunnel path 

compared with a factor 10-19 loss along the direct patb (no tunnel 

present). Thus one expects to see an intensity enhancement of Ptd- 106 

wh~n a tunnel ia present. It is not ao clear what phase shift or time 

delay effects one can expect. In the case at hand if & /£ - 5 e o t.n Fis· 

19 then one could expect a significantly smaller phas@ chanse alons the 

tunnel aince t • £ in the tunnal. The group delay or ti~e delay for a 
0 

pulse would presumably be sisntficantly different alons the two paths (t 

and d), but more detailed calculations than attempted here would be 

required to .. te a credible eatialte of the time delay difference. 

So in the EM wave case one would expect to see a sizable 

increas~ in intensity when a tunnel i$ present as well as ~ chanse in pulse 

delay time or phase shift (if CW transmission were used). nifferential 

measuuuaents using borP.holes '8 & B" as wll as C & C" would make the 

scheme leas subject to variations in the geological setting. Multiple or 
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swept frequency measurements would be necessary in order to find a 

frequency range wtere losses coupling into the tunnel and propagation along 

the tunn~l were reasonably low (see Fig. 20). To obt•!,. the best U!Sults 

one would want to use a frequency range and value of Rt such that a weak, 

but measureable, signal would propagate between boreholes (e.g., between A 

& A' ). Clearly one would like Rt to be large (~ 100m) in order to 

make Ptd large. However Rt should not be so lerge that no signal can 

be detected in the ahaence of a tunnel--at 'RF' and "HF r~dio frequencies a 

loss of no more than 200 dB (f~ct~r tn-20) could be tolerated in 

practice. To limit th• loss while keepin~ ~ large one would presumably 

move to lower frequencies where c:d is smaller. Finally one is again 

faced with the problem of clutter aianals propag~ting along unwanted paths 

between source and sensor. Renee cables, fences, pipes, etc:. running along 

the expected tunnel direction might have to be remov~d or at least noted. 

In the case of c:ompreseional setntc (P) waaves the 

diff~rencea between direct propaaation and propaaation along the tunnel are 

not nearly so pronounced (as the EM case) in term• of loss, but are 

pronounced it• terms of phase ahift or time delay. Since we have seen (in 

Cha~t~r Ill) that propagation losses tn granite are .uc:h 8naller for 

cor.preasional seismic than EM waves at th~ aame frequency, one can operate 

at larger values of Rt thus exploittna the linear character of the 

tunnel. However, the coupling loss into and out of a tunnel would be large 

because of the high impedance contrast (aee Fta. 8) thus .. king the tunnel 

path losses greater than the direct path. 
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Figure 201. Cr011---=tion geometrv for the SWTL (Surfa~.:e Wawe Tr•nsmission Line) lOCI-
ted in a circul• tunnel and the dipote excitef (aftef Wait and Hill, 1977). 
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Hill, 1977). 
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So f~r compressional seismic waves one would expect a 

tran3mission path with significantly longer time delay to exist when a 

tunnel is present. However, other shorter time delay paths with 

approximately the same signal loss would also exist. Hence for a pulse 

system one would have to detect the presence of a tunnel by looking for a 

pulse (possibly a weaker one) with an unusually long time delay. This 

situation is not a good one since one might have to detect the tunnel 

propagated signal against a background of signals with equally long time 

delays caused by reflection from the surfsce, etc. As in the EM wave case 

a ~ifferential scheme using multiple frequencies would prove advantageous. 

One could improve this scheme in either the EM or seismic 

case by the use of strings (arrays) of sources and sensors, thus providing 

a directable beam ir. the vertical direction as well as an improvement in 

signal to noise/clutter because of the array gain. These advantages are at 

the expense of more sensors, S01lT.Ces and a heavier data processing load. 

It is conceivable also that this longitudinal propagation scheme might be 

used with surface seismic sources and sensors. 

B. Exploration of a Discovered Tunnel with Electromagnetic and 
Seir:rntic Waves 

Both here and elsewhere great efforts have been expended to 

detect and localize tunnels with the final confirmation being marle by 

actually drilling a borehole into the tunnel. Once a borehole has actually 

entered the tunnel it provides an opportunity to introdur.e EM or seiemic 
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waves directly into the tunnel as well a~ the current practice of using a 

borehole camera to look around inside the tunnel. 

By transmitting either EM or acoustic pulses down the tunnel and 

observing echoes (as with a radar or sonar) one could potentially determine 

the length of the tunnel, obstructions inside it, bends and corners, 

activity and so forth, since each of these would reflect wave energy back 

to the receiver. In the case of EM waves one should use a wide range of 

frequencies as suggested by Fig. 20 where waves at frequencies well below 

circular waveguide cutoff frequencies can propagate with relatively low 

attenuation. Since the optimum frequency for probing the tunnel is 

dependent on unknown factors such as whether or not there are conductors in 

the tunnel, it would be wise to have a variety of transmission frequencies 

available and to try them all. In general one would use the highest 

frequency possible to obtain good spatial resolution, i.e., short pulse 

length. If continuous wave transmission were used the input impedance of 

the tunnel could be measured over a variety of frequencies in the hopes of 

obtaining information about the tunnel by observing resonant frequencies. 

In a moving target indicator (MTI) mode a ''tunnel radar" miBht be able to 

detect activity within the tunnel--people or objects moving around. 

Acoustic waves could be used to perform the above functions by 

constructing a "tunnel sonar". Losses for acoustic waves propagating down 

the tunnel would almost always be a great deal smaller than for EM waves. 

In addition acoustic plane waves can propagate in the tunnel, thus allowing 

pro?agati0n for wuveiengths longer than the cutoff wavelengths for EM 
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waves. This allows the use of very long wavelengths to observe tunnel 

resonances which one could presumably interpret in terms of tunnel length, 

bends, obstructions, etc., as with organ pipes. One disadvantage of 

acoustic waves is that they can be heard by the human ear, thus alerting 

people quite obviously that some tunnel observations are in progress. 

Certainly ultra sound could be used. However one would have to accept 

greater attenuation (~ 0.1 to 1 m-1 amplitude decay at worst) and the 

difficulty of generating powerful sound waves at these frequencies from 

inside a borehole. Sound wave attenuation in air is a function of 

humidity, peaking at - 30% relative humidity. So tunnels. being generally 

damp~ would have relatively lower attenuation. 

In the scheme described in section A of this chapter a wave was 

coupled into the tunnel from a nearby borehole source, propagated down the 

tunnel, and finally detected on a borehole sensor near the tunnel. Clearly 

being able to have the source directly in the tunnel would be a great aid 

in this scheme with a successful detection at the sensor and indicating 

tunnel direction. Such directional information would be quite valuable in 

determining where to dig an intercept tunnel, particularly if the intercept 

had to be some distance from the original discovery. 
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