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INTRODUCTION

Over the last decade there has been only a few published studies on

the feasibility of using seismology for cave detection. Though the lit-

erature is limited, the results have varied widely. Cook (1964) postu-

Lated that S-waves should strongly reflect off of large, brine cavities,

since Zoeppritt equations predict a total energy return for shear waves

reflected from rock-brine boundaries. He succeeded in developing a tech-

nique for generating good S-waves, but the quality of the reflections

from the cavities was poor. However, he did find amplitude attenuation

for the portion of the P-wave which had passed through the cavity in com-

parison to the portion that had missed it. This anomaly was called the

seismic amplitude "shadow".

Watkins, Godson, and Watson (1967) investigated three phenomena

possibly associated with near-surface cavities; free oscillations of

cave walls, seismic amplitude "shadnw" zones, and anomalous delays in

arrival times. A reflection traverse over a lava tunnel in the Pisgah

lava flow produced long-lived oscillations. Because they vibrated at a

set frequoncy, they were referred to as cavi.y resonance. Watkins et.

at. conterded that this resonance was in agreement with the radial os-

cillations predicted by Biot (1952) for a cylindrical bore In an elastic

sulid. Above the Kana-a lava flow, they discovered some clear amplitude

anomalies in the "shadow" zone, but cavity resonance was not well-defined.

At the Nevada test site, the underground nuclear nuclear explosion U4B

had produced a rubble-filled chinuaey whose rcef was only 30 Meters below

the surface. The volume of shattered and fracture6 rock extended to a

deph of almost half a kilometer. Again they recorded some ar~piitudc

anomalies and sore possible resattance. In sddition, they found delays

S Rnll Illllli I Dl Il Illllr~llllIlllI lilim i
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tii arrival times fot the portion of the w.',vo that htid propagated throtlgh

the chimney. Godson and Watk:ins (1968) atLempted to ase C';avity r'ýso-

nance to map a cave system causing severe leakq beneath Anchor Rettervoir

in Wyoming. They recorded some econtinuous vib'rattcna thozight to be rcm-

onance, but they did not report any sc.m.ts., in correlating Lhese with

cavities.

The field work done by Rechtien for this iJoect' consisted of seis-

mic llnes laid across several caves in east ce-atral Missouri. 3o peri-

odic, long-lived signals t,•t could be jescrfierd as resonance were re-
4

co-ded. However, some possible 'reflections from the roof of a 1.a':ge

chamber within the Cathedral Cavernsi complex were detected. There was

also some norizantal particle motion that appeared ko he polarired par-

allel to the sides of this chamber *and its single accý.ss turnel (Re':htLen

and Stewart, 1975). Additional studies in this area discov,=zel some

apparent time delays within the seismic "shadow" zonc for sigliAlll re-

flected from a deeper horizon.

The problems that the theoretical portion of this research prc--

ject attempted to solve were: (1) tvry should cavity rep.onanze be sc d!.*u-

tinct at one location and weak or nonexistent at another; (2) wtat are

the reasons for the anomalous amplitude and time delays for siljraI.u re-

corded above some caves; and (3) h.w can the seibmic signature of , ca'%-

ity be enhanced and mure easily recognized on a seismogram? Several the-

oretical approaches were employed in an attempt to answer these ques-

tions. In solving the wave equation analytically in various coordinate

systems, Stewart (1972) was able to examine the Lheoretical aspecta of

radial oscillations of the cavity and the interaction of this resonance

with the aart:h's surface. Cavanaugh, Stewart, and Rechtien (1975)
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conslaered several types of cavity surface wavet as beIng. the posu•ible

sourcu of resotnance found above some caves. Fie-:ural waves, which would

be fotmed if the cavity's roof behaved as a vibrating, thin plate, were

also ivea•.igated as a possible source. Flinally, wave scater was

thought to be the cause of the anomalies found in the "sh-.dow" zone. To

substantiate this hypot.hesis, both analytical and rtame.i-al solutiotis to

the scatter problem were s-udied.

I

I

'4
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VIBRATIONAL MODES OF SPHERICAL CAVITIES

The first systematic attempt to theoretically investigate the pos-

sibility of cavity resonance was by Stewart (1971). If, In fact, the

phenomenon reported by Watkins et. at. was true resonance, an under-

standing of it would be obtained by mathematical. analysis of simple

idealized void cavity shapes via the separation of variable method for

solving the wave equation.

Stewart identified 113 possible cavity shapes describable through

coordinate surfaces of the 11 coordinate systems in which the scalar

wave equation can be separated. He ranked these surfaces in order of

mathematical complexity. The simplest bounded cavity shapes we~re found

to be the sphere, the prolate spheroid, and the oblate spheroid. He

concentrated his analysis upon these three.

The pertinent conclusions of his work were:

1. Mathematically, resonance cannot exist for void cavities pek se.

2. If resonance of any kind is to be observed over a void, it has

to be the interaction between the cavity and the land surface above, not

a function of the cavity alone.

3. The resonance postulated between a cavity and the land surface

was not demonstrated by Stewart to have any physical meaning for spheri-

cal and spheroidal cavittes.

The conclusion dr~an from this work was that the development of a

practical technique for the identification of cavities by seismic means

was not likely to depend on the measurable presence of resonance, but

will more likely be based upon or'-~r wave phenomena.



CAVITY SURFACE WAVES

Rayleigh Waves

Watkins a. at. proposed that the radial oscillations of a cylinder

predicted by the work of Biot was an adequate explanation for the reso-

nance that they had detected above a lava tube. Since Blot's discussion

of waves on cylindrical voids and the derivation completed for this

study closely parallel the Rayleigh wave problem, it will be useful to

look at the assumptions and procedures used to solve this problem.

The question that Lord Rayleigh formulated and answered was this:

If there existed a plane wave that travelled along the plane interface

between an elastic, isotropic, homogeneous solid 3nd a void, what would

be its equations of motion? In order to make this problem solvable, it

also had to be assumed that the wave attenuated away from the boundary.

Such a wave was later found to actually propagate within the earth-the

Rayleigh wave. The following discussion of the Rayleigh wave derivation

is after Kolsky (1963).

The boundary between the solid and the void will be the xy-plane

with the z-axis positive towards the interior of the solid (see Figure

1). The plane wave will move in the positive x-direction with all part-

icle motion restricted to the xz-plane. By Helmholtz Theorem (Morse

and Feshback, 1953) the displacement vector U can be written

V - V * + V X • where V.Im =O,

which becomes in two-dimensions

U- (4, T' ) + (0 +T )k.,x ,z ,x

Ucan also be w,'_ti-Bn

U . +i U
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and this implies

U(x) W i - V (1)

u (Z) - z + ,YX. (2),Z •,X

The wave equations in terms of displacement are

W (X + p)o + ulv2u(x) (3)PUtt , ,x

PU (z) (A + p)e + pV2U(z). (4)
,tt , z

By substituting the set of equations (1) and (2) into (3) and (4) respec-

tively, and by grouping terms, we get

(0t - ((A + 21j)/p)V 2$,),x - (V - (P/P)V 2 Y)," = 0
,tt ,tt

{A- ( + 2i)/p}V2$) - ('Y - (p/p)V 2 ,p) = O.

These two equations will be satisfied if and only if

* - {(A + 2w)/p}V2 0 - 0,tt

- (pj/p)V 2' 0,,it-

or

C2- where C1  {(A + 2p)/p}• (5)

t C2V2_ where C2 - (j/) (6)

C and C2 are the velocities of the P- and S-wave, respectively. The

general solutions to the above equations are

* - F(z)exp{i(wt - kx)} (7)

V - G(z)exp{i(wt - kx)}, (8)

when it is assumed that _ and TV are harmonic functions. It also follows

from equ.tions (5) and (7) that
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F(z) - Aexp{-z(k 2 - W2/C2)½} + A*expfz(k 2 - W2/C2})1.

The term A exp(z(k 2 - W2/C2)P implies that F(z), and therefore 0, in-

creases exponentially with depth. This is contrary to the original as-

sumption that the wave vanishes with depth. Hence, to meet this Inicial

condition, A must be zero. The formula for C(z) is abbreviated In a

similar fashion and the complete solutions for (5) and (6) are

0 - Aexp{-Qz + i(wt - kx)} where Q - (k2 - k2)½ (9)
1

T - Bexp(-Sz + i(wt - kx)} where S (k2 - k0)1. (10)

The boundary between the solid and the void must be stress-free and this

iplies that O(zz) and a(zx) are equal to zero. From the general rela-

t.ionship,

(ik) n A 0•Ak + 2ue(ik),

it can be shown that in -rectangular coordinates that

a (zz) - (X + 2p)o $ + AO'X + 21A xz (11)°(z •+2),zz ,xx ,xz

O(zx) m p(20,xz -T +i xx). (12)

Setting the left side of these statements equal to zero and sihbsttuting

in the designated partial derivatives of (9) and (10), it develops that

A((A + 2p)Q 2 + Ak2 } + B(2pkis) 0 (13)

A{2Qk.i) - B{k 2 + S2) - 0. (14)

Substituting the second equation into the first gives j
4VQSk - ((A + 2p)Q 2 - Ak2 }(k 2 + S2 ). (15)

By recalling that

Q - (k 2 - k0)½

S - - k2)4
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and expanding, equation (15) istranqrormed to

- 8r4 + (24 - i6a 2 )i 2 + ([6tx 2 
- 16) = 0

vith

r2 . (k 2 /k) - (C/C 2 )

02 - (1 - 2o)/(2 -- 2o).

This is a r[ubic equation in terms of r2, which can be solved when o,

Poisson's ratio, is known for the solid. C is the velocity of the Roy-

leigh wave and it is obtained from the formula for r. This velocity is

independent of frequency, which indicates that there is no dispersion.

Hence, when values are given for a, A, and R, It is possible to calcu-

late _1 , C2, ,, _q, and S. With these quantities available, particle

motion can be studied. By inserting the designated partial derivatives

of (9) and (10) into equations (1) and (2), and noting that froml (14)

that

B - (2AQki)/(k 2 + S2),

the fallowing equations for the components of the displacement vector

are obtained;

U(Y) - Ak{exp(-Qz) - 2QSexp(-Sz)/(k 2 + S2 )){sin(wt - kx)} (16)

- Akitexp(-Qz) - 2QSexp(-Sz)/(k 2 + S2 )}fcos(wt - kx)}

U(z) . -AQ{exp(-Q:.) - 2kýexp(-Sz)/(k 2 + S2 )1(cos(wt - kx)) (17)

+ AQi(exp(-Qz) -. 2k 2exp(-Sz)/(k 2 + S2 ))(sin(wt - kx)}.

Both componanto are complex numbers and the usual argument made at this

point is that oince only real solutions are desired, all values associ-

ated with the imaginary term i can be neglected. This in an invalid

statement. As an example, in

a + bi
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both a and b are real numbers, even though this is a complex expression.

The imaginary term _ acts as a label that partitions the two real num-

bers a and b, maintains proper separation during mathematical operations,

and controls their signs. In equations (i6) and (17), both the re:al solu-

tions

U(x) Ak{exp(-Qz) - 2QSexp(-Sz)/(k 2 + S 2)1}sin(wt - kx)l

U(z) - -AQ{exp(-Qz) - 2k 2exp(-Sz)/(k 2 + S2)}(cos(ut - kx))

and the imaginary soluttions

U(x) - -Ak{exp(-Qz) - 2QSexp(-Sz)/(k 2 + S2 )1(cos(wt - kx)}

U(z) - AQ{exp(-Qz) - 2k 2exp(-Sz)/(k 2 + S 2)}{sin(wt - kx)}

are correct. Each set of equations predicts the behavior of a surface

wave that has retrograde particle motion with respect to the direction

of propagatior. The only difference is that they are 90 degrees out

of phase in relation to each other. This inability to discount the

imaginary portion of the equations at any step of the derivation, except

perhaps for the last one, will be an important factor in later deriva-

tions.

Axial Surface Waves on a Cylinder

Biot considered the possibility of a wave propagating along the

length of a bore located within an elastic, infinite medium. This dis-

turbance was to be symmetric with respect to the axis of the cylindrical

void and largely restricted to its surface. As with the Rayleigh wave

problem, the particle motion was restricted to a plane. In this case,

it ,-iss the rz-plane defined in the cylindrical coordinate system (see

Figure 1). From the Helmholtz equation and the formulation of the di-

ver-ence and the curl in this system, the following displacement vector



10

x

% S\ II
% %r !z

Y 111%

z

Figure 1. Cylindrical coordinates superimposed on the right-handed
rectangular coordinate system.
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is obtained;

(, - z + ( + ,r ,z +r Tz ,rez

Therefore,

u (r) - IF (1)
,r 'z

U () 0 + Tlr + T
(z)r

In rectangular coordinates, the wave equations are expressed as

V20 - (I/C 2 )0 (2)
1 ,tt

V2 - (1/C 2 )y . (3)
2 ,tt

In cylindrical form, (2) becomes

0 + /r + ", /C2 (4)9 rr 9r Ozz 'tt

Due to the axial symmetry, the vector T is restricted to the xy-plane

and its components may be written

T(x) . -Ysine (5)

T(Y)- YcosO. (6)

The x- and y-components of equation (3) are

(x) + Y(x) + V(W)/r2 + y(x) . y(X)/C2 (7)

,rr ,r e, ,tt 2

Irr(Y) + t(Y) + "(Y)/r2 + y(Y) . T(Y)/c2. (8),rr ,r ',eq 'zz ,tt" 2

Substituting (5) into equation (7) gives

4r + T /r - /r 2 +Y + V V i/2C (9), rr ,r , zz 9 tt2

The same result is obtained when (6) is substituted into (8). Solutions

now must be found for equations (4) and (9) by separation of variables.

Let
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0(r,z,t) - R(r)Z(z)exp(-iwt).

The replacing of 4' in equation (4) with this function results in the fol-

lowing ordinary elfferential equations;

7'' - k 2 Z . 0

R'' + R'/r - (k 2 - W2 /C 2 )R - 0.
I

The solution to the first equation Is that of a wave travelling In the

positive z-direction;

Z - A exp(iwz).

The second differential equation has solutions in terms of the Modified

Bessel Functions, 10 and K0 (McLachlan, 1955). Only K0 approaches zero

as the radius goes to infinity. Since it is assumed that the wave atten-

uates away from the boundary, 10 is not considered in the answer. There-

fore,

R - A Ko((k 2 - w?/C')1 r

and the total solution to (4) is written

A A 0o(mr)exp{i(kz - wt))

where

m - k( - )

v/C

The value v is the phase velocity. The solution to (9) is found in a

similar fashion with one of the resulting differential equations being

in the form that has solutions containing the Modified Bessel Functions,

I and K1. At this point, Biot changed from the exponentials to sines

and cosines, making the solutions to equations (4) and (9)
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* - AK0 (mr)cos(kz - (&t) (10)

'V BK (nr)sin(kz - WL) (11)

where

m - k(1 - ý2)' with 1 v/C 1

n - k(i - ý2)'l with V2 v/C 2 "

Using these two solutions, properties of Modified Bessel Fanctions, ard

the assumptions that a(rr) and a(rz) vanish on the interface, it can be

shown that
(12)

4(1 - C2)4 {1/(1rD/X)(1 - r24) + 0 (T/)1- )~/ 1 (i/)1-C2)4),

- 2(2 42)(1 - C2a2)½/(7tD/A)(l - C2Q2)
2 2 2

- ((2 - C2)/(l - 2,•2)½ý)k 0((iD/X)(1 - 1.•A2)/4()•tD/)1 - V 12o2)) - 0,
2 2 02 1 2

where

Q2 _ (1 - 2a)/(2 - 2o)

t2 a v/C 2

D - di&meter of cavity

S- wave?..ength.

It also ckn be shown tn!,.t when the partial derivatives of equations (10)

and (11) are subrtiatted into equation. (1), the result is

½. -~ •.2) tcos(kz - (,it)
u(r) - A{-mK (ma) - 2k(l - )1 1 (mau/(2 _ 2) (13)

u(Z) - A(-kKo(m,) + 2(1/, + 1)(1 _ C2)•K (ma)/a(2 - 1) (14)

+ 2(1 - :,('. a). (n1a)/(2 - 4) K(na' in,(kz- wt),

where a is the radius of the cavity.

The formulam giver in (12), (13), and (14) art important for saver-

al reasons. They sho% the similarity between Blot's work and the deriva-

tion for the Rayleigh wave. They also indicate whether cylindrical 4
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surface waves are applicable to the problem of cavity resonance. In

(12), when Poisson's ratio a is given, the equation becomes a function

of f/D and •2 This formula shows that unlike the Rayleigh wave, the

cylindrical surface wave suffers dispersion, with the wave velocity de-

pendent on the frequency. As with the Rayleigh wave, the particle motion

is elliptical. However, eq.aatitns (13) and i.14) demonstrate that this

motion can advance in relation to direction of propagation as well as

be retrograde. This Is a function of the circumference of the cavity.

Watkins et. at. used the equation

f - C2 /1.55D

to calculate the theoretical frequency of radial resonance for a cavity

when dispersion was at a minimum. This was obtained fron the plot of 42

versus )/D, whose values were defined by (12). However, the components

of the displacement vector and the original statement of the problem both.

indicate that this i- not a standing wave phenomenon, but a wave that

moves parallel to the z-axis. As with the Rayleigh case, to have waves

possessing set frequencies sweep past a single point over an extended

period of time, it is necessary for these waves to be continuously gener-

ated. This is not the case for energy dispersed by a dynamite explosion.

Consequently, Biot's derivation cannot explain the definite, long-lived

oscillations recorded by Watkins et. at. above some cavities. A different

interpretation must be made.

Circumferential Surface Waves on a Cylinder

Since resonance was found over relatively shallow caves and because

surface waves attenuate away from the wall of a cavity, it was thought

that a different type of surface wave might be the solution to the problem.
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It was believed that resonance inay bc Induced bv cylindrical suratc,

waves travelli~ng about the circumference of the cavity. With thii form

of wave, tlt, frequency and strength of osc illations. recordhd at tilt

earth's surface would be a function of*; 1he wav'e:; vetloc'ity, the c'.ovity 's

c'ircumfe'rence, thei depth to the cavet, and Ohw ty t,4 of ihit.crirct,' pro-

duced by the dirterent surface wavs. It' thisi thcory were, correct,', It

would mean that a grati deal o1otild 6vc told about tlt, cvitv lby tiht, tract's

of the seismogram. It would also explain why resonance had not. been re-

corded over deep cavities.

The statement of the problem is stmilar to the previous two exam-

ples. It is assumed that there is a cylindrical bore in an elastic, in-

finite solid, which has a symuetric wave moving about its circumference.

The particle motion is restricted to the rO-plane and it attenuates away

from the surface of the cavity.

By writing the divergence and the curl of the Helmholtz Theorem in

terms of cylindrical coordinates and Invoking the condition that no mo-

tion call occur outside of the ro-plane, the components of the displace-

ment vector U are expressed as

= r + T,0/r (1)

U /r + T,e ,r'

After Eringer (1967), the most general expression of the wave equation is

PU - (A + 20)VO - P(V X V X U). (2)

The dilatation 0 is given by

O-*v.u

E) U (r)/r + V(r) 4 UM)/r
,r i•
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o * + T /r)/r + (t - ' /r2 + Or /r)
,r ,t( ,rr ,0 ,Or

+ ($ /r - Y )/r

0 / r + 0 + 'P Wr
,r ,rr .00

o v2 4. (3)

This demonstrates that the dilatation is equal to the Laplacian of tile

scalar potential -. The curl of Ii is given by

V X V - (U (0)/r2 + U(e) /r - 1u(r)/r?)e- + (U (t)/r2 - U(o)/r (4)

,rr e00

By substitutirg equation (3), equation (4), and the partial derivatives

of the components of the displacement vector into (2), the following

equations are obtained;

O(r) . (A + 2p)(V24) + (V/r)(V + T /r + T /r 2 )
S,r ,rr ,r 00 ,0

• (0) = ((A + 2u)/r)(V2 0) - tI(Y + V /r + Y /r 2 ) )
PUtt ,0 ,rr ,r ,ee ,r

By inserting the values of U (r) and UM given in (1) and observing that

the Laplacian of Y is present on the right side of the above equations,

we get
P(# ttL) pr( 'tt) (A +=p(2,) + (jjIr)(V2W).

+ (p/r)r) b ( + 20/)(V2 $) +

, tt r 0 r

or

-((A + 2u)Ip)V24') + (1/r)( t - (, - 0(¢tt { +2)ov€r ,tt ,e

(1/r)(0 t- {(( + 2ij)/p)V2 0),e - (ytt - (p/p)V2y),r a 0.

These will be valid if and only if the following equations hold;

tt C2V26 where C - ((X + 2p)/p)} (5)
tt
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Y - C•v2'y where C2 - (u/p) (6)

These are the two scalar wave equations. We have shown that they are the

same in cylindrical coordinates as these derived in the Rayleigh wave

problem. The next step is to solve equation (5) by separation of vari-

ables. The answer to equation (6) will be of the same form. Let * have

a solution that is harmonic with time. Hence,

# - R(r)O(O)exp(iwt).

Substituting into (5) results in the expression

V2 (RO) + k2 RO - 0 where kI = W/C

Expanding the Laplacian in cylindrical coordinates gives the equation

r 2 R /R + rR /R + r 2 k2 . _o /0/ _ m2

,rr .r 1 , 00

where m is the integration constant. This can be separated into two or-

dinary differential equations;

0 se+ m20: . 0

r2 R + rR + (r 2 k - m 2 )R - O.
,rr , r 1

The first equation has the general solution

0 - A exp(-ime) + B exp(ua8).

The negative exponent term is for a wave moving about the cavity counter-

clockwise and the positive exponent is for one moving clockwise. Choosing

the counterclockwise wave gives the solution

0 - A exp(-.m0).

The second equation is in the form of

Z2 W +ZW + (Z 2 - y 2 )W _ O,

which is the differential equation for the Hankel Function. Therefore,
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the general solution for the second d.fferential equation is

R=A** (2) (rk) + B*H ((rk)
m I 1

According to Butkov (1968), when exp(i.wt) is chIosen as tl,ý I lme harmonic

portion of the original function, it- Is necessary t-) -htiose tho |aiikel

Function of the second kind so as to satisty the tSommerfeld Radiation con-

dition. Since this is the only Hankel FUtction used throughout the

derivation, the superscript will be left off. The solution for R is

now written

R A H (rk )
m

with the Hankel Function of the second kind defined as

H (rk = Jm(rk1 ) - £Y(rk)M 1 m 1'

Therefore, the solutions for P and IV are

(P = AH m(rkI)expti(uit - me)) (7)

S= BH (rk 2 )exp{l (wt - me)}. (8)

where

k = W/C

k 2 2/C2.

Expressing the stress components O(rr) and a (r0)' in terms of b and

'T results in the following two expressions;

""= (a + 2p)(4r - 'F /r2 + 4. /r) + (9)(rr)rr Or

/r2- r/r + P /r + Y' /r 2 )

a (t/r 2 )(2rf + Ti + ry r 2 y' ,2q ) (10)

(ro) ,rO ,00 ,r ,

The first derivative of the Hankel Function is

R (rk ) a (k /2){H-- (rk H (rkl)1.
1 M-1 Ir mMilk1
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The second derivative is

Hm(rkl),rr m (kl/4)H m- 2 (rk 1) - 2H m(rkI) + Hm+2(rk])}.

Using these derivatives, it is now possible to take the partials of (7)

and (8) and substitute them into equations (9) and (10). For simplicity,

we will adopt the following convention;

h =11 (rk)
in m !

H =H (rk2).
in n,

The stress components now become

r (Ar(pk/2 + Xk2/4)(H - 2Hm + H 2 ) - (Xm2 /r 2 )H (11)
G(rr) IM2m2

+ (Ak /2r)(H -H + B{(2ijmi/r 2 )h

- (imikk2 /r)(h m1 - hm+ 1) )exp(i(wt - me)}

a(re) ( B{(-pk2f/4)(hm 2 - 2hm + hm+ 2) - (PM 2 /r 2 )hm (12)

+ (pk 2/2r)(h_1 - h+ 1 )} + A{(2omi/r 2 )H

- (umik /r)(Hrn - H +)})expli(wt - me)).

If a is the radius of the cavity, the stresses expressed above vanish when

r - a. Given radius a and letting

a = (pk 2/2 + Xk2 /4)(H - 2H + H2) - (Am2 /a 2 )H
1 1 at-2 in m4-2 m

+ (_k /2a)(H - H

S /4)(h - 2h + h + (m2/a2)h- (k /2a)(h - h )

e i (2m/a2)H)m - (mk1/a)(H b -c Hom+

6 a (21jm/a2)h m- (Umk 21a)(h_ M-1 hM+0)1

equations (11) and (12) become
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0 - Aa + B6i

WI~ 0- BB + AyAi.

Substituting the second equation into the first results in

(1 I Y5. (13)

Let

P - (pk2/2 + Xk2 /4)(J - 2J + J ) - (Am2/a2)J
1 1 m-2 in m+2 in

+ (OkI/2a)(J M-1 - J +I)

Q - (uk2/2 + Xk2/4)(Y - 2Y + Y 2 ) - (XM2/a2)y

+ (XkI/2a)(Ym-1 " gm+)

R - (k22/1)(jm2 - 2j + J + (m2 /a 2 )j= - (k 2/2a)(j -

S - (k2/4)(y - 2 ym +Ym) + (m2 /a 2 )ym - (k 2 /2a)(ym_ -Ym+l)

T - (2m/a 2 )jm - (mk 1/a)(J m_ - dm+)

U - (2m/a 2 )ym - (mk /a)(Ym_1 -Ym+l)

V = (2ium/a 2 )Jm- (Imk 2/a)(jM -m+

W - (2om/a 2 )y - (omkz/a)(ym_ -

Expanding _, B, 1 , and 6 into their real and imaginary parts creates tha

following complex formulae;

a - P - Qi

B=R-Si

y - T - ui

a - V - Wi.

Substituting these into equation (13) gives

(PR - QS) - (QR + PS)i - (TV - W) - (UV + TW)Z.
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These two complex expressions will he equal to one another if and only

if

PR - QS - rv - t1W (14)

and

QR + PS = UV + TW. (15)

Therefore, the w that causeN both of these equations to hold simultan-

eously, will be the angular frequency of the wave propagating about the

circumference of the cavity. Using this frequency, it is possible to

describe the particle motion. Inserting the partial derivatives of

equations (7) and (8) into equations (1) gives

U(r) {(Ak/2)(H - Hm1 ) - (BmAi/r)h }exp{i(wt - me)) (16)

U - {(-Ami/r)H - (Bk /2)(h - h )}exp{i(wt - me)). (17)
m 2 M-1 M+1

We already have that

0 - BO + Ayi

or

B - A(y/O)i,

which indicates that

B - A(((UR - ST)/(R 2 + S 2 )) + {(TR + US)/(R 2 + S2)),

Replace B in equations (16) and (17) with the above value and expand the

Hankel Function into its real and imaginary parts. This changes the com-

ponents of the displacement vector to

U(r) - A({rcos(wt'- me) - Asin(wt - me))

+ (rsin(wt - m.) + Acos(wt - me)})

U(e) - A((Ecos(wt - me) - flsin(wt - me))

+ (Esin(wt - me) + ncos(wt - me)}j)

where
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r - (k 1 /2)(0m_1 - Jm+1 ) - (m/a){(UR - ST)/(R 2 + SI)})m

+ (m/a)((TR + JS)/(R 2 + S2 )}jm

A - (-kIl2)(Y m 1 - Ym+I) - (m/a){(UR - ST)/(R 2 + S2)}Jm

- (m/a)((TR + US)/(R 2 + S2 )}jm

- (-m/a)Ym - (k 2 /2){(UR - ST)/(R2 + S 2 )}(jm . - Jm+!)

- (k 2 /2){(TR + US)/(R 2 + S 2 ))(yM. 1I - Ym+l)

- (-ui/a)Jm + (k 2 /2){(7JR - ST)/(R2 + S2 )}(y m1 - Ym+l

- (k 2 /2){(TR + US)/(R 2 + S2)}(Jm-1 - JM+l).

The values R, S, T, and TJ are as defined earlier and a is the radius of

the cylinder. It is not possible to find the absolute values for the

displacement vector U, but qirce both components are expressed in terms

of A, their amplitudes may be compared. If the constant A is negative or

complex, the only char~ge to U (r) and U(0) would be a phase change. There

also is no loss of generality If only the real portion of the above equa-

tionu is used. Therefore, the compunents of the displacement vector may

be written

U(r) A{rcos(wt - me) - Asin(wr -m (18)

U(e) A{Ecos(wt - m0) - UsioN(t - me)). (19)4, This completes the derivation of the circumferential surface wave on a

cylinder. The intention was to use these displacement formulae to define

the motion of the particles along hypothetical horizons above the cavity

as shown in Figure 2.

A computer program was written to numerically solve equations (14)

and (15), when a, ), and 9 were given. The procedure was to set m, the

mode, and very w iteratively nntil the left side of the equations
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to'.s -16.v -6.e !W6 s

Figure 2. Possible elliptical motion and direction of rotation of points
along two hypothetical lines above a cavity.
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equalled the right. It was found to be impossible to satisfy both equa-

tions simultaneously. Even when imaginary equation (15) was neglected,

the angular frequency generated for a cavity of reasonable size, resulted

in a wave whose velocity was much greater than that of a P-wave. Since

it was assumed in the derivation that the cavity surface wave would be

a combination of compressional and shear motion, it would be impossible

for a wave to propagate at this speed.

This conclusion is in agreement with Stilke, who completed a three-

dimensional version of Biot's problem. He found that the cylindrical

surface wave could spiral about a tube as illustrated in Figure 3, but

that for all modes except m - 1, no wave could have only re-motion. For

m - 1, this occurred when the wavelength approached infinity or the cyl-

inclers radius approached zero. The results of our derivation and those

of Stilke imply that circumferential surface waves on a cylinder cannot

exist and therefore cannot be the cause of apparent cavity resonance.
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Z--

Figure 3. Liieas of equal phase for a cavity surface wave (after Stilke).



FLEXURAL WAVES

With the failure of cavity surface waves to explain cavity re,;o-

nance, the next hypothesis investigated was tht, "drumhead" effect .It squg-

gested by Finn Bronner (personal comt~uni'ivation). Thtl, existvntc' of such

an effect would imply that the roof of ai cave oscillates vertically with

little or no horizontal components of motion. As a first step in studylog

this possible phenomenon, the behavior of a vibrating membrane was exam-

ined.

Vibrating Membrane

The equation of motion for a round membrane in cylindrical coor-

dinates is

S+ t /r -r2t 0()
,rr ,r ',tt

where

r2 m/T,

with

m - mass per unit area

T - total tension.

Using the boundary condition for E(r,t) of

E(a,t) - 0

for all time t and membrane radius a, and the intitial condition

C(O,0) - &09

it can be shown that

Jo0walr) - o.

The r~dial frequency of the membrane will be that u which satisfies this

equation (Churchill, 1963). There are a number of implicit assumptions

that have to be made to solve this proble. They are;
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1) vibrations occur within a vacuum,

2) there is no damping,

3) the system is perfectly elastic,

4) amplitudes are small,

5) deformation due to gravity may be neglected,

6) the membrane is thin (surface of "points"), and

7) tension is constant at all times, even during deformation.

The first five assumptions present no problems, since they are used ex-

tensively in wave propagation problems whose results have been shown to

be reliable. The last two assumptions cannot be met. No cavity roof can

be thought of as being a surface of points and the forces that support a

roof are not analogous to tension. Therefore, equation (1) is not ap-

plicable for calculating frequencies found over caves. The next approach

was to look at the equations ol a vibrating, thin plate.

Vibrating Plate

The general equation of motion for a thin plate is

V4E + (lIC 2 )C,tt 0 (2)

where

C = (Eh 2 )/12p(l - o2), (3)

with

E * Young's Modulus

h a thickness of plate

p * density

o a Poisson's Ratio.

In the solutions that follow, all the assumptions are the same as for the

membrane problem, except that the last two are replaced by one assumption

-the plate is thin. What this means is that within the plate there is
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a neutral surface which is neither compressed nor extended as the plate

bends, and that the motion of this hypothetical surface closely mirrors

the movement of the plate's top and bottom surfaces. There is no exact

definition of when a plate can no longer be considered thin, but perhaps

it is when the plate's behavior can not be predicted theoretically. In

seismology, the oscillations associated with plates are called flexural

waves, and they are found to exist over frozen lakes (Ewing, Jardetzky,

and Press, 1957) and in desert environments where a crust of cailiche has

formed (Richter, 1958). The question is whether the resonance found by

Watkins et. at. over a lava tunnel and at an underground nuclear test

site was due to the generation of flexural waves.

To solve equation (2) for a circular plate, the boundary conditions

for &(r,e) are made to be

v(a,e) - 0

E a,) - 0,0r

where a is the radius cf the plate. The result is

Jm( =Il(A) + Jm+l( m(A) = 0,

which has n solutions for each integer m. X• is found by a series ex-S~mtn

pansion and is constant for set values of m and n. The equation for the

angular frequency is

Wm,n = (h mn/a 2 )(E/12p(l - 02))½" (4)

Figure 4 has some examples of modes of vibration for a circular plate

(McLachlan, 1951).

Landau and Lifshitz (1959) did a similar problwA for a rectangular

plate with sides of length a and b. The boundary conditions are

C(xy) - 0
for x - 0 and a

C(x,y),x - 0
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f 3 . 1  fl. 3  f 2 . 2

Figure 4. Modes of vibration for circular and rectangular plates. Patterns
become progressively more couples as the mode increases. Higher
modes are rarely seet because they attenuate very quickly.

It
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E(xy) - 0
for y - 0 and b.

E((x.y) - 0

The solution to equation (2) is

S- Asin(swx/a)sin(twy/b),

where a and t are integers. The frequencies are given by

fs t a Wst/2w

- (hw/2)(s 2/a 2 + t2/b2)(E/12p0( - 02)1-. (5)

Since the tunnel beneath the Pisgah lava flow had a ceiling that could be

approximated by a rectangle, the characteristic vibrations were found

using quation (5). The following were the values needed;

Poisson's Ratio o - 0.25

loung's Modulus E - 2.33 X 109 nt/M2

Density p - 2.20 X 103 kg/m3

Length a - 100.0 M

Width b - 10.0 m

Thickness h - 2.5 m.

The constants b, a, b, and h were taken from Watkins et. at.. A stan-

dard value for vesicular basalt was assigned to E (Clark, 1966). Sub-

stituting all the above values into equation (5), and setting a and t

equal to one, gives

fl (2.5w/2.0)(1/104 + 1/102)(2.33 X 109/12(2.20 X 103)(1 - .252)1)

fl~ (3.91)(1.01 X 10-2)(4.89 X 102)

f 19.3 hertz.

Higher modes result in higher frequencies and as shown in Figure 4, more

complicated patterns. Higher modes are often not found, since they tend
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to dampen quickly. The above answer Is the simplest characteristic vi-

bration for a rectangle and it is very close to the 16 hertz signal as-

sociated with the Pisgah lava tunnel.

The information on the dimensions of the chimney formed by an un-

derg~round nuclear explosion and on the rock type capping It was not exact

enough to satisfactorily work the frequency problem. However, by making

several different sets of assumptions for equation (4), the frequencies

calculated usually came to be between 10 and 20 hertz. The field mnea-

surement was 12 hertz. The data for the Kana-a lava tunnel were Insu-

ficient to even make this kind of approximation.

In the previous section, we proved that neither axial or circumfer-

ential cavity waves could explain the resonance found over a few under-

ground chambers. In this section, we have shown that the frequencies of

flexural waves agree well with those measured in the field. This implies

that flexural waves may be of value in detecting certain types of caves.

The special characteristic needed for their generation is a thin roof

with a large surface area. This feature would explain why resonance has

not been found by Godson and Watkins, Rechtien and Stewart, and Stilke

for relatively deep caves. Presently this ic an unproven, but promising

theory. To conclusively prove that cavity resonance is due to flexural

waves, it will take extensive field work in comparable areas, with ape-

cial attention to cavity dimensions and the physical properties of the

surrounding rock.



RAY TRACING

Cook found a decrease in the normalized amplitudes of waves re-

corded above brine cavities. He concluded that these anomalies were

caused by a seismic "shadow" formed when the cavity acted as an obstacle

to a portion of the up-coming reflections. Watkins et. at. had a similar

amplitude decrease above the Kana-a lava tunnel and over the U4B under-

ground nucleaz test 3ite. At this location they also recorded delays in

arrival times. Apparent delay times were also seen over some Hissouri

caves investigated during thit; study. The first attempt to theoretically

study this "shadow" phenomenon was with ray tracing.

Cavanaugh (1973) had developed an efficient computer procedure for

the iterative tracing of rays through volumes containing complicated

boundaries. This differed from the usual methods by being able to handle

high-powered polynomial surfaces as easily as simple surfaces and by

using the three-dimensional form uf Snell's Law. This is a vector equa-

tion and is written

(1/VO)(I XN) - (1/V )(R X N), (1)

where

V0 M velocity of the medium containing the incident ray,

V - velocity of the medium containing the refracted ray,

I - unit incident ray vector,

R - unit refracted ray vector, and

N - unit vector normal to the interface between the two media.

Figure 5 shows a generalized boundary intersected by the incident vector

T. The plane of refraction is defined by I X N. When the magnttudes

of the cross-products in (1) are calculated, the result ts the familiar

expression of Sneil's Law in two-dimensions.
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Figure 5. The plane of ref:action and reflection as defined by I X N.
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Using this vector equation, Stravroudis (1972) derived the fol-

lowing formula for the unit refracted vector;

RI =N + ýIi

where

r - -Pcos(i) + (i - p2sin2(i)}].

When reflection is considered as a special case of reflection, it is seen

that P=1 and r--cos(i). This implies

r - -2cos(i)N + 1,

where r is the unit reflected vector. By defining the plane of refraction

and reflection at every point of intersection and by using the equations

for R and r, it is possible to mathematically construct a ray's path

through almost any volume.

Most natural cavities are smaller than the wavelengths of waves

that propagate through the earth's crust. Ray tracing cannot be used for

this case because of dispersion. However, it was hoped that it could be

applicable to underground chamoers with extremely large dimensions, such

as some brine cavities.

In order to produce the most realistic results, modifications were

made to the basic ray tracing program. Boundary phase changes were added

and amplitudes were adjusted at each point of Yeflection and refraction

so as to agree with the division of energy predicted by the Zoeppritz

equations. However, this approach was soon abandoned. The exponential

increase in rays due to phase conversions for both refractions and re-

flections created time consuming computer runs, even for the simplest

models. Ray tracing also could not predict interference patterns, dif-

fractions, or the form of any resulting surface waves. What was being
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done was an attempt to take some of the simplified properties of waves

(Snell's Law, Zoeppritz equations, and phase changes) and use them to

model in detail, a very complicated form of wave propagation. It became

clear that this type of modelling could only be done successfully if you

went back to the source of these properties-the wave equation.



WAVE SCATTER

Because most caves are smaller than the lengths of selomic waves,

it is not possible for them to be opaque, even with respect to a pure

shear wave. For a large cavity, energy will be transferred to the lee-

ward side by various surface waves and by diffraction. Therefore, in-

stead of a cave having a seismic "shadow", it will probably have an area

of complex "turbulence", which could be comparcd to that found behind a

pier pile after an ocean wave has passed. This "turbulence" is formed by

a combinaLion of reflected, refracted, and diffracted waves, and it is

called wave scatter. To solve scatter problems, it is necessary to use

the wave equation, that can be solved by either analytical or numerical

mathods.

Analytical Solutions

Ying and Truel (19S5) wrrked the problem of a plane P-uave moving

In an infinite, elastic solid, and incident upon a spherical obstacle.

They considered three types of spheres; void, elastic, and rigid. For

the last two obstacles, three separate waves were derived. They were the

unimpeded incident wave, the scatter wave formed at the obstacles sur-

face, and the wave generated within the sphere. The void would be anal-

ogous to an air-filled cave, which unlike the rigid and elastic spheres,

would not form an internal wave.

Ying and Truell completed all equations of motion aad set all

boundary conditions in spherical coordinates. They also restricted part-•

icle motion to the two-dimensional p0-plane. The scalar potentials

for the three separate obstacles became expressed in Spherical Bessel

Functions, and these were used to calculate the scattering cross-sections
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for each case. The components of the displacement vector were not found,

but they were obtainable from the equations provided.

White (195AN did a similar problem for a cylindrical scatterer in-

bedded in an infinite, elastic mediurt. The obstacles studied were elastic,

void, and fluid-filled cylinders. The second and third could be used as

models for air-filled caves and ones containing water or mud. The inci-

dent plane P- and S-wave possessed a single frequency and could strike

the cylinder at any angle of incidence. The vector potential was not con-

verted to a scalar by limiting particle motion to a single plane. The

problem was solved in three-dimensions, with the scalar and vector poten-

tials being expressed in terms of Bessel and Hankel Functions. This der-

ivation also demonstrated that an incident P- or S-wave will result in

scattered waves of both types. This is referred to as mode conversion.

The derivations by White and by Ying and Truell provide much infor-

mation concerning the problem of scatter, but both have serious limita-

tions, which restrict their usefulness for the theoretical study of cave

detection. In seismology, ground motion is measured at the earth's sur-

face, which indicates that for the cave problem there are two important

boundaries; the surface of the cavity and the surface of the ground.

Neither of the above derivations considered a second planar boundary. To

have included such an interface, would have created extreme difficulties

with boundary conditions, since a plane that does not go through the or-

igin is not easily expressed in cylindrical or spherical coordinates.

Without a plane boundary, the interaction between the scattered wave and

the surface of the ground cannot be accurately known. The second drawback

is that the cavities must mirror the coordinate system used. This results

in targets of very simple shapes. Again, this is dictated by the fact
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that uncomplicated boundary conditions are needed to solve the analytical

problem efficiently snd accurately. These difficulties can be avoided by

solving the scatter problem numerically.

Numerical Solutions

Both the finite element and the finite difference methods may be

employed to describe the behavior of scattered waves. These two numeri-

cai procedures have some common properties. Except for trivial cases,

each requires the use of computers. This has restricted their applica-

tion in the past. Both techniques represent the geological profile with

a set of points and both use the basic form of the wave equation;

iUtt -( )O+V2U

These properties allow the problem to be solved in the rectangular coor-

dinate system and they permit very irregular cavities without difficul-

ties with boundary conditions.

With the finite element method, each point represents a "lumped"

mass, and every pair of points is assigned elastic properties that are

defined by the types of rocks encountered and the boundary locations. To

generate wave motion through this maze of mathematical weights and springs,

the second ordered differential wave equation is stated in terms of Hook's

Law. A large group of simultaneous equations is formed when the values

at the points are substituted into the modified wave formula. These can

be solved at set increments of time by the Runge-Kutte algorithm. Each

set of answers gives the positions of the miodel points in that time frame

and the sum of these positions over a length of time defines the wave

motion.

When using the finite difference procedure, the points of the model

must be spaced at regular intervals. The values assigned to each point
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depend on the density and the elastic moduli of the material surrounding

that point. The only change in the wave equation is the replacement of

the differentials by difference approximations. These formulae are in a

form that can be easily programmed. The motion is found by iteration,

where the movement of a point is directly dependent on the movement of

that point and the surrounding points in the previous time increments. I

have chosen to work with this method because it is relatively easy to pro-

gram and it is extensively discussed in the literature.

There are several finite difference methods used to define wave mo-

tion. The first one to be applied to the problem of scatter was devel-

oped by Claerbout (1970). He devised a good one-dimensional approximation

to the two dimensional wave problem. This is a very attractive feature in

that it saves large amounts of computer storage space. This is usually

the biggest problem encountered with finite difference methods.

Claerbout reformulated the wave equation in terms of pressure so

that

V2 p - (I/C 2 )P (1)
,it

where

C = (KIp)•

= - X + (2/3)u.

The term K stands for incompressibility. The behavior of this pressure

wave is i' .-": to t. of the P-wave. The solution to equation (1)

in two-dimensions is

P - P exp(imz + Lkx - iwt).

For a plane wave trawv. .ng down the z-axis, this becomes

P - P0 exp(iaz - i•t).

The transmitted and the reflected waves together form a more complete

rJlw
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solution to equation (1);

P - P +(x,z)exp(imz) + P-(x,z)exp(-imz) exp(-ujt).

P designates the transmitted wave and P- the reflected wave. Note that

both are now functions of location. If they do not vary rapidly, more

computer space may be saved by using a coarse grid for the model profile.

The transmitted wave is separated from the reflected wave and nu-

merical equations are developed to describe its behavior. These are

solved iteratively with a row-by-row process that uses the left and right

boundary conditions and the motiolk found on the previous two rows. In

this way the wave patterns are developed over the entire velocity model.

The wave amplitude values at each model point can then be used to gener-

ate the reflected waves by a similar row-by-row difference procedure.

Figure 6 and Figure 7 were plotted using the procedure for trans-

mittedwaves. Both patterns are formed by a P-wave moving from the bottom

to the top of the illustrations. The scatterer represents a flat-floored

chamber filled with mud. In Figure 6. the wavelengths are much smaller

than the dimensions of the cavity. The wave patterns conform quite well

with ray theory and the focusing of this mud lens is clearly shown. In

Figure 7, the radius of the cave is smaller than the length of the wave

and diffractions are shown to be an important feature. A time delay

along the wave front is also present.

Even though these two figures illustrate refraction, diffraction,

and interference patterns, there is a great deal of information that has

been lost. In the Claerbout method, shear waves are neglected. This

prevents the formation of mode converted waves by the scatterer. These

S-waves would be an important factor $.n the interference patterns found

above a cavity. Aluo, without S-waves, an accurate description of ground
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Figure 7. Wave pattern when radius of cavity is less than vavelength.
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motion is impossible. Another difficilty with the Claerbout method, is

that due to the approximations made, the amplitudes of the waves become

unstable as the wave deviate3 from iae vertical. This is serious since

voids often dnvelop large-angle diffracted waves. Even with the large

computer costs, the best way to study scatter is with a complete finite

difference technique.

As a continuation of the research sponsored by the Army, the

Ph.D. dissertation to be completed by Cavanaugh will be on the use of

finite difference for the development of synthetic seismograms above

air-, water-, and mud-filled cavities. The objectives of this computer

modelling will be: (1) to obtain a better understanding of the "turbu-

lence" created by a wave sweeping past a cavity; (2) to find if it is

possible to delineate the shape, size, and depth of a cavity by the scat-

ter that it causes; (3) to determine how to enhance the seismic signature

of a cavity; and (4) to find what combination of size and depth will make

the disturbance too insignificant to be recognized on a seismogram.



CONCLUSIONS

Biot's work demonstrated the existence of cylindrical surface waveH,

but the manner of their propagation makes them unusable for the detection

of cavities. Even if these waves were re.zorded above a shallow tunnel,

their velocity and particle motion would make them indistinguishable

from the Rayleigh wave. For deep tunnels, they would not be noticed

because of their rnpid attenuation. In addition, the axial surface wave

is a travelling wave and cannot be used to explain resonance. It was

thought that circumferential surface waves on a cylinder could explain

these oscillations, but they cann~ot be shown to exist theore!'tcally. The

long-lived, periodic vibrations measured above some cavities appear to be

due to flexural waves. These can only be formed under the special cond-

tion that the roof of the cavity behaves as a vibrating plate, thus re-

stricting their occurrence to extremely shallow caves.

For caves that have substantial roofs, the anomalie. of amplitudes

and/or arrive! times that are occasionally detected in a seismic "shadow"

zone, may be a possible means of delineation. This "shadow" is likely a

region of "turbulence" created by the cavity acting as a scatterer for an

up-coming reflection. Wave scatter cannot be adequately investigated by

analytical methods, because of the necessity of using very simple boundary

conditions. The inability to complete the problem exactly in an infinite

half-space makes it impossible to predict the interaction of the scattered

wave with a plane surface. Claerbout's procedure, which is an approxima-

tion to the finite difference method, can be used for a model containing

many interfaces with comsplex shapes, but its solutions can become unstable

and the important behavior of shear waves is neglected. To obtain the best
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mathematical description of cavity wave scatter, it will be necessary to

use the complete finite difference method. This is presently being done

as an extension to "he work completed with the support of the Army.

In summary, the following t~heoretical approaches have been explored

in this study:

1. Resonance;

a) void cavities in Infinite solids (intrinsic cavity resonance),

b) void cavities in infinite half-spaces (resonance caused by the

interaction between cavity and land surface),

c) axial cavity surface waves observable at land surface,

d) circumferential cavity surface waves observable at the land
surface,

e) the cavity roof acting as a vibrating mebrane, and

f) the cavity roof acting as a vibrating thin plate.

2. Scattering;

a) analysis by ray tracing using Snell's Law in three-dimensions and

b) analysis by finite difference approximation to the wave equation.

Only the thin plate model and the finite difference approach seem to hold

promise. The thin plate model would apply only to cavities very near the

surface. For deeper caves, the finite difference approximation for wave

scatter offers the beat possibility of producing a general method of de-

tection. This has yet to be fully developed.
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I NTRODIUCT ION

The experimental research conducted under this Grant was directed

towards the dcvcloptiient of a seismic field procedure for the detection

and delineation of subterranean cavities. The basic underlyinp

presumption of this study was thiat a resonance pheniomenon is associated

with voids whcn they are subjected to an induced scismnic field. Thi s

presumption was based on experimental evidence reported by Watkins et al

(1967), and by Godson and Watkins (1968), and on theoretical evidence

presented by Stewart (1971).

To illustrate the resonance phenomenon associated with voids, a

seismogram over a lava tunnel, as reported by Watkins ct al, is reproduced

in Figure 1, They reported that the high amplitude oscillations, as

a~o aa L

SICONDS

riama Q-Psrt if a geimogramn r.corded om a lava tunnel in the Plagalk lava Raow, San Bemnrdlno County, Cali.
moo Pro'isnet In-pwu. cavity oucisllations in centeir of mselngam. AB Indicates the location and approximats
-aldtb of die tuft&L

Figure 1. from Watkins et al (1967)
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shown, were recorded most intensely directly over thc cavity, and that

this result was similar to the seismograms recorded over two otlher

near-surface cavities that were studied. They noted that the dominant

frequency is relaitive uniform with tine, and that the in-phaseness of

the oscillations was indicative of resonance.

Figure I in itself presents a very stronp argument for cavity

resonance, and based on this result the initial research effort vwas

directed towards L ia ore accurate definition of this phenomcnon.



EXPERIMENTAL PROCEDURE

Test Sites The bulk of the seismic investigations were conducted

over segments of Cathedral Caverns and Onondaga Cave, located approximately

seven miles south of Leasburg, Missouri. Measurements were also taken

at three other test sites over known cavities, cave systems, or suspected

cave systems, but have yielded little results. In these areas the

principal problem was the uncertainity of the siesmic traverse relative

to the underground void, excessive depth of the cavity system, and the

cavity size. Consequently, results will only be presented for the

Cathedral-Onondaga areas.

A plan view of the Cathedral-Onondaga systems is shown in Figure 2.

Seismic lines that shall be discussed in this report are shown in the

figure as dark lines designated as Tl, T2, and T3.

Traverse T2 is over a known, and accurately surveyed, cave passage.

The trace of this passage above ground was determined by means of surveying.

The passage in this segment of the tunnel is rather uniform in shape with

a height of roughly 10 feet and a width of Sl feet. The roof is

located approximately 162 feet below the surface.

Traverse TI was seismically surveyed to detect a possible extension

ef the western segment of Cathedral Caverns. Traverse T3 was

cor•idcted in the vicinity of Omondaga Cave in an atti•mpt to detect an

extension of a water 'filled segment of the cave. BothT1 and T3 were

t.averses over previously unexplored areas.

During the course of the three yearb of this grant, and for two years

prior to the initiation of this grant, these test sites were repeatedly

investigated many times, with slight modifications of the traverse orientation,
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improved instrumentation, or principally to test a reorientation of

the research direction.

Instrumentation Ground velocity was measured with Sprengnether,

Model S-6000, three-component, short period seismometers, and digital

grade vertical and horizontal seismometers. The seismometer outputs

were - ', through prgraunable gain amplifiers, processed through a

32 ch.nnel analog to digital converter and NOVA 800 Jumbo Computer,

and permanently stored on a moving head Diablo cartridge disk system.

The data acquisition system and reduction system is described

in Appendix A of this report. The acqusition system is housed in a

seismic van as shown in Figure 3. The basic computer acquisition system

as installed in the van is shown in Figure 4.

The frequency response of the seismic systci:i Is flat from 2 to zt)0

Hertz for the system using Sprengnether seismometers. Using the

digital grade seismometers the response of the system is flat over the

range of 8 to 200 hertz.

In the results presented a chemical explosive was used as the energy

source. Early investigations employed a mechanical vibrator.

However the energy production of the instrument was far too low to be

useful.
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RESULTS

The cavity underlying Traverse T2 was chosen as the principal

scattering object to be studied. This cavity exhibited mud-free

walls, uniformity ii shape and direction over a large portion of its

length, and accurate spatial me:asurement control. 'iorcover, this

roughly clipitic-cylindricaIl void was wfot too large, nor too smill, and

was located at an interesting depth of 1b2 feet below the surface.

Cavities of this size and depth have hitherto) been opaque to geophysical

probes.

The principal results of this investigation were obtained over this

tunnel, after many, many trials. These results are shown in Figure

5 which presents portions of the three-conponent rmeasurements along

Traverse T2. The measurements shown were taken at 10 foot intervals

along a line oriented at a right angle to the cavity axis. Scismometer

#6 was located directly over the center of the cavity. The shot

point was 50 feet from Station 1.

From the volume of data taken in the near proximity of Traverse T2,

many different seismic indications of the presence of a cavity were

discovered. Some of these indicators are discussed in Rechtien and

Stewart (1975), which include direct scattered P and S wave energy from

the cavity roof, and the predominance of horizontal notion in planes

parallel to the tangent planes to the cavity at late arrival times.

These results still stand. However the analysis of early arrival times

is subject to considerable error, particularly in this area where the

topography is rugged and weathering depths and velocity vary considerable

over short distances.
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On the other hand, the horizontal motion in planes parallel to

the cavity boundary have been consistently observed, often with energies

far excedding the SH wave energy proceeding from the source. il

addition a reflected Love wave from cavities has been observed, but

not consistently. The only type of seismic e.,ent that has been

measured consistently is illustrated in Figure 5. But before

describing these results it might be worth stating that over all air

filled cavities with mud free walls that were investigated, never was

a record obtained that exhibited the "resonance" signature of Figure I,

as reported by Watkins et al. However the cavities in the area of

T2, and at other locationi, were considerably deeper than those repolted

be Watkins et al. And perhaps the shallowness of the cavity that

they investigated is a significant factor to their results.

Figure 5 presents the results of three-component ground velocities

from 400 to 700 milli-seconds. Earlier data is predominated by

surface wave energy which shows normal transmission behavior. Later

data shows random, scattered phase arrivals and is of little interest.

The data as shown has ,oon processed through a digital band pass

filter after the data was windowed by a function which allowed suppressioni

of the data below 350 milli-seconds and above 1,100 milli-seconds. The

windowing was performed to suppress the effect of the high energy surface%

waves on the band pass filtering process. The inclusion of the high

frequency data, above 3S Ifertz, seriously distorts the data. Although

the basic pattern illustrated in Figure 5 is there, it is not at all

obvious to the naked eye.

S. .. '* i • I II I • r
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11 10 9 -

400 as

700 ms
VERTICAL

'400 m s

700 as
LONGITUDINAL (parallel to axis of cave)

---.- 1400 as

700 as
TRANSVERSE (perpend. to cave axis and in-line with shot)

Figure 5. Three compnnent seismographs, traverse T2, 17-35 Hertz,
windowed 3SO-l,000 as, spacing 10 feet, shot 50 feet to the right.



56

The first indication of a eavitty is showi. on the Vertical data

i," vveits that are concove iipw,;rl in the cetral portion (00-(•,() ms)

of the seismogram. Note the negative (u1l1-.Shaded) event Which bOPins

at Station I at 550) ms and ends at S;tatioti 11 at the same t iV,ý Ie and

dips to 580. ms at Stationw u. 1"he following in,..ativi event parallels

this some S5 ms later, and the negative event preceding shows the

same concavity upwards on tCi r[aiii., the cavity. i v t i ii fa:ct i ;

convex dowuard over the central portion of the void at Stations 6 and 7.

A dead spot results beneath this convexity where the positive (shaded)

energy dininishes to near zero throtgh destructive interference. The

downward convexity of the positive event directly above this dead spot

is even more pronounced. Also note, t., -:i energy events t id'I rtlt'

above this shadow zone between Stations 5 through a between 425 to 475 Ms.

This high energy event shows no phase relationship with the traces on

either side.

On the longitu-linal date, it is obvious that Stations 5 and 8 are

points of phase reversals across the records between 4510 to 600 rns.

At 640 vis Stations 1 through 4 and 9 throuigli 11 have positive (shaded)

phase, whereas St:&tjns 6 and 7 are reversed in phase, and Stations

5 and 8 are somewhat nulled. This behavior cnn also be followed

at earlier times to 450 ms.

The Transverse data shiow little or nothing in this record interval.

If anything it slaows a diminishing of wave ent,i-Ily in the central portion

of tCe I;raversc.



Particle velocity hodograms for Stations 3, 6, and 9 for the

seismic interval of 520 to 600 milliseconds arc shown in Figure 6.

These hodograms sire typical r.f the entirt: traverse and seem to

imply that the vertical and longitudinal motions are independent.

This conclusion is not too surprising since the Wave Equation in

a cylindrical coordinate sy';ten naturally .icjparrts iition ill the

r-F plane to Lc iidependent of axial motion. Consequently the

results are more meaningful as viewcd'from the~time traces themselves.

The identification of a diagnostic event, or sequence of events,

as given in Figure 5, is the principal result of this study.

Although the mechanism that results in this cavity signature on a

seismogrami has not been identified, it seems Probable that it is a

surface wave phenomenon, either associated with cavity interference

with a deep penetrating surface wave travelling away from the source,

or from surface waves associated with the cavity itself and generated

by mode conversion from waves reflected from deep horizons, or from

entrapment of passing surface wave energy.

The data of Figure 7 sheds considerable light on this question,

and very clearly supports the dcep penetrating surface wave interference

line of thinking. This seismogram was obtained over a segment of

Cathedral Caverns in the vicinity of Traverse T1. Fifteen saiusmic

stations are shown and one three-component measurement which was taken

at a point near Station 1. This record has not been filtered, and in

fact tie frequency spectra or t,.t1,. :'races are siov, in !:m.

This particular shot was not in-line with the travcrse.
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Figure 6. Patt,.c-e velocity hodogrAms for Stations 3, 6, and 9.
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In reference to Figure 7, a dead spot is shown in the vicinity of

Station 6 around 600 ms. Station 6 overlies a cavity of approximately

the same size and depth of burial as that of Traverse T2. It seems

presumptuous to identify a wave on this record by drawing a straighit

line, but for the purpose of focusing on a particular segment of the

record a straight line has been drawn. This straight line goes

through points of common phase on both sides of Station 6, although

the data to one side of Station 6 is 18') degrees out of phase with

that on the other side. If one wouid calculate velocities from a

delta-t - delta-x analysis, an extremely slow velocity. ini the rango

of 71-0 feet per second would be obtained. Yet, the three-dinensional

couaterpart of the 680 ms wiggle on trace one clearly exhibits the

90 degree vertical-horizontal phase- shift of a Rayleigh wave.

M4oreover, the data is clearly indicative of waves travelling to the

right, away from the suurce, as they should. It appears, therefore,

that the dead spot, at least in this instance, is due to the interferencec

cf the cavity with a passing, deep io'itra~inp surface waive. It is

hard, however, to account for such a slow speed. Moreover, the

concave and convex curvatures and higb energy events .above the void,

which were ciearly evident on the data of Traverse 2, are not present in

this record.

In reference to Figtwe 8, the surface wave energy centered at

approxime.tely 16 Ilertz.is clearly diminished over the cavity, This

result was comon to the data of Traverse 2 3s weli as to all the data

taken over kneyn cavities.

S , . ,
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Figure 9. Gravity profile over Traverse T2
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!~oeleiv'ing fravt-rzie 2 it in in-ýtructivv to coiisider the

g rra v ity anopay uver this traversie. This tiata Is shown iin Fig~ure

9, with Gravity S-tation 21. corresponding to Seismic Station 1, and

Gravity Station 11 crirrespondtzdg to Seismic Stadion 11. Tiere

is a, faint ?-cavity anomaly~ in tile vicinity of (Iravity Statinw. 13.

This .uio~ily Is h~r,.Ay notfeub!- in the olhserv'ed ar free-air gravity

profile, aini in fact ona -wonders if the anowmaly 1!3 not just a correction~

effect.. ;egardiess, gr3vity hardly %s-its like a feasible tool

for cavity detectior. of this size and depth. These measuremen~ts

were tbLcn with o Worden Gravity Hottr.

The clevation of the traverse illustratod in this figure bhoiws

the typical vroblem encountered ibi the search f'or cavkteos; they

are usuAlly round 1)envt-'h steep slopes o$F hills,-des. This fact

creates serious probless im the interprmtstion df -*h results.

rlgure I() s-;iow the se.Asmic r'esulls alon~g Traverse TI. This

dswrs actually ýicquirjod prior tr t;Ae initik-tion of this granit over

aft are* of an unezplor~d region of Cativedral Caverns. Becat!.qe o?

the niumerous !ndioations of cavities along this traverse. this area

was cbosen to test t series of brcedsido shots i~n aii effort to obtain

three-dimensianuI coverage of th.-: subsurface usiig, CUP techniques.

In FigL-re 16, 3urfaco wtaves dominate the record down to ab.ut

700 1:3 in both the forwartl and roverse shats. 01n the N4o:th shot

datu a dead spot Flirst. occurs uaca Station 7 at. around 250 ~i'. and

again in the vicinity of Stetion 12 at SOO) ms, -Mid at Stationi 25 at

70( Mus. These all appear to i~ia disruptions of the passlag surface

".laves. Station ZS on theo South shot alsou apperers to Ibc in the
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neighborh~ood of a dead spot at about 6()00 ns, and Station 21 at 250 nis

and 1050 ms. One can also see many areas of convex and concave

corvature in the records. Two clear examples can be seen on the

South shot; the convex curvat-.,'e between stations 19 and 27 at abutt

570 ms, and the coHcave curvature underlyiitg the deaid spot at 700 ins;

then again the convexity ut l0flý) ins betveen ,;stat ions 17 and 24, :1nd

the underlying concavity at 1ILO ins. It is very clear that at least

the tops of these dead spots are tht, terminal end of a passinp surface

wave. These data are muth i ike the data ol' rraverse 2, except for

Sthe high energy, inphase events directly over the cavity. Recent

exploration of Cathedral Caverns has resulted in a subterranean passape

in this area, although its p-recise location is not lnown.

Very strogp, phase reversals on traces 7 and 14 in the neighborhood

of 1000 ms on the North shot data.can be seen. This reversal can

also bo observed at Station 8 at 300 ins on the South shot data. This

behavior is similar to the results of Figure 7. The rather stlrong

reverberations in this region of the North record and the reverberations

between stations 7 and 11 on the South shot is somewhat indicative of

the resonance repoeted by Watkins ct al. There are no known cavities

in thit region. liowever, a gravity survey over this traverse was

performed, and the -1esults are shown in Figure 11. The gravity

and seismic stations in this case coircide, and the data show a gravity

low both over the area of reverberation near Station 9 and near Station 21.

The question, "Why the reverberation?" arises. A cavity signature

meets all the criteria near St:' ion -1. Uut what is happeiiwiii';•ar

St~tton 9?
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The data from Traverse T3 answers this question. This data

is presented in Figure 12. In reference to this figure a duplicate

of the results of. Watkins at al is seeti. This profile was taken

over an area suspected of cavities, and upon the attainment of this

result a hole was drilled at Station 13. The drill penetrated 15

feet of rock before sinking 120 feet into cave mud before drillingw

was terminated. A solid bottom was not encountered.

Gravity and electrical resistivity profiles were obtained over

this profile and are presented in Figure 13. The position of the

drill hole is indicated at Gravity Station 34. This area is both

a gravity and electrical resistivity low, well indicative of mud.

Parallel resistivity profiles were conducted in an effort to determine

if a fault plane or a vertical filled solution cavit.- had been

encountered. The pattern of measurements is shown in Figure ',

and the restiats are shown in Figures 15 and 16. These resul show

the circular nature of the mud fill, which points to a cylindrical

solution cavity.

From the results of Traverse T3 one questions if the cavity studied

by Watkins et al from which they obtained the data of Figure I was indeed

empty as they claim. The data from T3 is almost identical to theirs.

From this result it appears resonable to assume that if strong reverberations

are recorded, such a.s those exhibited by Figure 10 for Traverse T2, that

a mud or water filled void has been encountered. This is the only

case for which "resonance" is physically plausible anyway.

,iF. .
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Stat ion

Figure 121. Seismic data over Traverse T3. Spacing
10 foot intervals. Timing interval 100 ins. Shot
point So fcevl frori end of line at Station 1.
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Figure 15. North-south Electrical Resistivity profiles.
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CONC LU S I ONS

The data presented show two very clear cut cxamples of cavity

signatures in seismic data; one associated with a void cavity, and

one for a cawity filled wirth mual. Tilese signatures, moreovcr,

itave been observed on other traverses, over 4nowin or SU.tSptCted

cavity areas wherc the presence of cavities have subseqcently

been verifind by subsurface tunnel exploration or chrudgh gravity

measurements.

Tite seismic manifestation of a cavity on a seismogram app,!ars

to he the re ult cf the interference' of the cavity with passini,

surface waves. It can be observed in the data that the early

Rayleigh and love waves associated with shallow layers that ovurlie

the cavity propagate re!atively uadisturbed. The deeper

penetraiti;g, later arriving surface wave eniergy, on the other hand,

very clearly exhibits tho interference effect of the void. The

very low frequency of the seismic events manifesting the cavity also

point to surface wave energy. 'loreovwr, the abruptness of the

lateral variations of the data imply that the saismogram is reflecting

the very near surface velocity and density variations, as opposed to

the deeper structural variations.

It was initially believed that the cavity signature was a result

of the interference of tie void with a reflected wave returning to

the surface from the basement complex, which for this area is less

than 3,000 feet in depth. With an asstMed average section velocity

of as low ai 6,000 feet per seccnd the reflected events would have to

occur at record tri.eA of less than one second. llowever, the
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Velocity is prol-ahly higher than 6,000 fect per second and it!s hard

to account for the later events on the record in terms of reflected

wave Interference. Moreover, from such a deep reflector, relative

to the spread length of the seismic line used in this study, the

north and south shots should show a similarity of the reflected

events as they are distorted ini passioi Mro :V :llo 0e VloD

i're; .. arities. The ray jvith,; wo-Ald ever, be near vortical.

rh,, diss:imilarity of the records, the low frequency of thc

cavity signature, and the very abrupt lateral variations of the

events all but negate the plausibility of a reflected wave phenomenon.

The surface wave interferencc theory seems much more reasonable.

The data show that cavities as small as 10 feet in height,

51 feet in width, and 162 feet below the surface can be detected

seismically. However, the corresponding seismic signature is

not all that obvious in a record section. For example, a very

complete set of seismic data obtained with broadside shooting

using conmon depth point coverage, 12 fold, was acquired along

a traverse 100 feet from, andparallel.ing,Traverse T1. But the

data was not presented in this report because the data did not

show any obvious indication of the cavity which is known to exist

beneath this traverse. Only one record, which is presented in

Figure 7 of this report, showed the presence of the cavity, but it

also didnot exhibit the typical cavity signature. This record

was from a shot furthest removed from the iivie, anJ reiriesentcd

the most in-line configuration.

This result suggests that two criteria are important in acquiring



seismic data over cavities. First, the shot point and receivers

m usSk be in-line. Secondly, perhaps the seismic line must lie

at a right angle to the horizontal ;avity axis. The first

criterion can readily be met in thc field. The second is inpossible

to achieve in uaexplored ca:r

Cavity detection by seismic means is possible. Yet the procedure

is tedious. rhe required close spacing of the seismometer

stations prohibits its use as a reconnalssance tool. The method

could be applied effectively over small areas, for instance a dam

site, lagoon site, or the like. But the volume of data required

for large areas would be prohibitive.
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MINICOMPUTERS IN THW ACQUISITION AMD AMWYSI5 Or 69ISMIC DA&TA

J. H. Tracey, R. D. Rechtien and K. L. Hambacker
University of Missouri-Rolla

Rolla, Missouri 65401

INTRODUCTION

This paper describes the urse of a mobile, form, used principally for spectral analysis,
laboratory and minicomputer systems to sup- band-pass filtering, notch filtering, or
port geophysics research and instruction at spectral ahapingi cross-corrolationj decon-

the University of IMissouri-Rolla. The equip- volution; and optimum filtering, used for

went includes a mobile van, a field data ac- shaping the frequency spectrum according to

quisition system and a minicomputer network some knowledge of prior filtering actions or

for data analysis and classroom replay. according to some assum~ptions about signal

SEISMC STDIEScharacteristics or desiced output. These
features provide a wide range of field analy-

Generalized Seismic Process sis capability.

Seismic methods are employed t~o probe -DESCRIPTION OF MOBILE JABORATORY
the internal stratification of the earth in

-an effort, generally, to detect and isolate The mobile laboratory consists of a con-

abnormal, localized, geological structures vre / o .. Am rc ihacm
tha my xit ea th srfce. uc pletely enclosed rear compartmer~t. The van,

- stuctres igh befaul ~oes, oluionhouses the minicomputer, its peripherals, and

cavities, salt domes, buried stream channels, associated test equipment. The van is cam-

or perhaps simply undulations in the rock peeyarcniindadcpbeo en
- laerswhic miht b faorabe t thecc- powered from a 220-volt utility outlet or from

cumulation of oil or mineral deposits. Engi- a nbadgnrtr

neering problems, such as the response of Temncmue saNV 0 ub on
tallbuidins ordam, t seimicenegy, puter with 16K core, and hardware multiply andI
alsofal vi~ii th brade scpe f sis- divide option. A moving head Diablo cartridge

mology. Thus, seismic methods deal with the disk system with 1.2 million, 16-bit word

- ~transmission of elastic waves through the cpct n etoi 00soaetb
heteogeeou eath nd, ccaionlly tJeir graphics terminal are peripheral to the NOVA.

* effects on man-made structures. 4 A high-speed reader is included for initial
- Fo theappicaton f sesmi metods loading of application software and utility

to non-conventional subsurface problems, it roin. Th sytmncusannlgt-

is essential that the experimental test pro- digital converter which is capable of convert-

-cedures be continually modified upon the ac- inuptegh aalgcnesata aimi
quisition of new information, in order to ac- rate of 30 XS: for a single channel.

complish a given research task. The research- A. ea ntuet DP(iia il
o r must have the flexibility to zero-in on System) data recorder is also available in the
the localized area of interest, and thus avoid van. This unit permits the digitization of up
the tremendous volume of data required for to 32 analog channels which can later be play-

-blind wider-ratige ground coverage. This ed back into the NOVA. The oPs unit is used
ij.flexibility requires that a decision making as a.back-up system for the NOVA and is also

capability be made 4n integral part of the used in those experiments requiring the con-

test, and as such requires an iiniediate data tinuous digitization of more than eight chain-

analysis capability upon acquisition. The nels.

needed system capabilities for near-surface FIELD DATA ACQUISITION AND ANALYSIS YAS3,

o xplogation are: the hodograph, or particle Software Development
trajectory plots, used primarily for wave Th otaewitnfrtemncrue2
type identificationsa the Fast Fourier Trans- Tesfwr rte o h i.cwue



was designed to Meet a number of system con- have a DC level removed, be shifted in time, A2

straints in terms of program size, speed of and be normalized in amplitude. Channels may

execution, ease of operation and Lnvulner- be added, subtracted, and multiplied col-

ability to user error as well as safety of lectively for such operations as signal aver-

stored data. The program is completely core aging. Arrays of time samples may be normal-

resident along with a copy of the Data ized and Fast Fourier Transformed at 210

General Corporation Real Time Operating Sys- samples in about one and one half seconds.

tem for a total length of under IK words of The spootrum may be modified and an inverse

memory. This leaves OK words of core for transform obtained. Also, single events of

data storage, a transform array, disk 1/O interest in a waveform may be isolated or

buffer. and command sequence storage. Speed used as models for wavelets entared from a

of execution received high priority in the digitizing tablet.

software design to minimize user annoyance. A variety of displays are available of

This goal of instantaneous machine response the data or functions of the data without any

is a major factor in keeping the entire pro- modification to the data arrays used or

gram core resident. The command structure storage of the resultant functions. All plots

is designed to minimise keyboard entries for may be scaled by powers of two and offset to

maximum user time efficiency at the *ost of display any desired window of information.

a Tonser user familiarisation period. Single Vertical and horizontal markers are scaled to

letter mnemonics are used to initially branch be consistent with the displays for waveform

to the various areas of program control with measurement. Thousind-point *lots typically

all further information being prompted. Con- take slightly over two seconds. Single chan-

siderable effort has been expended to make nel time plots are available of information

the system and data resistant to user errors stored in the sample buffer and of real infor-

by keying sensitive system parameters which mation stored in the transform array. If the

control buffer placement and disk write information in the transform array is rectan-

pointers. As long as this software key in gular complex spectral information, magnitude

not used the user may randomly type at the and phase angle functions may be plotted as

keyboard without damaging the program or well as the stored real and imaginary repro-

stored disk data. A break key is defined sentations of the transform. Several plots

which allows any operation to be interrupted involving more than one channel of sampled

with a single keystroke. Since considerable information are available. Windowed plots of

time and cost is involved in obtaining data, particle position with tiua may be derived

reliable storage is imperative. For this from three channels of data. Oblique and pro-

reason data is stored with distributed iden- jected views from any angle are allowed at

tification information so that damage to a selectable speeds up to maximum terminal

critical index sector cannot cause the loss plotting speed. Particle plots may be inter-

of a major portion of the disk information. rupted for point number identification and

The limited amount of code devoted to disk then continued to allow isolation of individ-

1/O also lowers the chances of a malfunction- ual events in the three dimensional repro-

ing program or machine getting stuck in a sentation. Displayn are also available of

loop which damages stored data on disk. correlation and con,.olution funations of any

SYstem OPeration two channels of sample data.
The command structure of the proqram al-

bursts of data from up to eight channels lows rapid and convenient use of various

are obtained from the A//D converter at ac- analysis otthods and hence allows the user to

curately timed rates of up to I U~s and stor- concentrate on innovative techniques for data

ed in core memory. After sampling, a copy of reduction which might be neglected or missed

the raw data is immediately stored on disk in a system with slower turnaround. Once a

while the data in core may be manipulatsd for promising nequence of analysis steps has been

analysis. Individual channels of data may arrived at it may be stored and recalled at

250
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will for use on other data sets. This feature ad for the duretia of the experiment and the
of the program has proved indispensable for data is transferred to disk. The data can be
the orderly display and analysis of three-axis previewed in the field and relatively wall
data where the same operations are required records (% 1000 pts. per channel) can be an&-
for each channel. The command sequences are lysed as described in the previous section.
not intended for use in building basic new This cursory analysis is vary beneficial for
functions, which are best implemented in as- data verification and on-site determination of
sembler coda, but means are available to enter future seismometer and disturbance placement.
run time variables, do simple arithmetic, do
an arithmetic branch, pause for displays and
set up loops. These conmand sequences are

stored and executed, as they are initially mm Mentered, • errors are detected itmediately t

and preparation time is kept to that normally
required for command keyboard entry. ,,

ROLE OF UHI CONPUTZR NETWORK

Figure 1 shows a portion of the current wws

configuration of the UKR minicomputer net-
work 3 which complements the data acquisition
system described in the previous sections.
The network consists of a NOVA minicomputer
co-located with and attached to the multi- Figure 1. Partial Arrangement of UNR
plexor channel of an IM 360/50 Computer. Minicomputer Network.
Several remote minicomputers are attached via
high-speed lines (50K baud) to this front-end The disk cartridge which contains the
processor. The front-end processor on`- .field data can be removed from the mobile vai

cates directly with the 360/50 through its NOVA and loaded in a second NOVA located in

1/O channel, controls the high-speed co€muni- the Computer Center and networked to the 1336
cation lines, and controls several low-speed 360/50. There, the data is transferred to the

devices such as a paper tape reader, and 360/50 disk. At this point, the experimenuter
punch and mark sense card reader. Other can perform more sophisticated analysis of the
devices, peripheral to the 360/50,aro ce-n- data and make use of the higher performance

trolled by the remote minicomputers. The peripherals. At present, the 360/50 is used

total system permits a wide variety of 1/O to plot the data and calculation results on a

devices which in turn can handle data in Calcomp plotter and punch some of the shortet
many different forms. Data can be input to records on cards for permanent storage. Long-
the system from paper tape, analog signals, or data records will be stored on magnetic
line drawings (traced on a graphics table), tape. In addition, correlations and trans-
picturas (constructed on a graphics terminal), forms can be conveniently calculated for much
or removable disk cartridges, larger data sets than can be processed in the

When the mobile van is outfitted for minicomputer. A future project will involve
field experimentation, one of the Computer a pattern recognition and feature extraction
Center NOVA's (see Figure 1) is removed and program which will run on the 360/50 to assist

installed in the van. In the field, two the experimenter in his visual analysis of
seismometers are placed in appropriate data and calculated results.
positions and the ground is set in motion The total system permits real-time field
with either ar. explosive charge or a shaker. data acquisition, analysis, and quick-look
Each seismometer supplies three analog followd by central computer analysis with
signals, one for each component of displace- permanent records in the form of p.'ots, cards,

ment. These six analog signals are digitis- disk and tape storaqe.
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INSTRUCTIONAL 52NIrITS SUMMARY A4

The entire data acquisition system can The paper describes the application of

be dismantled, reinstalled in either the com.- minicomputers to the research and instruction-

peter center or the mobile van, and be in al areas of geophysics. The system described

operation within a period of five hours. here uses a minicomputer in a mobile van for

Consequently* there is considerable flexibil- the acquisition and preliminary field analysis

ity in using the instrument as an acquisition of d~ta produced in generalized seismic exper-

system in the field, or as an instructional iments. The minicomputer controls the acqui-

and research instrument in the laboratory. sition, storage and display of raw data and

During the academic year the system is nor- transformed data. The date is then manually

mally used for instruction and processing of transferred to a separate but similar mini-

field data acquired durixag the summer. computer for loading into a larger computing

The system is extremely unique in pro- system for further analysis and storage.

viding a training facility for geophys>is Lastly, the lata may be retrieved and display-

students. ly use of this instrument, these . ed for classroom use as a partial substitute

students can acquire a thorough familiarity fnr ac-tual field experimentatinn.

with elastic wave methods through study of REFERENCES

wave fo.ms, particle motion, correlation

theory, numerical filtering, and deoonvolu- 1. R. D. Rechtien and D. N. Stert, AI Seispic Investigation Over a Near-
tion by manipulation of real data with an seisac envestigatio or a ulear-

immediate visual result of the operations. Sufae evern, accepted for publication,

Many variations of the filter parameters, for Geoexploration.

example, can be obtained in a very short 2. K. L. Hambacker, 'bPECTRUM - Interactive

period of time, thus giving the student a Data Acquisition and Analysis Program for

very sound feeling of each process. Further, NOVA Computer", Technical Report,

the student Is only required to obtain a very CRL 74.3, (August, 1974).

superficial knowledge of the computer pro- 3. H. J. ottingr, Considerations in the

grams, and no programing as such is neces- Design of a Network of minicomputers",

sary. Ph.D. Dissertatic'n, Univerwity of

Hissouri-Rolla, Rolla, Missouri (1973).
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