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ABSTRACT

An effort was made to check the agreement between the 
waveforms excited by a piezoelectric transducer in a large 
metal sheet and those predicted by two-dimensional theory.
The experimental displacements recorded by a piezoelectric 
bimorph transducer correspond to the theoretical displace
ment computed from the theory for a finite isotropic cylindri
cal source in an infinite medium.

An experimental response recorded at 2.5 cm from the 
source was taken as the input to the system. Thus the trans
fer functions of the source and the detector transducers can 
be ignored. Corresponding waveforms at various distances 
from the source were examined in the time domain and in the 
frequency domain. It was found that there was good waveform 
agreement between the theory and the experiments in the first 
10 to 20 microseconds.

Most of the discrepancies between the corresponding com
puted and measured waveforms were due to contamination of the 
input displacements by flexural waves. A pure input function
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was obtained numerically for comparison with the measured 
input function.
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INTRODUCTION

Radiation of elastic waves in solids may be very compli
cated/ depending on the geometry of the source and the in
fluence of cavities or other boundaries in the neighborhood 
of the source. Examination of the response of a cylindrical 
finite source in an unbounded solid provides a framework for 
understanding the factors influencing radiation from more 
complex sources • Faced with the necessity of knowing more 
about the source, the author believed that a combined experi
mental and a theoretical attack on a simple source might lead 
to a better understanding of the general source problem and 
serve as a stepping stone when more complicated problems are 
treated.

Several workers have obtained comparisons between mea
sured and computed waveforms for the displacement on the 
surface of an elastic half-space, due to transient forces 
applied on the surface. Lamb (1904) derived expressions for 
the displacement at a free boundary and sketched the detailed

1
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waveforms to be expected at great distances from an iirpulsive 
normal force on the boundary. With various kinds of three- 
dimensional models, Northwood and Anderson (1953), and Tatel 
(1954), showed waveform agreement between theory and experi
ments. Sherwood (1958) recognized that a point force on the 
edge of a plate properly models a line source on a half
space, and that displacement waveforms in the plate merit 
direct comparison with waveforms calculated for a line source. 
Sherwood computed radial and tangential displacements in 
various directions from an impulsive point force (explosive 
cap) normal to the edge of the plate. Waveforms observed 
with a condenser microphone were in excellent agreement with 
the computed waveforms* More recently, Roever, Vining, and 
Strick (1959) published a quantitative comparison of theory 
and experiments, and developed the expressions for transient 
elastic waves from a cylindrical source near the boundary of 
a solid half-space and a liquid half-space. A preliminary 
part of their theory yields the transient pressure response 
far from a line source of pressure with a 6-function time 
dependence. They stated that a point source produces the 
same transient response as a line source at the distances 
studied.

The purpose of this thesis is to compute the response 
to an isotropic cylindrical source in a homogeneous, unbounded 
solid medium and compare results obtained experimentally 
using an ultrasonic two-dimensional model. Piezoelectricity
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is a means of converting mechanical energy into electrical 
energy and vice versa. The technique is particularly effect
ive at higher frequencies. Since none of the above mentioned 
papers describe a detailed study of those sources most com
monly used in two-dimensional studies (i.e., piezoelectric 
sources), it is felt that such a study should precede quanti
tative comparisons of two-dimensional theory and experiments 
involving boundaries.

The first chapter of the thesis is a review of the 
theory and a discussion of the computational procedures. The 
second chapter concerns the instrumentation and the experi
mental procedures in this two-dimensional model study. The 
theoretical and the experimental results are analyzed and 
compared in the third chapter. The comparisons were observed 
in both the time and the frequency domains for a double check. 
Results have shown very good agreement. This good correspond
ence between the measured and computed behavior lends one 
confidence in applying the mathematical results to more com
plex problems.
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THEORETICAL RESPONSES OF A CYLINDRICAL SOURCE

A brief mathematical review of the solution of the wave 
equation, subject to the boundary conditions of cylindrical 
source will be discussed in this chapter. In addition, the 
approach to the problem, as well as the computational proced
ure will be discussed. Finally, the theoretical radial dis
placements due to an isotropic source will be computed and 
compared with the experimental results.

Background
Strick (1959) derived expressions of pressure response in 

fluid. He formulated the simple boundary-value problems for 
a cylindrical source of radius rQ as follows: The wave equation 
was written as

(V* - ** ° (1)

subject to the boundary conditions

(2)

4
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f fand li.m 'p (r,t) = 0 , here p (r, t) represents pressure in
fluid, c is compressional speed in fluid, r is the measuring'

order, second kind, and Q is the Bromwich contour modified 
so as to avoid the zero-frequency singularity. This express
ion is not obviously applicable for a solid medium such as the 
two-dimensional model. It is necessary to determine how Eq. 3 
should be modified if an isotropic source in a solid medium 
is to be used.

For a cylindrical source in which the pressure is p(rQ ,t), 
Continuity of the normal component of stress on its boundary 
is expressed in terms of the stress tensor field of the solid, 
Tj_j/ an<̂  radial unit vectors,v1 , by

distance, t is time, and S"1 (t) represents the unit step; i.e.,

x-i x 0 for t < oo (t) = 1
for t  ̂o .

The solution for such a step-excited line source is

(3)

where P is constant, (~)is'the Hankel function of zero o ' o c

= p (r ,t) o (4)

where repeated indices denote summation over 1, 2, and 3.
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The geometry and coordinates of this problem are shown below
The metric tensor, can expressed for cylindrical co
ordinates as

g . . A
(1

o

hence v = 6  // gi li

1 \ 2

where 6^ 1 if i j

For an isotropic Kookean medium t . . = X0 g. . + .

Eq. 4 becomes

so

or
where

- ( X 0 + 2y e ) = p (r ,t) 11 0

I <1 ro 0+ 2p £ ) _ p (r ,t) n  1 0

c 1 /
A1 =*

. H
9x

11 T

£. . ID is the strain tensor,

<J> is the displacement potential,

’5r is the displacement vector, and
e is the dilatation = V2 <j)

(5)
(6 )

Since £ = <P r from Eq. 6i / i

XV2 (f) + 2y4> = -p(r ,t) = -P S*1 (t)r ,11 o' o
and since V2(p = g1^ . .. where g1 -1 = 1/g. ,1 3 ' J /yi3

V 2 <p (J) + 0 -h 0
r 1 1

(7)

(8)
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Thus it is seen that an expression of stress continuity at
the boundary is

(X + 2y) $ = -P 6"1 (t) ,Q.fii o (9)
n r  “ P

0 = - w v  <10>
Equation 10 shows that the boundary conditions in the fluid 
problem and in the solid case are analogous with dilatation 
in the solid analogous to pressure in the fluid. The 
boundary value problem of the isotropic cylindrical source in 
a solid infinite, isotropic, Hookean medium is formulated in 
this thesis as follows:

(V2- —  —  )<J> = 0 , (11)
C2 3 t2

32<j)g-pr = P..iro.'PL and lira = 0 .
 ̂ + 2 ̂ r r̂-°° 3 rr=ro

The source pressure in this thesis need not be specified.
There is no mathematically significant difference between 

this boundary value porblem and Strick1s/ hence assume
H2 (- i|E)

4> (r, t) = ,5b- I F (r ,s) -§■— ; —  estds (12)o u -isr
°(— 2)

9 2 (j) 
3r2

k(s)H2 ( ~ ^ )  + c(s)H^ (”~~~) st . 
F (r , s) ------------ 1--- —  e ds27Fi L °

r= r r= r
o r o

s2 iswhere k(s) = - {~z) , and c(s) = -( —  ). The F(r^,s) whichc cr 0
satisfies the boundary condition is
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- P (rn, s)
X + 2\x

1 k C s ) ' H V ~ o )  + c (s) Hf C-A-s-rc)\ ----- --------------    c

Note that solutions of the form of Eqs. 3 and 12
satisfies both the boundary condition on the infinite
cylinder of Strick's formulation and the corresponding 
boundary condition of the solid problem.
Approach To Problem

The detection of the displacement with a bimorph piezo
electric ceramic transducer is a practical problem. For the 
seismic system in this study, the bimorph transducer does not 
measure displacement without distortion. The output of the 
bimorph is the voltage, namely V(s), due to particle dis
placement in the plate, E (r,s), taken as the input. If T(s) 
is the transfer function of this assumed linear system then

If one is to associate particle displacement with ob
served voltages then T(s) or the corresponding impulse response 
must be determined. To do this a standard displacement source 
which will produce a sufficiently broad and properly sit
uated spectral band is needed. The development of such a 
standardized source would probably be a most difficult job 
and it was felt that this problem could be avoided by means 
of a technique which would permit meaningful comparison of 
theory and measurement.

(r, s) T_(s) = V(s) .
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The basic idea of the above mentioned technique is that 
the displacements at two points in the model will differ only 
by virtue of a transmission function which is characteristic 
of important features of two-dimensional wave propagation.
If the bimorph transducer is carefully identically planted at 
the same two points the voltages measured will also differ by 
this same transmission function. Mathemathically these con
cepts may be expressed as follows:

v 0 (t)

Source

Bimorph Bimorph

Equation 12 may be rewritten in the frequency domain as

§ (r,s) =
H 2 (- o

isr,
   $ (r
isr . o

o (-or

(r,s) = (s)
9r

H?
— $ (r , s) c o

isr \

isr
W

o

(14)

(15)
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Now, if two measurements are taken, namely Vi(s) and V2 (s) then

(16)
isr.H?(g) V2 (r2 ,s)/T(s)^ v2 (r2 ,s) H? C--— a )

= (s) y \ (r 1 ,s)/ I {s) VjtrjjS) tt 2 , isr t.
-1 1 v c

Substituting icofor s, the above may be written
Hi )

a , )
1 c

„ 2 -mr2 ,
o r  Hl { ~ ~ r  } Mv2 (w) = - r j —  V! (03) (18>

Hi ( ~ M

Equation 18 describes a new linear system which we will call
the transmission system. V^(r^,Go) can be defined as an input
function recorded at a distance r^ from the source, and ̂  ( ^ /W)
can be defined as an output function recorded at r~ from the

H* 'ar2 )source. Of course, W(w) = — :*— c is the new system function.
H2 1 c

Thus the response from the output can be computed either in
the frequency domain as shown in Eq. 18 or in the time domain
as shown in Eq. 20. If 5 (r ,g o ) or Vi (r ,t) is known1 1 1

'■i (r2 ,t) = 2,7 W(oj) 5 1 (m) e^°Ĵ dw (19)
’-CO

or
1 I 00V 2 (r2 ,t) = — — I W(to) V 1 (go) e dm (20)

Computational Procedure
In the last section it was shown that the theoretical
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results could be computed for comparison with the experi
mental results in the time and the frequency domains and a 
new input function V-^Cr^t) and a new system function W(cu) 
were introduced. However, in practice a question arises as 
to the distance r^ where the input function is recorded. It 
is necessary to consider in more detail the input function 
and the transmission system function before deciding upon a 
proper r,

-L •

The frequency spectra of different transmission systems 
are shown in Figure 1. The system functions were computed 
and plotted by selecting the ^ / r ^  ratio to be 1, 2, 5, 20, 
and 100, respectively. All the phase spectra are linear . 
above 50 KHz indicating that there is little dispersion of the 
higher frequency components. Examination of the amplitude
spectra for the ratios 2, 5, 20, 100 reveals the interesting
fact that the spectra roll off to the origin below 100 KHz. 
They deviate from the spectrum for equal to one in such
a way that most of the distortion is accomplished by the time 

reaches 2. Note that the waveforms should change very
little from each other after the ratio is beyond 5.

In order to investigate the waveforms in a wide range 
of ratio, one should have a plate large enough so that
the input function V-^(r^,t) could be recorded at a distance 
such that no interference would exist. Low-frequency flexural 
waves and the electromagnetic effects contaminate the input 
function V^(r^,t) when r^ is less than 5 cm. Shielded cables
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and a piece of metal placed between the source and the de
tector were used to reduce electromagnetic effects. Hence,
the selection of r^ had to be made as a compromise between
the need to minimize source noise (electromagnetic and flex
ural) and to maximize the ra_l::io when an 8 ' x 4 ‘ plate
was used. An r^ of 2.5 cm was selected for this study.

The first step of the computation was to obtain theo
retical responses V^Cr^/^3) from measured V^(r^,w). In this 
computation the phase shift due to travel time, T̂ , was removed
so that phase characteristics of pulse shapes could be seen.

—  i GOTThus it was = g o ) e (21)
which was computed, where i-s t-*rie transform of the
measured V^(r^,t), and delay time Tq was calculated from the
slope of the phase spectrum of the system function W(oo)i

V 2^r2/(̂  'vas comPutec  ̂ terms of the real part Re
and the imaginary part Im at equi-spaced frequency
intervals, namely 6 .6KHz, and the.frequency characteristics
(amplitude and phase) of V (r , g o ) were -imputed according to

2 2 ]
amplitude ( g o ) = ((ReV 2 (oo)J2 + (Im V2 ( g o ) ) 2 )

and . / , -1 Im V? (w)phase ( g o ) =  tan -------- —* Re V2 ( g o )

Secondly, the inverse Fourier transformation of V 2^r2/G°̂ 
over a finite frequency interval-1/2At <f< 1/2Af,where At is 
sampling time interval, gives the theoretical de
rived from a measured V^(r^,t). Of these inverse transformed 
responses, an interesting feature was that the theoretical

H
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=1

s

-IT
a) phase spectra

auplitrdc spectra

6000 100 • 200 500
Frequency (IIC)

Figure 1. Frequency spectrum of system function V(v;)
of different r^/r^ ratio
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V 2 (r ,t) was zero at negative times. This indicates that 
the inverse transformations were properly accomplished.

Third, the Fourier transformation of the experimental 
results were computed. The oscillograms were photographically 
enlarged so that the waveforms could be digitized at a 0 .5psec 
interval.

All computation work was done with a CDC-8090 digital 
computer. Functions were treated as sequences of equally 
spaced, weighted impulses. For example, the second step of 
the computation could be written as

i M
V2 (r2 ,t) = 2 -̂ £ V! (ri,nAm)W{nito)elnA“t (22)

n=-M

where 2M+1 is the number of points which was 301, and Aw 
is frequency interval which was 6 ,6KHz. Similarly, step 
three, or the Fourier transformation of the experimental 
responses, could be expressed as

M
V2 (r2 /o)) = E V2 (r2 ,nAt)e1Wn (23)

n=-M

where At is sampling time interval which was 0.5psec.
Since only a finite number of discrete points can be 

considered, the data must be truncated. The effects of samp
ling and truncation are two of the principal factors govern
ing error in the applications of Fourier techniques to di
gital data analysis. For a more detailed discussion see 
McNett (1967) .
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Computational Results
Figures 2 to 8 are the amplitude spectra and the phase 

spectra of both the theoretical and experimental responses in 
the frequency domain . The heavy traces represent the amplitude 
spectra, and the light traces represent the phase spectra.
They were put side by side for direct comparison. The inverse 
transformed waveforms, or the theoretical responses, are shown 
in Figures 9a to 12- a.
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Tijure 9- a )theoretical b )experinental V (t) for 9-20 cn,
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b
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Firure 10-a)theoretical b )experinental V (t) for r. 25-3!) cm.
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b

Figure 12- a)theoretical b )experimental V^(t) for
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INSTRUMENTATION AND EXPERIMENTAL PROCEDURES

This study used the conventional two-dimensional ultra
sonic modeling technique. decent developments in the util
ization of the ceramic piezoelectric transducer in the seismic 
model may be found in "References".

Instrumentation
As shown in Figure 13, 13a and 14, an 6061-T4 aluminum 

plate, 8 ft long by 4 ft wide, and by 1/8 in. thick, was used 
as the model. The plate was laid horizontally on top of foam 
rubber in order to attenuate the flexural waves introduced to 
the plate. The source isotropy was maintained by making sure 
of the same results in all recording directions. Thus the 
model corresponds to a cylindrical isotropic source in a homo
geneous, infinite medium. The plate was chosen so that its 
thickness was much less than the shortest wavelength of in
terest (about 3/4 in.). A hole was drilled in the center of 
the plate, and a hollow cylindrical barium-titanate transducer, 
1/4 in. in diameter by 1/4 in. long, was mounted in the hole
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to serve as a source. Candle wax was used to fill up the 
interstices between the source transducer and the plate. A- 
soldering gun was used to heat the plate so that the wax 
would melt and flow into the interstices to improve source 
isotropy. The source transducer was appropriately cut so 
that primarily dilatational energy could be radiated from the 
lateral boundary of the source transducer; i.e., it was driven 
in the radial mode. The free resonant frequency of the source 
in radial mode is 0.5MHz. Signals from a pulse generator, 
shaped with a L-R-C circuit and amplified to approximately 
800v were used to drive the transducer. The pulse had 4.5 ^sec 
duration time. To generate the pulse, step-like displacements 
of approximately 0.5 ysec rise time were used initially, but 
such inputs gave rise to resonance effects in the mechanical 
system causing high frequency oscillations superimposed on 
the output signals. It was therefore necessary to use the 
smooth input signal (Figure 13) whose time durations were the 
minimum permissible without causing spurious resonance. Shap
ing the output of the pulse generator with the L-R-C circuit 
was effective in producing narrow Gaussian-like displacement 
pulses with well-rounded corners.

A barium-titanate bimorph transducer 1 in. long and 
1/16 in. wide was used as the detector. It is sensitive • 
to bending in only one direction. The directional sensitivity 
is advantageous because it permits one to pick up radial 
motion simply by facing the detector to the source. The setup
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Figure 13a. The model with the associated instrumentation 
of Figure 13.
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of this detecting system, as shown in Figure 14 was carefully 
designed to record accurate results. The bimorph was mounted 
on one end of a bar which was balanced to eliminate the heavy 
load on the detector. The bar could be slid on a leveled rod 
to maintain the recorder's direction.

A block diagram of the apparatus used, with typical 
waveforms throughout the system, is shown in Figure 13.
Figure 13a is a photograph of the model and modeling apparatus 
used in this study.

Experimental Procedure
To properly detect the displacements in the two-dimen

sional model was by no means simple. In many two-dimensional 
model studies, the detector was placed on an edge of a plate 
to detect the waveforms either from the source placed along 
the same edge or from the source mounted in the plate. In 
this study the displacements had to be measured by a bimorph 
at any point on the surface of the plate. This requirement 
led to the problem of establishing good and reproducible 
coupling of the plate to the bimorph. Fortunately it was 
found that if the bimorph was set at about 70° to the plate 
and toward the source the desirable signals could be maxi
mized without recording excessive flexural modes. In this 
manner the detector was moved away from the source in 5 cm 
increments. Measurements were taken from 5 cm up to 65 cm 
from the source, the results are shown in Figure 9b through 
12b. When the distance exceeded 65 cm, the reflected waves
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from the edge of the plate added to the direct arrivals.
In order to get nearly complete waveforms, the oscillo

scope was used in the delaying sweep mode and a sweep of 10 

ysec per cm was selected. The delaying sweep of a Tektronix 
545 oscilloscope was calibrated and used to time events on the 
record. This sweep speed provided good resolution for the 
events. The responses were delayed by the delaying sweep 
control. The delayed responses, with the zero time reference 
just prior to the first arrivals, were amplified, filtered, 
and presented on the screen of the oscilloscope. The wave
forms were photographed by a Poloroid camera with very high 
speed films.

The picture of the input function (r jy t) was ta-̂en a^
2.5 cm from the source. A piece of metal was placed between 
the source and the bimorph to reduce the electromagnetic ef
fects. All pictures were photographically enlarged for di
gitization .

Experimental Results
The experimental responses of the bimorph transducer are 

shown in Figures 9b to 12b. Responses from 5 cm up to 65 cm 
were aligned at their first arrivals so that changes in wave
forms of the dilatational arrivals could be observed. Figure 
15 also shows the measured and calculated velocities of the 
dilatational waves and the flexural waves, namely 5.64 Km per 
second and 2.46 Km per second. The calculated velocities 
were computed by using the given values of elastic constants
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from the distributer's catalogue and the equations by Morse 

(1958). Note that there are intercept times for both the 

direct arrivals and the flexural wave arrivals. The intercept 

time for the direct arrivals is probably due to time delaying from 

from the pulse generator to the source (Figure 13). However, 

it was seen that the intercept time of the flexural wave was 

not the same as that of the direct arrivals. It is felt that 

this feature can not be properly explained without greater 

understanding of the flexural wave in the near field.
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QUANTITATIVE ANALYSIS OF THE RESULTS

Figure 9b to 12b shows a sequence of traces taken 
every 5 cm along a line from 5 cm to 65 cm. Each trace re
presents a 60 ysec interval beginning just prior to the first 
arrival. This permits most of the direct arrivals of interest 
to be displayed with reasonable detail. Since only the wave
forms of the dilatational waves are used for comparison, the 
relative gain and time delay are not discussed here.

A few of the features of the computed seismograms should 
be noted. First of all, there are uncertainty factors in the 
digitization and the computation processes. Secondly, a low- 
frequency high-amplitude flexural wave superimposed on V^(r^,t) 
was seen in Figure 16b. These features should be kept in mind 
while the experimental and the computed results are compared.
It may be seen from Eq. 18 and Eq. 20 that V^(r^,co) was the 
input function which played an important role in this study.
It appears that the computed results do not agree perfectly 
With the experimental results because of the interferences
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of the flexural waves. However, the first 10 or 15 sec of 
computed waveforms show an excellent agreement with the ex-' 
perimental waveforms as shown in Figures 9 to 12. A quanti
tative comparison is given in Table 1 to show the close agree
ment. Gradual changes in waveforms, expressed by b/a ratio,were 
seen in both the experimental and the computed results. Note 
that the systematic change was most pronounced while the 
measuring range was less than 25 cm. This verifies our pre
diction (page 1 1) that the greatest changes in waveforms 
should be expected in such measuring ranges because of the 
characteristic of the system function. Note also that the 
zero crossings of the first arrivals showed the agreement.
The author thinks this table is the most significant part of 
the thesis. It clearly summarizes the significance of the 
system function W(s).

For more verification, further effort was made to com
pare the results in the frequency domain. Figures 2 to 8 show 
the experimental spectra side by side with theoretical spectra. 
Unfortunately, the spectra do not fit each other with the 
precision desirable. Again, this is probably due to the 
interfering flexural phase in V^(r^,t). A careful study of 
these figures will reveal several important aspects of the 
frequency-domain description of the real functions. The 
differences in peaks are noticeable. However, the general 
alignment of peaks and troughs is usually the same. It must 
be remembered that the input function V^(r^,t), recorded at
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2.5 cm from the source, was contaminated by flexural waves. 
This interfering flexural wave may affect the spectra through
out the frequency range; however, the differences appear to 
be greatest in the lower frequencies. Therefore, the lack of 
agreement between the experimantal and theoretical results 
in the frequency domain is explicable.

The question now arises? how much of the V^(r^,t) would 
be relatively pure compressional wave. To answer this quest
ion, the author used an experimental response mea
sured at 40 cm from the source. At this distance V^Cr^/t) is 
completely separated from the flexural waves due to their 
different travelling velocities (Fig. 15). The pure
input function V^(r^,t), can be computed by using the re
lationship W (s) with the experimental V 2 (r2 /t) (Fig. 16b), 
One can see that the first 17 or 18 psec of the experimental 
V^(r^,t) would be relatively pure. Note also that the ex
perimental and theoretical b/a ratios are in good agreement.
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CONCLUSIONS

This study demonstrates some waveform agreement between 
the theoretical responses of an isotropic line source in a 
homogeneous isotropic unbounded, elastic solid medium and 
the experimental responses obtained from a two-dimensional 
model simulating the theory. Comparisons between the theory 
and the experiments in both the time domain and the frequency 
domain has been focused on particle displacements.

In the time domain, a quantitative comparison of wave
forms was made based on the peak amplitude ratio and the 
period of the responses. Good agreement was observed despite 
the introduction of the low-frequency tails onto the input 
function.

In the frequency domain, comparisons between the theory 
and the experiments were based on amplitude spectra and phase 
spectra. These agree with each other nicely for the higher 
frequencies. The amplitude spectra show differences at low 
frequencies; but the corresponding peaks and troughs align.

39
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These differences are attributed to flexural wave contamin
ation of the input function Vi (2.5 cm,t).
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SUGGESTIONS AND RECOMMENDATIONS

This two-dimensional model gives us reasonable waveform 
agreement between the theory and experiments. However, some 
improvements could be made to provide more satisfactory re
sults. First of all, the input function V^(r^/t) should be 
recorded at a great distance such as 5 cm. Thus the electro
magnetic effects and the contamination of the flexural waves 
could be considerably reduced. We have learned that the most 
pronounced changes in waveforms would be in the range when 
the r^/r^ ratio is less than 5. Therefore, the more signi
ficant results could be obtained when the r^/r^ ratio is 
less than 5 and V^(r^,t) has the least distortion. Secondly, 
a seismic model technique suggested by Silverman and Cordell 
(1965) could be considered. A vertically hung metal sheet 
was used for the two-dimensional model. With piezoelectric 
transducers in pairs pressed against the sheet from opposite 
sides, they probably obtained some flexural wave cancellation 
by adding the outputs. Third, some techniques to reduce the

41
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electromagnetic effects at the near field detection is 
highly desired for the future work. However, the author
has no idea how to overcome the difficulty.

This study is just a start toward better understanding
of the source problem in a two-dimensional model. With the
knowledge we have gained from this simple geometry source, 
we could better study some of the more complicated problems 
of elastic wave propagation by means of two-dimensional 
models. For example, a model of a cylindrical source in 
one of two homogeneous media separated by a welded boundary 
or even in one layer of a multi-layered media could be 
studied. Waveform studies on these complicated models would 
be instructive and invaluable in seismic wave interpretations.

Another suggestion for the future work is to study the 
flexural waves in a two-dimensional model. It was found 
that the flexural waves play an important role in this study, 
especially in the near field defection. It would be bene
ficial to the two-dimensional model study if more proper
ties of the flexural waves could be known.
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