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[bstract

The generation of seismic waves by an exploslive source
in homogeneous media was lnvestigate. by two-dimensional
models., The size of the effective source for compressiocnal
waves agrees well with the outer limits of the zone of cir-
cumferential cracking in a brittle medium. Prominent ‘hear
waves appear only when the source produces long radial
cracks, 1is located near the free surface of the model, or
the source 18 elongated. The radiation of both types of
body waves 1s strongly modified when the scurce is near the
surface.,

The P-wave spectrum can be modified by surrounding the
shot with a different materiai. A cavity, filled with air
or a solid substance, affects the signal through both its
geometric configuration and the properties of the material
in the cavity.

The evidence {rom Rayleigh wavce i.ndicates that iae
effect of an explosion changes from a vertically applied
source pulse to a buried center of compression when the
source depth exceeds the radius of the zcne of non-slastic
behavior,

When the medium is statically stressed before the shot,
the body waves are modified. For relatively small strains
in Plexiglas, a definite, but small, anisotropy is produced
by the static strain., The presence of the static strain
guldes the release of energy from the explosion. Complete
rupture of the sheet was produced by exploslions when the
stress vias well below the static tensile strength., Small
but distinct S-waves were produced in prestressed sheets,
but could not be detected in the same material without
load ng.

A low veloclty wedge modifies wave propagation by
creating a shadow zone., Diffractions into thls shadow
zone from the wedge tip were observed,

vi




CHAPTER I

Introduction

The purpose of this research was to develop techniques
by which the selsmic effects of explosions in solid media
could be studied in the labo.ratory and to apply these tech-
niques to several problemz of concern in the detection and
1dent;ficat10n of underground nuclear explosions. Well-
established principles of two dimensional seismic modeling
were employed, Instrumentation for measuring the radial
and tangential components of the extensional vibrations of
the modgl resulting from the detonation of a suitable lab-
oratory explosive was fabricated.

Several aspects of the generation of both body and sur-
face seismic waves were lnvestigated. Although definite
conclugions about several of these problems have been drawn,
concluéions which are in at least general agrecoment with the
results of theory, it must be emphasized that all resultc
of model studi-zs should be subjected to full-scale testing.
Indeed, one of the values of model studies is the 11isight
they provide as an aid in the design of full-scale experi-
ments.

In the present work, measurements of the explosion-
induced stress waves were made in the close-in e¢lastic re-
glon., In addition, these experiments have afforded the
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opportunity of directly observing the zone of faiiure pro-
duced in the so0lid material by the explosion. An attempt
has been made to relate the fallure mechanism to the prop-

erties of the seismic signal.

Papers and Publications Based on the Research.

The scope of the work accomplished is indicated by the
papers presented at sclentific meetings and puhlished in
scientific Journals that were based on the research.

1) C. Kisslinger and I. N. Gupta, Studies of Explo-

slon-Generated Dilatational Waves in Two-Dimensional

Mc.els, Jour, Geophys. Res., 68: 5197-5206, 1963,

Presented to 44th Annual Meeting, Ameri:zan Geo-
physical Union, April, 1963,

2) C. Kisslinger and I. N. Gupta, Two-Dimensional
Model Studies of Explosion-Generated Seismic Waves,
Presented to Thirteenth Ceneral Assembly, Inter-
national Union of Geodesy and Geophysics, Berkeley,

- California, August, 1963.

3) I. N. Gupta and C. Kisslinger, Model Study of Ex~
plosion-Generated Rayleigh Waves in a Half-Space,
Bull, Seis. Soc. Amer, 54: 475-484, 1964,

4) I. N. Gupta and C. Kisslinger, Mode¢l Study of Seis-
mic Waves from Explosions in Rectangular Cavities,

Bull, Seis, Soc. Amer,, 54: 1105-1113, 1964,

5) C. Kisslinger, Small Scale Studies of Explosive
Seisniic Sources, Presented to VESIAC Special Study
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Conference, La Jolla, California, 22-24 March, 1965.

6) D, S. Bahjat and C, Kisslinger: Model Study of
Radiation from an Exvlosion in a Circular Disk.
Presented to 46th Annual Meeting, American Geo-
physical Union, April, 1965. Abstract in Trans.
Amer., Geophys., Tnion, 46: 145, 1965,

7) I. N, Gupta and C. Kisslinger: Radiation of Body
Waves from a Near-Surface Source, Presented to
Arinual Meeting, Seismological Soclety of America,
April, 1965.

8) W. H, Kim and C. Kisslinger: Model Study of Seis-
mic Effects of Explosions in a Pre-stressed Mediun,
Presented to Annual Meeting, Eastern Section, Seis-

mological Society of America, October, 1965,

Personnel,

The following members of the Department of Geophysics
and Geophysical Engineering were engaged in the research
program at various stages:

Carl Kisslinger, professor, was principal investigator.

Indra N, Gupta, graduate research assistant, completed
his Ph,D, degree in June, 1964, His dissertation wss based
on the investigation of Rayleigh waves carried out under
this program.

Won H. Kim and Dhari Bahjat, graduate research assist-
ants, are completing the requirements for the Ph. D. degree,

John T, Maschmeyer, an undergraduate in the Institute

)
!J
W m’ik .




of Technology, worked on research related to the project
under the ausplices of the National Science Foundation Under-
graduate Research Participation program in the summer of

1965.

Experimental Pfocedr‘e and Instrumentation.

The experimental technique has been described in de-
tail in Kisslinger and Gupta (1963) and Gupta and Kisslinger
(1964a), and only a summary will be presented here. A sche~
matic of the laboratory set-up is seen in Figure 1-1, A
small charge, approximately 10 milligrams, of silver acrty-
lide, 1s detonated at the selected sho¢ point, either in a
close fitting hole drilled in the model sheet, or 1in con-
tact witli the free edge of the model. The flash of light
accompanying the explosion is detected by a photocell, and
the resulting pulse triggers the sweeps of the oscilloscopes.
The resulting elastic waves are detected and the display on
the oscilloscope photographed. The types of detectces used
will bée discussed below.

An explosive source has one disadvantage in compar-
ison with pulsed transducer sources more commonly used in
model studies: thexre 18 only one opportunity to record the
eignai. For this reason, rour channels of recording have )
been employed in most of the experiments. In addition,
in many exp:riments 1t was desirable to use a single re-
cording set-up and record several shots with it., This

implies tiie use of several shot points in the same model

L
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sheet. DBecause these shot holes become scattering centers,
in all sv2h experiments the shots fart;est from the detec-
tors were fired first, and then the closer ones. In this
way the fractured regions around each shot were not between
the subsequent shots and the detectors. B8ince the wave-~
lengths involved were conslderably longer than the la: zest
dimensions of the shot holes, even after firing (the order
of 10 centimeters compared to one centimeter or less), the
effect of ‘scattering by multiple shot holes 13 not con-
sidered to be important,

The frame which was constructed to hold the models,
with the arroigement to allow stretching of the models in
the experiments on the effects of prestressing, 1s seen in
Figure 172. Tenslle loads up to 20,000 pounds can be
applied with this device,

The Explosive Materlal. The silver acetylide

(AgQCQ-AgNO3) is prepared by bubbling acetylene gas
(CoHp) through a neutral aqueous solution of silver ni-
trate., The charges are formed in a special die from the
resulting precipitate while it 1is stilll moist and putty-
like., The material is compressed to den:r ity of about

2 gm/5m3. The normal charges are 1.25 mm in diameter,
and are cut to various lengths, depending on the thick-
ness of the sheet of material, For some experiments, the

explcsive was pressed whille still moilst into the shot hole.

The advantages of this material as a laboratory explosive




FIG.{-2 LOADING AND FIXTURE FRAME
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are in its ease of preparation, ease of casting into the
desired form, and ease of detonation.

The Model Materials, Aiuminum, Plexiglas, and Styro-

foam were selected as model materials because they are
readily avallable in large, thin sheets, they have very
different elastic constants and den¢ ' 'ties, and because they
fail under explosive loading in different ways. The empha-
sis in this research was on the mechanism of wave genera-
tion rather than on propagation. It is well known that the
properties of the shot point medium significantly affect the
seismic signal, and so it was desirable to have media with
distinctly different properties available,

Aluminum is ductile, and at the shock pressures en-
countered in these experiments, fails by plastic flow, with
only minor cracking. Plexiglas 1is brittle, and its failure
exhibits the typical features of explosions in rocks. Styro-
foam 18 easily crushable, and the explosive pressure pro-
duces a large circular hole.

The Instrumentation. Three types ¢ detectors were

used at various times: ceramic transducers (barium titanate
and lead zirconate), capacitance transducers, and SR-4
strain gages. In the capacitance pickups, one plate of the
capacitor is the probe and tne other is the flat side of a
hole in the specimen in whi:h the probe is inserted. In
the case of non-conducting model materials, a piece of
metal foil is fixed to the hole, while for metal sheets,
the nmodel itself forms the other plate. A potential 4dif-

e e
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ference ranging from 150 volts to 500 volts 1is applied
across the capacitor. The capacitor 1is coupled through a
cathode follower, through 60 cps and 120 cps rejection fil-
ters to the input of the oscillnscope. The overall fre-
quincy response of the detecting system is from d.c. to
about 250 keps. The capacitance pickups used are not
calibrated to give absolute measures of displacement, but
were adjusted to equal sensitivity in a given set of obser-
vations,

For investigations in a prestressed medium, SR-4 dy-
namic strain gages were emplcyed, in addition to the capac-
itance probes, to yield desired quantitative measures,
These made possible the calculationi of seismic energy in
the compressisnal elastic waves,

The oscilloscopes used are two Aual-beam Tektronix
models, 502 and 502A, with frequency response from d.c. to
an upper limit of 0.1 - 1 mcps, deperding on sensitivity.
Because the precise place on the pulse waveform from the
photocell at which the sweep 1s triggered depends on the
trigger level setting, a variable error (5-15 )Jsec) can
be introduced into travel times read on the records. For

this reason all velocity determinatiorns were based on transit.-

times between two probes, rather than time from the source.
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CHAPTER II

Generation of Body and Surface Seismic Waves

Compressional Waves in the Infinite Medium,

In order to gain insight into the basic principles
underlying the experimental method to be employed, the first
problem investigated was that of the generaticn of the pri-
mary compressional wave by an explosion in an infinite
sheet. This problem bears the same relation to two-dimen-
sional selsmology that the point source in an infinite homo-
geneous medium bears to three-dimensional seismology (Sharpe,
1942): Strictly speaking, the analogous problem in three
dimensians i1s the infinite line source of compressional
waves or infinitely long cylindrical cavity of small diam-
ater loaded with uniform normal stress on its walls,

The theory was developed in Kisslinger and Gupta (1963).
The integral solutions were evaluated numerically and curves
showing peak displacement as a function of distance, the
travel time curve of the peak displacement, the waveform
at large distances for 1mpulsive, step-function, and expo-
rentlally decaying pressure time functions on the cavity
boundary, and the effect of Poisson's ratio on the wave-
form were plotted,

The compressional waves generated by explosions in the

three medla were compared with these theoretical results.

10
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The plate wave and shear wave velocities in the three media
were determined to be:

Aluminum: Vp = 5.4 km/sec; p=3.1 km/sec

Plexiglas: Vb = 2.3 km/sec; p=1.35 km/sec

Styrofoam: V, = 0.9 km/sec; p not measured, estimated

as 0.5 km/sec.
The amplicudes of compressional waves in Plexiglas are about
fi times those produced by the same yield in aluminum.
Waves in Styrofoam are about 20 times as blg as those in
aluminum,

The spectrum of the compressional arrival in aluminum
is flat from 1 keps to 50 keps, and falls off slowly (about
2 db/octave) out to at least 100 keps. In Plexiglas, the
spectrum is almost flat frcm 7 to 30 keps, with a peak
near 26 keps. The spectrum in Styrofoam is more sharply
peaked near 8-9 keps. The trends of both the amplitudes
and the frequencles are in agreement with the theoretical
results when reasonable assumptions about the input pres-
sure pulse shape are made.

Because the cavity size affects the frequency content
of the compressional signal, it 1is possible to estimate
the size of the equivalent radiator from the data. In
Styrofoe ne large circular hole is taken as the slze of
the source, In Plexiglas the source reglon is marked by
both circumferential and radial cracks. Much better agree-
ment 1s obtained with the theoretical predictions if the

radius of the zone of circumferential cracks is used ar

11
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the cavity radius than when the greatest extent of the radial
cracks 1s used. This 1s also in agreement with the general
observation that the ex»losion genergted P waves with equal
amplitudes 1n all directions. The generator should be cir-

cularly symmetric, as the zone of circumferential cracks is.

Shear Waves in the Infinite Medium.

The generation of shear waves by an explosion in solid
media has‘often been observed, but a complete theory has not
been developed. Alternate mechanisms that are avallable are
departures from symmetry of the source due to departures
from homogenelty of the medium around the shot, and the re-
lease by the explosion of non-hydrostatic strain pre-existing
in the medium (Kisslinger Mateker, and McEvilly, 1961,Press
and Archambeau, 1962, Toksdz, Harkrider, and Ben-Menahem,
1965). Both of these ilechanisms were investigated in this
resesrch program. Only the results for the asymmetric source
wlll be discussed nere. The work on the pre-stressed medium
willl be reviewed in the nex. chapter,

Shear vJaves propagating directly from the source were
either very weak or not detectable (Styrofoam) in the ex-
periments described in the previous section. Apparently
all of the model materials were sufficiently homogeneous and
isotropic that the explosions were essentially symmetric,

In order to produce prominent shear waves, rectangular holes
were used as shot points, The experiments are described in

full in Gupta and Kisslinger (1964b).




The rectangular shot points were intended to simulate
the elongated radial cracks which are the result of under-
ground explosions, especially when detonated in brittle
media. Since the chs “ges were detonated at the center of
the cavity, the svstem approximated a bilateral crack of
finite length.

The theoretical radlation patterns of P and S waves
ror a bllateral crack in an infinite medium were derived
by Knopoff and Gilbert (1G60). In addition Heelan's re-
sult (1953) for radiation from a cylinder ylelds the same
radiation pattern for both types of body waves,

To obtain the radiation patterns in aluminum, the ex-
perimental set-up shown at the bottom of Figure 2-1 was
used. The detectors were fixed along a line and cavities
oriented parallel to this line, perpendicular to it, and
at 450 to it were employed. Three detectors of tangential
motion were employed to permlit certaln identification of
the propagating shear wave, and a single radial detector
was uséd. The variation of peak amplitude of the P and S
wave 1s also shown on the figure., The change 1n polarity
cf the S wave with tilt of the shot cavity was definite.
After correcting for attenuation with distance, the radia-
tion patterns at the top of the figure were obtained. The
shape of these patterns 1is 1n excellent agreement with the
theory, but the P waves were much bigger relative to the
S waves than predi.ted.

The experiments in Plexlglas were complicated by the

13
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prominent cracks formed at the corners of the cavities. This
behavior was expected for this material, but modifled the
ra@iation of selsmic energy. The patterns were generally
similar to those in aluminum, and the importance of the
shape and orientation of the shot hole in determining the
amplitude and sense of first mo:lon of the S wave was estab-
lished beyond doubt,. Essentlally the same pattern was found
when a circular (normal) charge was fired in the center of
the rectangle and when the rectangle was packed full of
e.ixplosive material. The F waves were more nearly uniform

in amplitude and the S waves were smaller for the case in
vhich the cavity was filled with the explosive, indicating

this resulted in a more nearly symmetric Source,

The Effect of the Surface on Radiation of Body Waves.

Altnough the results for an infinite medium give im-
portant insight into the wave generating mechanism, actual
seismic sources are located more or less near a f{ree sur-
face, and this surface drastically modifles the radiation
of seismic energy (Burridge, Lapwood, and Knopoff, 1964).
The direct examination of this effect in the fileld 1is
difficult because 1t requires the emplacement of a number
of deﬁectors under the shot. An approximation of the prob-
lem was achleved 1in earlier field investigations with small
dynamite charges by firing near the top of a vertical bound-
ary in a limestone quarry and recording on the horizontal
rock face, P waves were radiated with minimum amplitude

in the direction normal to the face and maxima were found

15

1.




- .:??,

av “50 to the face, S waves showed a node at right angles
to vuce face, with reversed polarity on either side., and
maxima at 450. It 1s not known if the largest amplitudes
were actually transmitted at 45° or some other angle be-
~~'i18e of the limited number of instruments,

This problem could be investigated readily by the
model technigue. The results are described in dztall in
Semi-Annual Technical Report Number 4 under this zontract.
Plexiglas was selected as the model material because it
exhibits trittle fracture, similar to the rock in the fleld
exper’ments. Four capacitance probes were used to measure
P and S waves at points 35 cm from the shot along a 90° arc
of the circle with the shot point at or near the center.
The shot points were on the surface and at depths of 1 mm,
2mm, and 4mm from the surface. The shots in .ne interior
of the sheet all produced craters. A final experimen! used
w trlangular wedge cut in the edge of the sheet, packed
with the explosive, as a source.

The laboratory records do exhibit features similar
to the fleld records. The onset of the S wave 1s clearer
on the laboratory records, but the field records do indi-
cate S motlon with initial motion in the direction of that
in the model experiments.

The model data were compared with theoretical results
for a surface line source. By combining the predicted pat-
terns for vertical and horizontal stress at the source,

radiation patterns similar to those observed could be

16
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derived. In particular the drastic variations of the S
wave amplitude 1in the neighborhood of the critical angle
for S to P conversion on reflection were observed.

The surface amplitude of the P wave was found to be
large, and clearly a distinct event from tne waves pene-
trating the interior. It 18 a head wave associated with the
free boundary. The attenuation of this wave with distance
has not been compared with that of the regular P wave, and
this should be done in future experiments.

The conclusicn of this work 1s that a cratering shot
can be represented by a combination of horizontal and ver-
tical force applied at the surface and the radiation 1is ex-

plained by established theories for surface sources,

Radiation from a Circular Inhomogeneity -- Decoupling,

Decoupling remains one of the thorny problems of un-
derground nuclear test detection. As detection capability
has increased through improved instrumentation, the use of
arrays, and more effective data processing, the question
of how effectively a test may be concealed by detonating
it in a cavity, or in a cavity filled with an energy-absorbing
material, has remained unangwered and of ever greater im-
portance,

Two-dimensional models are not an appropriate dcvice
for studying decoupling because the explosion 1s iree to
vent in the direction normal ¢o the sheet, and a true

tightly coupled shot is never achieved. The absolute

17




reduction in energy in the seismic slgnal prodvced by a
cavity around the shot 1s difficult to assess., However, the
way in which the spectrum of the P wave 1s affected by the
introduction of a cavity, fililed with air or some new ma-
terial, can be measured. The emphasis in this researcn has
been on an investigation of thi- aspect of the problem.

T're medium in which an explosion 1s detonated affects
the radliated seismic energy in two wajs: ts response to
the shock wave that travels through it, ¢2termined by its
physical properties; and by i1ts geometric configuration.
Most of the work on the ~xplosive seismic source has treated
the source medium as infinite in extent, and has evaluated
only the first of these effects., The geometriz factor has
not received much attention except for the influence of
the size of the cavity in decoupling studies. In this work,
the spectrum of the compressional waves 1s related to the
size of the cilrcular region around the shot and the con-
trast in properties between the inhomogeneity and the sur-
rounding medium.

In one series of experiments charges were fired in
the center of circular holes with d!ameters from 1.3 mm
("tightly couprled") to 6.4 mm in aluminum and Plexiglas,
and up Lo about 4 cm in Styrofoam. In the second series,
circular discs of one of the materials were cemented into
holes cut in a large sheet of another material, and shots
were fired at the center of the discs. The discs were

varied in size from very sm2ll ones that were destroyed

i8
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by the explosion to ones with diameters equal to about one-
fourth the compressional wavelength in the disc material.

The radial compcnent of motion was recorded at points in

the "infinite medium." The results of the decoupling exper-
iments are reported in Semi-Annual Technical Report Number 3,
and the disc experiments are reported in Semi-Annual Tech-
nical Renort Number 5 under this contract.

An approximate theory of the geometric effect was de-
veloped by considering the disc as a c¢ircular radiaior with
a point source of simple harmonic compressional waves at
its center, and computing the w.plitude in the infinite me-
dium as a function of the frequency of the source, assuming
a constant amplitude at the source. The actual input spec-
trum is, of course, not flat, but is that produced by an
explosion in the disc material. The spectrum f the re-
corded wave was divided by the known spectrum of the input

waveform in an attempt to recover the geometric effect alone.

Air-filled Cavities. The variation of peak amplitude

with cavity dlameter from two series of decoupling experi-
ments in aluminum and two series in Plexiglas are shown in
Figure 2-2, In both materials the unexpected result that
the amplitudes reach a minimum, and then increase 1is ob-
served, Further, the cavity diameter at which the minimum
is found 1is reproduced in the two series in each material,
even though the curves are not otherwise reproduced in

detail, The minimum is found for a larger radius in Plexi-
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glas than in aluminum, and in each case that radius corre-

sponds to the smallest cavity used for which no racroscopic
inelastic behavior (crushing and creching) was observed,
The cavities for which the amplitude increased with radius
apparently responded elastically, and the pressure on the
wall did not dec.,ease fast enough to ofsset the increase in
amplitude with cavity size for conscant input pressure pre-
dicted by theory. The same result vas obtained by plotting
the peak amplitude from the spectrum of the wave: rather
than the peak from the selsmogram,

The amplitude data for cavities in Styrofoam were more
erratic, but again a weli-defined minimum was observed when

the cavity was just big enough to prevent inelastic failure.

Styrofoam Discs in Plexiglas. The appearance of the

shot holes after the detonation is shown in Figure 2-3, When
a disc only 16 mm in diameter was used, the Styrofoam was
completely removed by the blast, leaving the circular hole
in the Plexiglas. At 19 mm, a small fragment of Styrofoam
is left. The size of the explosion cavity is constant, and
about equal to the 19 mm diameter of the rmallest disc
shown.

The set of records of the radial component of motion
is shown in Figure 2-4, The sequence starts with a shot in
pure Plexiglas, goes through increasing disc diameters,
and ends with a shut in pure Styrofoam. For all the disc
shows the records were mede at a distance of 30 cm from the

center of the disc. The Plexiglas record was made at 23 cm,
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and the Styrofoam record at 20 ecm. The timing iine interval
is 100 microseconds fcr all records.

The record for the 15 mm disc is hardly changed from
that in pure Plexiglas. Then, as the disc diameter .-
creaseg, the waveform changes p:rogressively to that in
pure Styrofoam. The sweep speeds on the laz* two records are
different from the others.

The results for all the diameters for Styrofoam discs
in Plexiglas are summarized in Figure 2-5., The variations
of he observed peak frequency, the peak of the derived re-
sponse function and of the theoretical response functior.
with diameter are presented. For all except the largest
dianeter, the agreement 1s not bad. For this largest disc,
80 little energy is present in the neighborhood of the re-
sponse peak that the method fails completely. In other
words, for the largest disc., the effect of the geometry
could not be detected, but the effect of the disc material

coinpletely determines the observed wave “orm.

Plexiglas Discs i1 Aluminum., The data for Plexiglas

discs in an aluminum sheet were treated in a similar man.
ner. The results were in good agreement with the predicted
peak of the response fu:ction, but it cannot be ~ons.dered
as very reliable because of the very low energv in the in-

put spectrum above 50 kecps.

Conclusion. The P wave spectrum can be significantly

altered by surrounding the source with a material with

properties different from that of the principal medium in
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which the motion i: recorded. Even for small cavitles, the
inhomogenelty 1s effective, as long as the cavliiy is big
eénough that not all cf the material in it 1s involved in

the non-elastic region around the explosion. The geometric
effects « f radiation from a cavity are super.inpused, but are
effective only cver a narrow range of cavity diameters for
which the resonance assoclated with the c~vity happens to
fall near the peak of the input spectrum, as determined by

t.e response of the cavity material to the explosion.

Rayleigh Waves in a Half-Space.

The model technique was employec to investigate one of
the fundamental questions concerning an explosive seismic
source: At what depth does the effect of the explosion
change from a surface source to a buried source? It was
decided to approach this problem by analysis of the non-
dispersed Rayleigh wave generated in a2 half-space by an ex-
plosion near the surface because the theoretical results of
Lamb (1904) for a surface source and Lapwood (1949) for a
buried source were available,

The details of t..e study are presented in Gupta and
Kisslinger (1964a) and Gupta (1964). Samples of the rec-
ords are presented ln those publiications, Observations
were obtained in all three model materials for shots fired
on the free surface and at depths in the interior up to
2 cm,

The records for surface shots in Plexiglas and alum-

inum agree closely with the theoretical waveforms predicted
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by Lamb, while those in Styrofoam do not. The explanation
offered is that s..uts on the surface of the former two ma-
terials do not break the surface and ace effectively ver-
tically applied pressure pulses of the kind assumed by
Lamb, On the other hand, a surface shot on Styrofoam
creates a large semi-circular crater, and the loading 1is
obviously not equivalent to the simple vertical pulse.

The Payleigh waves generated by a buried explosion
are app:oximated by Lapwood's waveforms if an impulse is
assumed as the input waveform for Plexiglas and Styrofoam
and a atep function for aluminum. This difference in the
response 1s due to the differences in the compressional
wave speeds in the materials., The same locading will look
like an impulse to a slow speed material and a step func-
tion, or at least a slowly decaying function, to a high
speed medium,

The theory predicts a reversal of polarity on both
the radial and verticai components between a surface and
a buried shot, This reversal is cleariy seen on the rec-
ords, By increasing the depth in smail increment:, 1t was
possible to determine the approximate depth at which the
effect of the explosion changed from a surface scurce to
a buried source. The results were 4 mm in Plexiglas and
1 mm in alumirum. These are the same as the previously
observed radil of the non-elastically deformed zones in
the two media. It appears that the critical depth is

equal to the radius of the zone of ~rushing and cracking
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When the non-elastic zone intersects the surface, the shot
behaves as a surface source; when it does not, the shot 1s
a buried source.

It should be emphasized that the reversal of polarity
occurs on both components, so that the motion is still retre
~-ade elliptic. In a separate series of experiments, the
reversal with depth of the oktserving point of the radial
component only, which changes the motion from retrograde
to pr05rade, was observed.

This change in the effect of the explosion for a small
change in source depth should be tested for the data from
full-scale explosions. 1in those experiments the effects

of dispersion will have to te removed by phase equaliza-

tion.
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CHAPTER III

Seismic Effects of Explosions in a
Prestressed Medium

Introdiction

The extent to which the tectonic strain field in a
material affects the selsmic wave generated Ly an explosion
in that medium is not known. The conclusion of an early
calculation by Press and Archambeau was that while some of
the strain energy in the rock will be released when an ex-
plosion is detonated, the contribution to the selsmograme
of the resulting ground moticn 1s smaller than the seismic
energy propagating alirectly from the explosion by a couple
of orders of magnitude,

In spite of this conclusion, the suggestion has been
made repeatedly that a pre-existing strain field will sig-
nificantly modify the selsmic waves. Departures from sym-
metry of seismic radiation and the prominent S-wave gener-
ated by some explosions, especlally in strcang rocks, have
been offered in support of this hypothesis,

There are two different ways in which the existence
of appreclable strain in the medium before the explosion
migzht affect the selismic signal. When a cavity 1s formed
by the explosion, there must be a medistribution of strain
in the immediate neighborhood of the cevity, in order to
accomnodate the new stress-free boundary. This redistri-

bution must occur quickiy, and the disturbance created
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will propagate outward as an elastic wave. The energy is
derived from the static strain field.

In addition, if the strain field is other than purely
hydrostatic, as we would expect in a tectonically active
area, certain directions will exist in which the material
will rupture more easily to form tensile and/or shear cracks
Crack formution resulting from the passage of the explosion-
generated shock wave will be zulded by the strain field,
producing cracks as sources of seismic waves, and the pro-
duction or cracks in preferred directions will create a pat-
tern of non-symmetric radiation, with significant shear
waves. The energy in these waves 1s derived from both the
explosion energy and the pre-existing 3train field.

In prder to gain more insight into the phenomena de-
scribed above, a serlies of model experiments were carried
out, Sheets of Plexiglas were stressed in unilaxial tension,
and t..e waves generated by explosions at different stress
levels’were observed. In a number of the experiments, the
capacitance pickups used in all earlier work were replaced
by SR-4 s:-rain gages designed for dynamic strain measure-
ments, We have not developed a satisfactory method for
callbrating tne capacitance pickups for absolute diaplace-~
ment. Since quantitative measures of seilsmic energy were
required, the st—ain gages were used. A single gage can
be used only for P-wave measurements, but combinations of

gages can provide shear wave data.
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Anisotropy Produced by Statlc Stress.

In order to detect the effect of static strain on the
velocity, a sheet of Plexiglas (1/8" X 26" X 30" length)
was stressed under an uniaxial tensile load ranging up to
6,000 1ibs,

Figure 3-1 shows the selsmograms obtained, under vari-
ous tensile loads, by using plezoelectric transducers as
the source and recelvers. The two recelvers were positioned
orthogonally with respect to the direction of applied ten-
sile stress at a fixed distance of 24,9 cm from the source
transducer,

In each record, the first and second traces correspond
to waves travelling from the source in the direction paral-
lel and perpendicular to that of tenslle loading, respec-
tively, and the third and fourth traces correspond to the
first and second, respectively, with the time scale magni-
fied five-fold.

No detectable change in velocity in the transverse
direction was observed from the records. For the purpose
of computing the anisotropy factor, defined as the ratio
of velocity in the transverse direction to that in the
longitudinal direction, a corstant value of transverse
velocity corresponding to that at no load was used. Be-
cause the total travel-time of the P wave from the source
is much greater than the difference in t{ravel times in the
two orthogonal directions, any small and undetected varia-

tica in veloclity in the transverse directici: #1ll have
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negligible effect on the anisotropy factor computed,

The experimentally obtained relationship between the

anisotropy factor and applied tensile stress is shown graph-

ically in Figure 3-2, It 18 scen that the anisotropy fac-
tor increases gradually with increasing tensile load and
reaches abcut 1.015 at the tensile stress of 1,800 psi.
Since the experiment conducted in prestressed Plexi-
glas sheets, described in the following section of this
report, was primarily carried out in the range of applied
tensile stress less than 1,000 psi, the difference of P
wave velocity in the orthogonal directions 1is expected to
be less than 1% in view of the relation shown in Figure 3-2.
Therefore, it can be stated that so far as travel-
time of the elastic waves 1is concerned, the effect of ani-
sotropy produced in Plexiglas by prestressing in the work-
ing range (say, up to 2,000 psi) while readily observable,

can be conslidered negligible,

Failure Mechanism of Plexiglas in Tension.

When a brittle material like Plexiglas fails under
tensile loading, the failure process 1is essentially a tear-
ing apart without prior permanent plastic deformation
(Rinehart and Pearson, 1954), Once failure is initiated
at one or more points, brittle fracture will tend to propa-
gate in the direction normal to the applied tensile stress.
The fracture will continue to propagate in that direction
unt:l the local stress concentration which has been built

up 8t the tips of the advancing cracks falls below the
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limiting value for fracture.

The energy rieeded to initiate and to propagate a brit-
tle fracture 1s small compared to that in a ductile material.
The only work required to initiate cracks in Plexiglas is
the work tc overcome the molecular bonding force of the
specimen,

Pigure 3-3 shows the patterna of complete crack fail-
ure produced by explosions in Plexiglas under tensile stress
of 1,000 and 2,000 psi, respectively.

Crack failure of Plexiglas under tensile stress of
2,000 psi apparently occurred simultaneously with the det-
onation of the explcsive in the shot hole. The branching
or forking pattern shown in Figure 3-32 should be noted.

However, under the applied tersile stress of 1,000 psi,
the crack failure occurred a few seconds after the explo-
sion. This time delay might have .... ..cvessary to permit

3]

some plastic deformation at the tips of the fractures around
the shot, c» that the stress concentration at tlsse points
increased Just enough to overcome the tensile strength of
the specimen and to initiate the crack propagation in a
straight line in the direccion perpendicular to the applied
tensile stress as shown in %"igure 3-3b.

Difference in the phenomenology of the crack propaga-
tion is mainly gcverned by the level of the applied stress
which in turn affects the rate of the crack propagation.

According to Yoffe (1951), who investigated "the mov-~

ing Griffith cracks" with finite velocity, there 1is a
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critical velocity, about 0.6 times shear velocity of the ma=-
terial, at which the crack tends to beccme curved. This
curving is a result of the almost uaiform distirlbutlion of
stress along wilde circuiar arcs ahead of the crack tips.

For the case of the velocity lower than the critical
value, however, there exists a high stress concentration
in the direction perpendicular to th applied stress.

We have not attempted to measure the velocity of the
crack propagation.

An increase of applied tensile stress increases the
stored strain energy in a plate. Once crack propagation
is initiated, a greater amount of strain energy release
would occur at the higher stress level than at the lower
stress level, thus producing a greater rate of crack propa-
gat.on (Schardin, 1959).

The effect of difference in the initial straln energy
in the medium is exhibited in the two modes of cracks shown
in Figure 3-3, namely, branching crack due to uniform stress
distribution, and straizht crack due to a high stress con-

centration ahead of the moving crack tips.

Surfaze Energy Density.

In the field of r:racture mechanics, the Griffith theory
of brittle strength has been extensively applied to explain
fracture mechanisms in britti~ materials (Griffith, 1920;
Bueche and Berry, 1954).

If a (tensile) crack is initiated and pronagated, the

amount of strain energy stored in the prestressed material
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will decrease. If the rriginal strain energy 1s at least
equal to the energy required to produce a new surface, the
existing length of crack will increase and the specimen
will then rupture,

The Griffith equation fcr the plane stress 1s:

_ J2ET
“=VTe
or 2
_Tce
T =73

tenslile stress

where o
E = Young's mcdulus
C = half length of the crack
.|

surface energy density of a specimen.

Since well developed cracks in the direction normai to
the applied tensile stress for the case shown in Figure
3-2b were observed during the few minutes before rupture
it is not unreasonable to take the length of the crack
before the rupture to be the crack length; i.e. 2c in the
Griffith equation.

The value of the surface energy density, T, of 3 mm
thick Plexiglas, determined from static strain measure-
ments, was found to be 1.45 X 107 erg/cmg, which is fairly
close to the observed value of 2 X 102 erg/cm® (Rosen,1964).

. Fracture patterns produced around the shot point under
various applied stresses are shown in Figure 3-4,

Under no applied stress, more or less uniform fractures
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are formed around the shot point; however, as the tensile
load increases, the fracture patterns shcw a definite tend-
ency to form strong cracks in the direction nearly normal
to the applied tensile stress. 7This directional cracking
is controlled by the release of the stored strain energy
in the prestressed medium and is (partially) responsible
for producing the asymmetrical radiation patterns of the

elastic waves as will be seen later,

Equivalent Fractured Radius.

When & circular hole is introduced in the plate that
1s subjected to a unidirectional tensile load, the stress
distribution no longer remains uniform around thc hole.

The expressions for stress distribution of a thin
plate of infinite width with a circular hole under tensile
load can be obtained by solving the biharmonic stress func-
tion with proper boundary conditions and 1s given by Musk-
helishvili (1963). These expressicns are shown in Figure
3-5.

In order to detect the change in the stress field be~
fore and after an explosion in the prestrecssed Plexiglas,
two SR-4 strain gages were cemented at distances of 7 mm
and 15 mm from the center of the hole, respectively. To
minimize -he effect of averaging in detecting strain around
the gage posit”on, 1 short gage length wes used.

As the tensaile load waeg applied to the Plexiglas sheet
gradually up to 667 psi, the values of the tensile strain

read 1 om both gages remained the same under the same load,
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as expected at these distances from the shot hole,

After the tensiie load reached the value of 667 psi,
the explosion was detonated. Reading made immediately ai'ter
the explosion from the strain gage at 15 mm fron the hole
indicated an increment of the static strain of 160 min/in,

Another reading made from the same gage at 2 subsequent

time (about 2 minutes) after the explosion indicated a de-
crease of 30 fxin/in from the previous reading. This de-~
crease may be accounted for by relaxation of the newly
developed strain field. No reading could be made from the
closer gage as it was damaged due to excessive loading by
the transient strain from the explosion.

The region fractured by the explosion can no longer
carry the high stress as before., It 1s observed that the
shape of this fracture region is not quite circular, but
the over-all shape does not depart very much from this,

If we take the newly developed fractured region to be
circular as a first approximation, we can then use the ex-
pression for the stress distribution to estimate an equiva-
lent radius at which the normal and tangential stresses
vanish, We shali call this the "equivalent fractured

radius, " a,.

If we let a, be equal to some constant, K, times the
original hole radius, a, and substitute 1. into the equa-
tion at the bottom, we now have a biquadratic algebraic
r.quation in K,

Solving this equation, we obtained K to be about 11,




thus giving the value of the equivalent fraciured radiur

equal to 7.3 mm, This value is about 11% larger than the
apparent observed radius of the fractured region and may
be regarded as an uppe.' 1imit on the equivalent fractured
radius.

The letters A, B, and C in figure 3-6 represent the
relative stress values at the gage location before, immed-
iately after, arnd about 2 minutes after the explosion, re-
spectively.

Both curves on the left and right sides essentially
have the same stress distribution except that the one on
the left side uses the reduced radial ~istance while the

other on the right side uzes the radial distance.

Strain Energy.

Strain energy in a transient elastic compressional
wave can be computed by integrating the square of the ra-
dial strein over the duration of motion and multiplying by
a factor which depeﬁds on the material property and dis-
tance from the shot point (Fogelson, et 21, 1959).

The strain energy computed from the strain records
gave a falirly constant value of 3,5 X 10“ ergs, beyond
radiai distances of 6 cm from the explosion source. Energy
computed from a record at the distance of 1 cm gave a re-
sult 6 times as large as the value from the records at the
large distances,

We are not certain of the'explanation for tnis, but we

believe the record so close to the shot has been influenced
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by non-elastic behavior, in particular plastic flow. We
usec¢ the constant value from the larger distances as the
energy in the elastic wave,

Using the expression for static strain energy density
in a stretched plate, given by Prescott (19€1), the stiatic
strain energy, under the applied tensile stress of 667 psi,
is fourid to be about 6 X 104 ergs for an area with a radi-
us of 7.3 mm, equal to the equivalent fractured radius,

This calculation was based on the assumption that the
significant strain energy release takes place in a volume
equal to the volume of tiie non-elastic zone. This assump-
tion is based on the results by Press and Archambeau (1962)
for a spherical cavity in the three dimensional probplermr .
Toksdz, Harkrider, and Ben-Menahem (1965) have presented
experimental evidence that a much larger volume must be
involved in the tectonic straln release,

Energy 1n the explosion is calculated on the basis of
400 calories per kilo:ram to be 2.9 X 102 ergs, Thus, the
energy in the seismic wave in the unsctressed model is about
12% of the energy in the explosion. This value is very
high compared to most experimental results in earth mater-
1al, especially since much energy is lost into the air.

This calculated strain energy reduction due tu intro-
duction of a fractured region around the shot point is
about 1.7 times greater than the strain energy in the
transient elastic wave generated by an explosion in an un-

stressed sheet,
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Seismograms .

Ydeally, an explosive source in an isotropic two dimen-
sional model shou’d »e a poor generator of S-waves if the
non-linear zone induced from the explosion contalns mostly
many short radial fractures, uniformly distributed around
the nole,

In crder to see whether or not the cylindrical charge
detonated 1n a Plexiglas sheet does generate any shear wave,
the two capacitance pick-ups were placed at the distance of
15 mm from the shot point with 90° angular separation. Fig-
ure 3-7 shows the records obtained with the configuration
described above,

However, the sensltivity of the pick-up was made so
great 1q order to detect any small tangential disturbances
that the plck-ups recorded a small component of the dilata-
tional wave, as seen in the record. Nevertheless, no sig-
nificant amount of shear wave disturbances can be seen from
the record.

The records of radial strain shown in Figure 3-8 were
obtained by using SR-4 strain gages. As the wave Jlength
of the elastic waves in our experiment 1is muzh larger (at
least 40 times) than the gage length, we do not expect any
los3 in the higher frequency signal content in which we are
interested.

Peak strain amplitudes measured from z2ach record were
normalized with respect to that of the record #1, in the

direction of the applied stress., The radiation pattern
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FiG.3-7 RECORDS OF TANGENTIAL MOTION
(no stress applied)
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from these records will be shown later.

As pcinted out by Obert and Duvall (1950) in the case
of wave propagation in a three dimensional body (for r/a>> 1)
the ampiitude of the tangential strain is attenuated as the
inverse square of the distance, as compared with the in-
verse first power for the radisl strain.

This suggests that the detection of shear waves using
strain gages requires a high value of the gage factor and
it 1s desirable to employ two mutually perpendicular gages
or a rosette type arrangement,

The SR-4 strain gages used in detecting the F-wave do
not have gage factors high enough to permit the detecticn
of small tangential disturbances from the shear wave. How-
ever, at a greatly increas=d cost one could use semi-conductor
strain gages that normally have gage factors about 18 times
greater than the SR-4 gages,

To detect S motion, four capacltance pick-ups were
placed'at 15 cm from the shot points with angular separation
of 30 degrees covering one full quadrant as shown in Figure
3-9.

Two sets of the records were obtalned under the same
applied tensile stress of 667 psi, but with difference in
the initial shot hole conditions. For the case on the right,
the shot hole was intentionally fractured by detonating a
charge packed less densely thun the normal charge, under

no load conditions. This set of records was then obtained

by detonating a second charge of normal rtrength in the
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hole surrourided with the uniform fractured zone under ten-
sile stress of 66T psi.

The two sets of records are recorded with the same
sensitivity. The relative efficiency of the explosive
energy coupling to the medium can be seen by comparing the
amplitudes of the P wave in both sets. If there were no
pre-fractured zone for the second case, these amplltudes
should -near about the same, but an amplitude reduction
due t« introduction of pre-fracture is nearly a factor

of two.

The Radiation Patterns.

The observed radiation patterns of P- and S-waves at
two different applied tensile stresses are shown in Figure
3-10.

On the far left side, the s0lid line represents the
case of no pre-fracturing of the shot hole, while the dashed
line represents the case of the pre-fractured shot hole,
Amplitude of the P-wave for the pre-fractured shot hole
condition decreased nearly by one-half while amplitude of
the shear wave increased nearly by a factor of about 3,

The radiation pattern shown in the middle is obtained from
the strain records shown in Figure 3-8,

It is seen {rom the radiation patterns that the dif-
ference in amplitudes between the vertical and horizontal
directions Iincreases with an increase of the applied stress.

(Notice the horizontally shaded region in the P-wave radia-

tior. patterns.)
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The ratic of maximum amplitude of the snear wave to
that of the P-wave at the applied stresses of 667 and 1000
psi are 0,1 and 0.4, respectively.

As we have seen from the record obﬁained under no
applied stress, we would expect the value of the amplitude
ratio of the S wave to the P wave to be very small. Thus
we may take this value to be equal Lo the zero, Using
these three sets of values, we obtalned the curve shown 1n
Filgure 3-11.

Although this curve was drawn from few data polints,
it suggests that the effectiveness of the shear wave gen-
eratlon is enhanced quite strongly with an lncrease of the
applied stress.

Siqce the generation of the shear waves 1s mainly
governed by the departure from circular symmetry of the
source mechanisms, the behavior seems likely tc be the re-
sult of the release of the stored strain energy in the pre-
stressed specimen. The manner in which this reduction of
the enérgy would occur 1is in the formatlion of cracks in
preferred directions fo minimize the existing local high
stress around the shot point. This tendency of preferential
cracking will increase with an increase of the stored strain
energy, ultimately forming moving cracks until rupture in
that direction occurs.

This preferred direction of cracking in our experiment
is found to be along the direction nearly normai to the

appliied stress.
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Figure 3-12 shows the th-oretical radiation pattern of
the Knopoff and Gilbert's modes 3, '"the sudden propagating
expansior of a lenticular cavity,” the expansion taking
place in the direction of the normal to the plane of the
cavity walls (Knopoff and Gilbert, 1.960).

Comparison of the theoretical radiation pattern with
the observed ones re«flects a genecral qualitative agreement.

This theoretical model does not necessarily represent
the sourcé mechanism in our experiment. However, it does
bring up the significant role that directional cracking
caused from the release of the stored strain energy plays
in generating the shear waves, with their multipolar radia-
tion pattern,

It.should be pointed out that the limitation of the
Knopoff and Gilbert model 3 in applying to our two dimen-
sional model ~xperiment 1s the short length of focal line
segments, Although the two-dimensional modeling in plane
stress 18 in fact analogous to a three-dimensional modeling
in plane strain, their theory 1is developed for the case of
the short length of fbcal line segments,

The observed radiation patterns of shear waves show
consistently the quadrupolar pattern, the amplitude of
which peaks at the angle of about 450 from the direction
of the applied stress.

The seismic energy in the dilatational wave 1is derived
from two sources:

(1) one with symmetry from the explosion, and
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(2) the other with an asymmetrical distribution

from cthe reiease of the stored strain energy
in the prestressed specimen.

Unfortunately, the separation of one contributlion from
the other cannot be made quantitatively. However, the rela-
tive strength of the asymmetrical scurce cor.tribution can
be observed from the observed radiation patterns, indi-
cated by the shaded region.

Consider an extreme case in which the contribution
from the release oI the stored strain energy is much great-
er than the contribution from the explosive., Then, this
source would approximately approach a case of the bilateral
cracking or tensile fracture. If so, then we should at
least bg able to compare gqualitatively our observed radia-

tion patterns with those of the extreme case,

Conclusions.

(1) Two different modes of observed moving cracks
initilated from the explosions 1in prestressed Plexiglas
sheets can be explained from thes viewpoint of stress dis-
tribution:

a. straight line mode due to higzh stress concentra-
tion ahead of the moving crack tips for the case
of lower stress.

b. forking mode due to more or less uniform stress
distribution ahead of the moving crack tips for

a higher initial stress.
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(2) The surface energy density of Plexigias sheet with
a thickness of 3 mm tc produce the Griffith crack is found
to be 1,45 X 10° erg/cm2.

(3) The equivalent fracture radius estimated 1s about
11% greater than the appairent radius of the observed frac-
ture zone,

The magnitude of the strain energy released due
to the forwation of fractured hole 18 estimated to be about
1.7 times that of strain energy in the elastic waves in un-
stressed medium,

(4) The explosion detonated in the pre~fractured hole
generated a sheai wave much more efficiently, about three-
fold.

(5) The relative efficiency in generating shear waves
in the prestressed Plexiglas increases sharply with an in-
crease of the applied tensile stress.

(6) The multipolar radiation patterns observed are
mainly accounted for by the release of the stored strain
energy in the form of directional cracks.

It 18 not surpriéing to see that, as the Plexiglas
sheet used in the present experiment is a brittle material,
the fracturing phenomenon played a significant role in the

appearance of seismograms obte .eu,
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CHAPTER IV

Propagation in the Neighvorhood »f &
Low-Velocity Wedge

The problem of refraccion and diffraction of elastic
waves by a low-velocity wedge is important to the seismolo-
gist because of the relation of this protiem to selsmic wave
propagatidn through niountain roots. A model wtudy of this
provleu has been carrled cut in which the effect. of the
wadge on the first arrival was investigated.

An equilateral triangule: Plexiglas wedge 15 centi-
meters on a side, was embeddc¢d in the edge of an aluminum
sheet, Figure 4-1, The sources were placed both insids and
outside the wedge.

Pulsed ceramic transducers and explosions have been
used as sources. To study transmission out of the wedgc,

a lead zirconate tube was placed at the center, The re-
ceiver was placed in thne 1luminum sheet at different points
around the wedge. For transmission across the wedge, the
source and receivers were placed in the aluminum on oppc-
site sldes of the wedge.

The radial component of motion was measured inside and
outside the wedge when the charge was detonated in the alumi-
num, outside the wedge. The tangential component of motion
was measured at some points outside the wedge.

The important properties of the materials have the
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following values: For aluminum, Vp is 5.4 mm/ psec; den-~
sity, 2.8 gm/cm3; pseudu-Poisson's ratio, 0.26; and mechan-
ical impedance, 15. For Plexiglas the corresponding values
are 2.3 mm/ usec, 1.22 gm/en3, 0.25 and 2.8.

Ray pains for P and converted S waves have been con-
structed using eliementary principles. The result for one
depth is shown in Figure 4-2. The rays incident at the
aluminum-Plexiglas boundary generate reflected and refracted
compressional and shear waves. The reflection and the trans
mission coelficients for a ray at normal incidence (assuming
piane wave) are 0.684 and 0.316, respectively.

The critical angle for a ray incident through Flexi-
glas 1s about 270. Most of the rays refracted into the
wedge are ’ncildent on the Plexiglas-aluminun boundary at
angles greater than the critical angle. Hence, most ¢f the
rays are totally reflected inside the wedge, and can only
leave after one or more additional reflections at the free
surface or wedge boundary. There 18 no Jdirect path for
elther P or S waves between the source and a recelver across

the wedge.

Propagation from Pulsed Transducer Source.

The recelvers located outside the wedge 1n aluminum
along a circular arc with the center at the source, and
radius equal 25 cm were used to observe propagation out
of the wedge, The selsmograms and e:rperimental setup are

shown in Figure 4-3, The time marks are 100 [sec apart.
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The source has been driven with 2 Msec. pulses.

Ceomparison with records made with the same source in
the sluminum shows that the obser-ed wave form of the ini-
tial P motion is hardly affected by the wedge. The wave
form is seen to he the same in all three directions.

When the source 1s outside the wedge, diffracted waves
are generated at the tip ~hen incident waves reach there,
The diffracted waves appear at time t =-%% 4'{; » Where X,
is the distance between the edge and the source, r is the
distance between the tip and an observation point, and V is
the velocity of P wave in the plate,

Figure 4-4 shows three records from the single detec-
tion indicated in the lower part of the figure, The source
was drivgn with a 2 psec. pulse from a pulse generator, The
time scale on the lower trace has been magnified by 2. The
time marks are 1C Heec. apart, Source and receiver are
4,5 cm from the edge and 25 cm i. .m the wedge axis. The
distanqe from source to the wedge tip and then to the re-
ceiver is 53 em, The travel time of the first arrival is
100 usec, 1in close agreemcnt with the time of a diffrac-
tion from the wedge tip. The earliest time an arrival
through the wedge could reach the receiver i3 about 140 Msec,
which may correspond to the beginn'ng of the large motion.

The spectra of P from the same source in alumninum
and a diffracted P wave are show: in Figure 4-5a, The
transfer function has heen calculated by dividing the
spectrum observed with presence of the wedge by the spec-

trum in the inlinite she.t. The result of division is
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shown: in Figure 4-5b. The transfer function 1s flat {rom
150 - 200 kec, which 1s the range of the frequency of the
input signal. This indicates that presence of the wedge

has not affected the frequencyv content of the input pulse,

Propagation from Expiosive Source.

For transmission across the wedge, the source and re-
ceivers were placed in the model on opposite sides of the
wedge and one receiver was placed at the center of the wedge.
The experimental setup and sets of record of radial compo-
nent of motion are shown in Figure 4-6., The amplitude of the
first arrival observed along a path which missed the wedge
completely, receiver 4, 3s large compared to the correspond-
ing arrivals behind the wedge, receivers 2 and 3. The wave
form in the wedge is the same as outside, Transmission into
the wedge 1s very efficient. The moat obvious effect of the
wedge 18 the shadow zone 1t creates. The large second ar-
rival is a converted wave of some kind, the exact nature of
which has not been determined.

The charges were detonated at different depths below
the free surface (Figure 4-1), from 2.2 cm to 14.5 cm,
n8 the depth of the source 1is increased the amplitude of
the diffracted wave is increased. The angle of incidence
at the wedge tip 1s decreased with the increase of the
source depth, Hence the increase in amplitude 1s due to
the decrease of the angle of incidence at the wedge tip,
as the diffracted path approaches the direct path,
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Conclusion.

The low veloclty wedge makes a distinct shadow zone
for waves crogsing 1t. The sharpness of the shadow zone
is dependent on the wave length of the travellng wave.
Waves with short wave lengths (compared to the dimension
of the wedge) will make more distinct shadow zones than
longer ones, The travel time of the first arrivai in the
shadow zone agrees in time with a diffraction irom the wedge
tip. The amplitude of the diffracted wave 1s small cum-
pared to the direct wave,

The amplitude of the diffracted wave 1s increased as
the depth of the source 1s 1increased., The latter 1s due
to the decrease of the angle of incidence on the wedge tip.

The multiply reflected waves inside the wedge will re-
sult 1n complex radlation of later arrivals. This phen-

omenon 1s a subject for further study.
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Summary and Recommendations

The value of two~dimensional model experiments for in-
vestigating the processes by which an explosion in a solid
medium generates seismic waves has been demonstrated by the
1results of the research completed 1p the present program,
The effecgs of the medium in which the charge is detonated,
as well as the effect of the geometry of the source and the
environment have been clarified.

With the basic technique developed, many problems can
be made the subject of study. Almost any aspect of wave
generation that can be studied in full scale experiments can
be tested in the laboratory. However, the instrumentation
employed in the present work was not completely adequate
to permit the full potential of the experiments to be ex-
ploited. Two additions to the instrumentation would in-
crease substantially the information from the experiments:
a small sensor to measure the wave form and awplitude of
the pressure pulse delivered to the medium by the explo-~
sion, and equipment for dynamic photoelastic studies,using
an ultra-high speed framing camera,

The conclusions reached in the various parts of this
research should be subjected to full-scale field testing.
These include the effect of source depth, the effect of the

shape of the shot cavity, the beaming of energy as a result
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of the free surface, and the effect of solid material in
decoupling cavitles. The first three of these are difficult
to test because of the complications introduced by geologl-
cal varlations whish will be encountered atv any test site,
Further model studies that should be conducted include
three-dimensional model studies of decoupling and the use
of a material with higher tensile strength, such as aluminum,
in the study of the effect of prestressing. Additional ex~
periments directed toward particular problems should be de-

signed as these problems arise.
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Abstract {Cont'd)

When the medium i3 statically stressed before the shot,
the body waves are modified. For relatively small strains in
Plexiglas. a definite, but small, anisotropy is produced by the
static strain. The presence of the static stra2in guides the re-
lease of energy from the explosion. Completc rupture of the
sheet was produced by explosions when the stress was well tzlow
the static tensile strength. Small bLut distinct S-waves were
prcduced in prestressed sheets, but could not be detected in
the same material without loading.

A low velocity wedge modifies wave propagation by creating
a shadow zone, Diffractions into this shadow zone from the
wedge tip were observed.
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{C), or (U}

There is no limitation on ihe len
ever, the suggested length is from 1

h of the abstract, How-

to 225 words.

14. XEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. ldent:-
fiers, such as equipment model designatioz, trade name, mili-
tary project code name, geographic “._ation, may be uaed as
key words but will be followed by an indication of technical
context. The assignment of links, rules, and weights is
ort;onal.
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