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SEISMIC WAVES GENERATED BY CHEMICAL EXPLOSIONS

Summary and Recommendations.

This report describes the results of research on some
fundamental properties of seismic waves generated by chem-
ical explosions. The work was carried out between August 1,
1960 and July 31, 1963. In the course of the program, sels-
mograms from some 160 small charges, one 500 pound surface
burst, one 100 ton surface charge, and a buried charge of
10 tons were recorded at close range. The experiments in-
volving the small charges were designed to elucidate a
variety of aspects of the generation of seismic waves by
explosive sources. The principal subjects investigated
were:

1) The properties of source functions obtained by
phase equalization of dispersed surface waves
recorded at close range;

2) The effect on surface waves of distributing the
charge in space and time;

3) The effect of source depth on the properties of
the compressional and Rayleigh waves;

4) The effect of the medium at the shot on the prop-
erties of the seismic signal;

5) The properties of the horizontally polarized shear

waves generated by an explosion,

i,
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Most of the objectives of the work were accomplished,

In some cases the techniques employed were not totally ade-

quate to completely solve the problem under investigation.

On the other hand, some interesting areas for further study

are suggested by some of the results.

Some of the principal conclusions of the work are:

1) Even at close range, the spectrum of the observed

surface waves may be so narrow that the computed
source function is oscillatory. The peak of the
spectrum may remain at the same frequency over &
wide range of charge sizes, suggesting that the
shot-point medium and the geologic layering may
exert an influence on the radiated surface waves
that overrides the expected effect of yleld. The
difficulty of interpreting the calculated source
function in terms of simple force systems acting
at the origin i1s clearly demonstrated by the re-
sults,

When a distributed explosion 1is fired so that there
is no interaction of the component detonations in
the non-linear region around each charge,simple
superposition will give the radiation of the Ray-
leigh wave. Time delays assocliated with the
spatial distribution, as well as those between
detonations must be taken into account. The ori-

entation of maxima and minima of Rayleigh wave
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amplitudes may be controlled as desired by this
technique., Superposition 1s simplified in this
case because the radiation of Rayleigh waves from
a single point charge is completely symmetric at
the test site at which the experiments were con-
ducted, eliminating the necessity of considering
an azimuthally dependent amplitude function in the
motion aynthesis., The distribution of Love waves
around a point charge is complicated, so that nu-
merical superposition of the output from a number
of charges 1s difficult. The gross properties of
the Love waves from a distributed charge seem to
be explained by simple superposition.
The effect of shot depth on the body wave properties
cannot be separated easily from the effect of chang-
ing material properties with depth. The amplitude
measured directly above the source from a series of
C.5 pound shots in clay approximated a decay law of
d-1.5. The prolonged, oscillating P-motion observed
from shots at various depths in clay is the result
of the combined effect of the primary reflections
from the near-surface boundaries and the oscilla-
tory nature of the P-wave emanatihg from the source,
The effect on the Rayleigh wave of increasing the
shot depth 1s to decrease the amplitude, High-gain

filtered records from shots at various depths in
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clay contain long period motion in the region im-
mediately over the source. The period is that of
the Rayleigh wave observed at distance. The pres-
ence of long period motion directly over the source
supports a hypothesis similar to that proposed by
Dix for the generation of long waves from a ex-
plosion,

Horizontally polarized shear waves are always pro-
duced by a buried explosion. The portion of the
total seismic energy that 1is transmitted in this
form is primarily a function of the medium, with
shots in competent brittle materials producing pro-
portionally larger shear waves,

Love waves are radiated with marked azimuthal
variation of amplitude, marked by nodal lines and
clear-cut reversal in polarity of the entire wave=-
form in different directions outward from the
source. The waves are thought to be produced di-
rectly by the shot as a result of non-linear proc-
esses, such as cracking, in the highly stressed
material near the explosion.

SH motion 1is also produced by mode conversion at
non=-horizontal boundaries and apparent SH motion
may result from compressional head waves refracted
at dipping interfaces. Short period transverse

horizontal motion 1s often seen beginning with very
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small amplitude at the same time as, or immediately
after, the onset of the first compressional motion.
The origin of this motion is unexplained. It 1s
found on the records from small explosions in this
research, as well as seismograme of events from the
Nevada Test Site.

The shear body wave propagating directly from the
source has been recorded at locations directly above
buried shots., It i1s identified by particle motion
and velocity.

Recommendations., The experiments carried out under

this project and the analysis of the data have served to elu-
cidate a number of properties of explosion-generated seismic
waves, When a seismologist has obtained a record of the
ground motion due to any seismic source, he knows that the
record contains valuable information concerning the physics
of the wave-generating mechanism, and wave propagation, as
well as data pertinent to the determinatic. nf the proper-
ties of the medium through which the waves h ve traveled
to the seismograph., The decision as to the best manner in
which to proceed to extract this information is often a
difficult one. A variety of methods were applied in this
work, and the results are of value in evaluating the vari-
ous approaches,

Even though the records have been analyzed in detail

for the particular phenomenon under study in each case,they
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undoubtedly contain much more information that can be ex-
ploited in future work. At this time, there seems to be
no point in further extensive experimental programs using
small charges unless a true breakthrough in instrumenta-
tion provides a means of gaining new data, especially in
the high-stress region near the shot. On the other hand,
specific experiments designed to test particular hypotheses
will be very desirable, and these small charges provide an
inexpensive and rapid means of collecting the data. Cur-
rently, under Contract AF 19(628)-1689, model studies using
very small explosive charges are being conducted, and these
may prove to be a superior method of gathering information,
It is recommended that a series of experiments in
which the charge size 18 increased several orders of magni-
tude over those used here be considered under the VELA-
Uniform program., In particular, a sequence of one thousand
pound spherical or short cylindrical high~explosive charges,
fired at depths from 1000 feet below the surface, at inter-
vals, up to a shot on the free surface, and even 10 feet
or 8o above the surface, would be of great value, The site
for such an experimental series should be in a region of
flat topography, underlain by flat-1ying beds, with no sig-
nificant structural changes over an area of many square
miles. A site in the Oreat Plains seems most promising,
If such a series 1is conducted, it should be heavily instru-

mented, and will require the cooperative participation of

-
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several lsboratoriles,

A further recommendation is that all underground nu-
clear shots be recorded with three-component seismographs
at short range and many azimuths. The value of such data
for studying wave generation is made abundantly clear by

the results of this research.




CHAPTER 1
INTRODUCTION

Studies of fundamental properties of seismic waves
generated by explosions, and of some of the parameters af-
fecting these properties, have been carried out by the
Department of Geophysics and Geophysical Engineering of
S8t. Louis University, under Contract AF 19(604)=T402,

An understanding of the mechanism by which a buried ex-
Plosion generates seismic waves, and the manner in which the
variable factors involved in the detonation affect wave
generation is essential to the solution of one of the cerite
ical aspects of the VELA-Uniform effort, viz,, the identi-
fication of a recorded seismic event as an.earthquake or an
explosion, In full-scale tests, instrumentation to measure
the response of the earth in the zone of elastic behavior
usually must be so far out that ordinary variations in geol-
ogy and topography between the source and the recording site
play an important role in determining the character of the
seismogram, In the face of a number of undetermined vari.
able parameters, the isolation of the effect of any one is
difficult, While small chemical explosions can never be g
complete substitute fopr full-scale tests in selsmological
research, they do offep the possibility of scaling down the
experiment so that it is practical to have uniform known
geology from shot point to selsmograph,

In this research, over a period of three years, a

-8«
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total of some 160 small charges, 0.25 to 15 pounds at posi-
tions from 38 meters below the surface to 3 meters above 1it,
have been fired and the resulting ground motion measured at
distances of 0 to 250 meters. All seismograms were re-
corded on the earth's surface, although subsurface measure-
ments would have been desirable in some cases, The media

in which the shots were fired were loess, clay, alluvium,
sandstone, and limestone. Detalls of the experiments, in-
strumentation, description of the test sites, and field pro-
cedures are presented in Chapter II,.

One of the criteria suggested for distinguishing be-
tween an earthquake and an explosion is the character of the
source function found by phase equalization of dispersed
surface waves., Although details of the time history of the
force applied at the source cannot be recovered in this way,
the initial polarity and type of force (impulse, step, etc.,)
can in principle be determined. The properties of the
source functions obtained under a variety of conditions for
shots in soil have been investigated, and are described in
Chapter III.

In an earthquake, especially one of large magnitude
in which a fault length of hundreds of kilometers may be
invoived, a point source 1s an inadequate representation
of the wave-generating mechamism, and the effect on the
seismic signal of the moving source must be taken into ac-

count in a careful analysis. To simulate a moving source,




several shots were fired in which the charge was distribu-
ted in a number of holes and fired sequentially., The re-
sulting radiation pattorns of Rayleigh waves are described
in Chapter IV, while the effect on Love waves 1is presented
in Chapter V on explosion-generated SH motion.

Early in the research, it was established that horizon-
tally polarized shear waves (SH waves) are a normal result
of & buried explosion fired under & wide variety of condi-
tions. While this result is unfortunate from the viewpoint
of distinguighing between explosions and earthquakes, it has
stimilated further thought by several investigators on the
nature of a contained explosion as a seismic source. An ex-
plosion i1s essentially a center of compression with spher-
1ical symmetry, but this model is inadequate to explain the
details of the resulting seismic waves,

The effect of source depth on the generation of comp=
pressional and Rayleigh waves, and some observations on the
effect of the medium around the shot are discussed in Chap-
ter VI,

Two large chemical explosions, one of 100 tons of TNT
fired as an experiment of the Canadian Defense Research
Board at the Suffield Experimental Station, and one of 10
tons of Tovex fired near Poplar Bluff, Missouri, were re-
corded as part of the research program, The results are
discussed in the Appendix,

The assistance of the staff of the Suffield Experimental




-1l-

Station, Ralston, Alberta, and in particular Mr. G.H.S.
Jones, seismologist, in carrying out the observations at
their test site 1s gratefully aclnowledged. Gratitude is
also expressed to the managements of the Alpha Portland
Cement Company quarry, Lemay, Missouri, and Pioneer Silica
Company, Augusta, Missouri, for permission to carry out

experiments in their quarries.




CHAPTER II
THE EXPERIMENTAL PROGRAM

All of the field experiments carried out under the re-
search program are summarized in Table I. The experiments
are organized according to the test site at which they were
conducted, For all except the tests at Suffield Experi-
mental Station (SES) the explosive used w.s forty per cent
gelatin dynamite, in one-half pound sticks, eight inches
long by one and one-eighth inch diameter, At SES, Nitrone
was used. In the Table, the column headed "Array" describes
the disposition of the instrumentation as follows: "P" ine
dicates a profile in line with the shot point, and the nume
bers following give the range of shot-to-detector distances
covered by the profile; "A" indicates azimuthal coverage at
& fixed distance from the shot point, and the numbers fol-
lowing give the angle subtended by the array and the distance,
Description of the Test Sites.

Four test sites were used. A wider variety of media
‘was originally planned, but detailed knowledge of the geol-
ogy and the properties of the waves at a site are of such
importance in interpreting the experiments, it was Judged
advisable to concentrate the effort into these few sites,
The materials selected are representative of media in which
test explosions are likely to be fireq, although data for

shots in crystalline igneous rocks would have been useful,

The results for the shots in compact crystalline limestone

B T
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are probably applicable to chemical explosions 1n lgneous
intrusives of fine to medium texture. Because the equation
of state of the material in the range of hydrodynamlc be=
havior 1is important in determining the response to & nu-
clear shot, caution must be observed in carrylng over the
results for carbonate rocks to aggregates of feldspar and
quartz,.

Florissant Test Site. The Florissant Test Site is an

open fleld on the grounds of St. Stanislaus Seminary, Floris-
sant, Missouri. Located in T 47 N, R 6 E, in St. Louils
County, the site 1s roughly a mile from the Missourl River,
The surface material 1s loess, underlaln by Plelstocene
silts and clays. The bedrock 1s Mississippilan limestone,
at a depth of 33 to 45 meters. Clay densitles of 1.2 to
2.0 gm/bm3 occur above the water table, and about 2,2 gm/cm3
below. At about 25 meters depth the clay changes from
stiff to very stiff (Kisslinger, 1959).

Alpha Test Site, The Alpha Test Site 1s the quarry

operated by the Alpha Portland Cement Company in Lemay,
Missouri. It 1s located in the northeast quarter of Sec-
tion 26, T 44 N, R 6 E, St. Louls County. The exposed
limestone i1s the St. Louis formation, of Middle Misslssip-
plan age. The rock is a dense, hard limestone, varying
from ilthographic to finely crystalline in texture. Chert

nodules are widespread. Over part of the quarry floor the

surface rosk 1s almost purely calcltic, in other parts it




- P -

1 dolomitic. The average density is 2.67 smem3. (Kiss-

linger, 1953).
Avcugta Test Sitc., The Augusta Test Site 1s a quarry

in the St. Peter sandstone, located along the blufrfs of the
Missourl River in T 44 N, R 1 E, St, Charles County, Mis-
souri, The St. Peter sandstone is & very pure silica sand
of Middle Ordovician age. The well-rounded grains are poor-
ly cemented, The grain size is uniform, 0.12 - 0.25 mm, The
density is 1.8 to 2.0 gm/cm3,

In order to avoid interference with quarrying opera-
tions, all of the experiments were confined to one bench,
some 300 meters long and 20 to 50 meters wide, About 25
meters of sandstone lay under the level at which the tests
were conducted,

Suffield Test Site, The Suffield Test Site 1s on and
adjacent to the Watching Hill Blast Range of the Suffield

Experimental Station of the Canadian Defense Research Board,

Ralston, Alberta, It is located approximately 25 miles

northwest of Medicine Het, in T 17 NandT 18 N, R 5 W. At

the site, epproximately 64 meters of silts and olays, inter-

bedded with gravels, overlay the Cretaceous Foremost forma- )
tion., The Foremost ic made up of breckish-water deposits

of 4interbedded light gray sandstones, dark gray shales snd

coal seams, pale yellow silts, and rusty-colored concretion-

ary banks, The densities of the surface silts and clays are
low, less than 2 gm/em3. (Russell and Landee, 1940; Crock-




ford, 1949).

Tastrumentatlion,

The project can be divided into two phases on the basls
of the instruments employed. During the firgt year, flve
Sprengnether tnree-component portable gelsmographs were
available., For the last two years (starting with shot point
48), a sixth standard Sprengnether, a very low-maznification
Sprengnether, and a 12 channel low frequency electronic re-
fraction system were added.

The Sprengnether Three-Component Portable Seismozraph,

This instrument was the primary tool of this research pro-
gram, It is a slmple mechanical-optical seismograph, in-
corporating all three component3, the timer, and camera into
one easily emplaced box. (Figure 1). Some modification of
the standard instrument was required to meet the needs of
the project. A system was developed so that all units could
be turned on from & single remote control point and various
methods of putting the shot firing time on each record were
tried. The zero-time device was never completely reliable,
and it is fortunate that much of this work required wave-
forms rather than very precise travel times. During the
last two years of the work, better timing was obtained by
tying the first breaks to the records from the high-gain
refraction system,

The natural undamped period of all seismometer elements

is 0.75 second, and all components are damped to 0,55 crit-
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SPRENGNETHER THREE-COMPONENT
PORTABLE SEISMOGRAPH
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ical by a conventional damping vane - magnet arrangement.
All but the very low magnification instrument are equipped
with dual magnification, in which by simple optical doub-
ling, & high gain, twice the low value, is available,

The low magnification instrument, in which the mirror
is mounted directly on the pendulum for each component, has
& static magnification of 7.5. This proved very useful for
measurements directly over shots buried as shallow as three
meters, and for observations close to the 100 ton and 10
ton shots,

The standard instruments are actually of two different
generations. Three of them, Numbers 3, 4 and 5, are old in-
struments that were reworked for the purpose of this pro-
gram, They are characterized by a higher magnification of
the vertical component than the horizontals. The vertical
components on two of these were marked by high frequency
noise which was eventually traced to the camera motor., This
noise 18 on the records for almost all or the shots,

When the case within which the seismograph is mounted
i1s subjected to strong shock, as in some of these close-in
expgriments, the panels of the case vibrate, and these para-
sitic vibrations show up on the seismograms. This situation
was improved in two of the instruments by lining the entire
inside of the case with Y-9052 Scotch Foam Vibration Damp-
ing Tape. A number of reproducibility tests were carried
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out (see Table I) which aided in distinguishing between
true ground motion and instrument noise,

The static magnifications (Low) of all components in
the new instruments (Numbers 1, 2, and 6) are nominally 50.
More precise values were determined by tilt-test calibra-
tion. For the older instruments, the horizontal components
have magnifications of about 90, and the verticals about
145, High magnifications are twice these values. When the
instruments are operated on high magnification, the direc-
tion of motion on the vertical component only 1is reversed
from the sense on low magnification.

The SIE GTR 200 Low Frequency Refraction System, A 12

channel unit identical to that developed for the crustal
studies program of the United States Geological Survey was
purchased from Dresser Electronics, SIE Division (Warrick,
et al, 1961)., The geophones selected were 1.0 cps units
(EV-12) duilt by Electro-Technical Laboratories. The per-
formance of the system was satisfactory for the close-in
measurements program.

Six horizontal component 1 cps geophones (EV-1TH) from
Electrec-Technical Laboratories were acquired toward the end
of the contract, Because of & failure in the GTR 200 sys-
tem it was not possible to make any records with these
seismometers. They will prove useful in future observations
to be made under a continuation of this research under an-

other contract.
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The response characteristics of the GTR 200 are given
in the paper by Warrick, et al, clted above, Galvanometric
recording only vas used.

Data Processing.

The field records were converted to digital form almost
as a routine practice. The digitalization was accomplished
with a system developed by Data Instruments Co., of North
Hollywood, California. The heart of the system 1is a unit
known as the Telecordex Type 8G, which accepts the output
from magnetic shaft position encoders, and puts out digital
informaticn te a typewrliter or an IBM Key Punch., Two scan-
ning devices were used, one a micrometer microscope on which
shaft position encoders were mounted, the other a Type 099D4
Data Reducer from Data Instruments. The Data Reducer has a
reading precision of 157 counts per centimeter of record.
The microscope offers a precision of 15700 counts per centil-
meter of record, and was used for most of the work on the
records from small explosions. The microscope also offered
optical magnification of ten times, which was of great value
in interpreting the small signals in many of the tests.

The digitalizatlon process converts times and ampli-
tudes into counts. A computer program was developed for
the IBM 1620 to convert the counts back into time and to
ground amplitudes. The amplitudes were computed by assum-
ing that the selsmographs were responding as true displace-

ment meters for the frequencies lnvolved, and the trace
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amplitudes were divided by the static magnification. Time
computations presented a speclal problem since the chart
speeds were slightly different for the various selsmographs,
and were somewhat variable for any one instrument. The
positions of the timing lines over the portion of the record
to be processed were read into the computer, and the program
interpolated the position of the point on the trace it which
a reading was taken between two adjacent timing lines, and
expressed this position as the time from the selected zero.

Those records that were to be subjected to Fourler
analysis were digitalized at equal time intervals, spaced
closely enough that the folding frequency was twice the
highcst frequency of interest. All that was required from
other records was the values of peak amplitudes, time of
arrival of selected phases, or sufficient detall to allow
the construction ef particle motion disgrams,

The following programs for the IBM 1620 were developed
as part of the research:

Ground motioen from digitalized selsmograms

Plot ground motion

Fourier transform

Fourier synthesis of phase equallzed ground motion

Phase velocities from Fouriler transforms

Impulse responge for glven dispersion curve

Source functions by convolution
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Synthesis of ripple-fired shots

Travel times for all body wave arrivals in three-

layered medium,

Detailed discussions of many ol the selsmograms re-
sulting from this series of tests have been presented in
the series of Semi-Annual Techriical Summaries that have
been 1ssued during the course of the project, as well as
in scientific papers and special reports. It 1s not prac-
tical to present a complete review of all experimental re-
sults in this report. Rather, the main results will be
presented, along with sufficient data to support the con-

clusions, and references will be made to previously publish-

ed material where appropriate.




-22-

joys adegans ‘31d poTTTI-a9ajeM woe oomm.< G 0 Tdse

@z ‘509€ Y G* we* 52

uge oowm.< G 1 9%°T e

weZ ‘009€ 3V 0°T P4 § €e

wee oomm 3y G* T€°T ee

IITU Jo apTs ‘Jurdures op wez oomﬁ Yy G* Hl°T ant

TTTU Jo apTs ‘Iutdureg asoo] WSS €081 2y ce 92°T wMﬁ

TITY JO 2PTS wee .oowﬁ.< G Eq°T T

uGe fo09€ v 0°T cg° oct

WSS “509¢€ Y Gt TL°2 azt

(e oomm.< 0°e 0€° S B2t

wsT “,09€ Y G° 7e° 1l 1T

apT8pBogy 0°T 26T ot

apIspecadg o°tT eH°T 6

woL-GT ¢4 G* I T 8

wGET=-GL g 0°1 I€°T L

wGeT-GET :d G°1 AR <

Sutdureq on uGg ‘,09€ iy G* 00°€E 26

wse ‘e09€ ty G 23°¢€ Qs

wée ‘,09€ 2y G 00°9 BS
9PTSTITY

uo sjuawnaysuy ‘Burduwes quILI WoE “,03T:v G* LE'T U
aPTSTITY

uo sjusumagsuy ‘Supdures ey WwoE €081 3V &° 08°T qg
SPTSTITU

uo squawnJI3sut ‘Surdme; asoo] wog ‘,09T Y G* 6E° 1 g

Zutpdureq qy3yg mn:ﬁum G° 6E°T S

Bupdues oy wo9=-4T :d G 83°T at

Sutdumes ssoo] WwOG-GT :d G* o%°1T el

Saemay sABIIY (*sq1) (w) jurod

WY3Itom adaey) Joys

ad3xeyp Jo yadaq

23TS 359] JUesSSTJIOTI °V

WVHO0Hd aQTHIJd 40 XUYWWNS
T 8Tqey




-23-

31d JeTnOaT) LA -
609€ v G- )
usnyy petang Mmm”oomm“< G ° ,vwm
09¢€ v G o] °
patang Jt o : . ¥
. zunmca: wee € ,09€ iy S Q9S
Z Jedu TeBTaInq Jo 309JJF wee ¢ g .
Jd338M Y3TM DPOTTITJ £3T7A®D amm.owmm.« m. 0 o
£3TA®) smw.oOWm”< e g-g ace
£3TA®D pPaTTTJ-Ja3Em ° ] 0°e & © ass
pu®e PaTTITJ-IT® JOo 309 : y
Jo 309333 smwmnoommn< G 0°e ®GG
= 00913y 0'g 0°1 ays
smﬁ.oowﬁn< 0°¢e 0% eHS
s 195081 v 9 ¢ 7T qEs
-Peda Jutanp JulIe3zTry essed p £ 3 .
T Tl
Sow.,EOmuo m” m. 9°1 qQcs
ux d 90UBYSTP YITM 005 3Y ¢ “E e
233®d UOT3BIDPBI JO UOTJETJE <. U 3 ’ o
Lo e M i A wWOg “WOE € ,06 v 0°2 D § qQre
uc aoanos jo ysdsep Jo 30973 uog ¢ ¢ = .
3893 A£3TT1TqTonpoaday 09 aoMmmmmmm M.M m“w mmm
Mwmmuwoﬁmm S 6°0 qee
22 on“m 0°e L2 LAY
ROTT-0g 1a o1 o ot
jous mo330q ‘37d paITIJ-Jo3® J : . 5 e
Joys soeyang ‘3td ooHAHu-umwan Mmm .owwm“« mm. mu.o mmmm
ous 1/ 9 ‘ :
Jeus adejans ‘37d parTTJ-ao3EpM “wm nowmm"< Ge* 0 mamm
joys sdeJang ¢ - it ~ e e 98
J 37d PaTTTI~Jo3eM woZ ‘o09¢€ iy G 0 mnmm
s)Jew
HTemay sLeaay (*saT) (w) jutod
JyItem adIeyd joys
a3dxeyd Jo yadaq

93TS 389 JUESSTJOLI °V

(Pi3uod) T arael




*098/32J 005 3® ATT®T3 aAeqe
-uanbas peJ}J sa3xeyd Je eutl1l lcm.oowmn< se oweS 61 Qo
*098/34J 0001 3® ATr®I3 aneqe
-usnbasg pagyJ -owumumsmmnwuﬂq WOE € gO9E 2V se JweS 1°1 alo
-Ue3sul pPaJdjJ sa3Ieyo JO BuT1 WOE € JOOE 1V 2A0QE 8B mWES 61 L9
. moxodpu .Whom
sne 83sJI8YUOD Tenod?a
-auBjuUe3SUT PaJTJ 93IBYD Te3el WOE‘QO09E VY UL 8qT G2°1 9°L-G"T 99
*pexoeas °*3JBA
o28/33 000T 3® dn gadJeyo tTEnbag
ncwmon oy uoumu »aauawzmsvow WOE“QO9E sV UT “®qT S2°1 9°L-G"1 59
®AZ93UT WO°T 3® °sqQl S°O
‘myT ‘w02 ‘Wgg ‘Wgt .nmm
Ateszemtxeadde 3w °sqr S°T
*R83T3TOGTAA dA®M § B d
Jeo 3e1 puw munuv Je 329334 WOG~0 id S)JIeWdY 998 G I-1°g¢ £-249
§ sjoys G °303JI19 yjdep . . . ]
% ue Jy3teM IBJWYD JO 3097JH uGe-6°2-d yoea G°1 0°€-9°#T o-2L9
5 saeUs Q °"USTIBISUSS aAeM
yIterivy ue yzdap Je 30°33Jd wo2-0-d yoea G° 2°T-9° 4T y-eco
23amyo Te303 JO uUeT3vUS 39D
ue }o9yd €3 QG Je wuw%m wEIS o001y (sdeo G) G°2 LA 19
- X
- JaBueY 3e uJxdjjed uerjeTpEY WETS‘L08T ¢V ¢z €1 8%
Jeus
puneJe aJnjsiem [res ue XOayd wGe ‘ 909€ 2V G*2 o't LS
31d °73dTTT? Jo mejjeq mGe ‘909¢ 2V G* uos
47d °o73dT1I2 Jo pul uGe ‘909¢t 2V G 0 896
37d OTadTIT® 132 uGe € g09€ 2V G* 0 394
sy Ieway Xeaaxy “Bql u jutod
* m:mamw o3keto j0ys
23aeyD Jo ysdag

93TS 389] juUeSSTJIOTd "V

(pi3ue)) T 2Tq=L




-25-

qoys JufJdaqed -C* . o
3exd smmm.m A A ¢ € 1Y
c ommm"<
wOS=0 :d G .
am.m.ommm"< 7 8°6T pEL
woG-0 :d G* 6°
ﬂm.Nn..Nommm v e 1 G2 oEL
06-0 :d G .
sm.mboommuc 7 0°cE qel
- oo8/ay 056-0 :d A8 4 T°8¢ eEl
00S 3® spus a37soeddo anoqe
WOJIJ POJTJ SUTT oT1qne 5
.oma\ﬂu a som.oomm.<o se aureg 1 qQzl
0001 3® spu2 ajysoddo :Hwﬁowmwmm
WOJJ PaJgFJ SUTT aTqno € : .
. *098/47 006 3% »Haamu e RO o098 M § T wmwnu = e
-u2 o8 M
paJdTJ sodaeyo Jo auUTT wWOE ¢ ,0OE ¥ se owreg G 1 .
qaede
*088/33 0001 3® ATT® e B I
-uanbas paapy soafaeyo hw ww«q o€ ‘ 509¢€ ¢ .mmﬂw: By v
AoUS VOTIEIATEES som.oomm”« .mmna 0°'1 o1 oL
30US UOT3BIQTTED = L e a2
b *098/33 0EE 3® ATTeT3 oIV mnﬂommnw =1 0
-uanbos poa 3
PadtTJ sasIeyd Jo auf] WOt ‘ 500€ ¥ s® aureg 1T ag9
S)NJeuay g
xlBacy (*®qT) (m) jutrod
IYTTan a3IeyD joys
adaeyo Jo ysgdaq

93TS 3859] JUESSTIOTI °V

(pi3uod) T °TqeL




90BJ 2943 mOI] sIa35W om] WSE ‘moZ € 08T iV G°1 8° 0§
90BJ 9943 woaJ Ia3am auQ wGE ‘WO -oowan T FARS 6t
90®J 93847 wouay Ja39m aup WSE ‘WO2 ‘o08T iV 02 AR 8t

wot ‘,02T: G°1 0°T Ot
WoE ‘02T G 1 0°1 6€
WOE ‘o021 iV G°1 0" T 8¢
Juswad ‘L37TTqronpoaday J998nT) G- XLE
Juswsd ou ‘L37TTqronpoaday J998NnTH q* X.LE
uTES-41T: G2 21 LE
woTT-gT :d 0°2 €°1 ot
J39BJ0 OoU 4nq
b PaoeTdsIp 20®J ‘joys 20B] oody WOE-02 ‘,90T:V 02 9T°1 12
« pawmIoJ
S0BJ UT J93BJIO ‘j0ys 20BJ 29y woz *,09T v 0°'T 9L° 0oc
" 028=28T “o08:d°Y 0°T 64°1 61
8308 98Jd) JEBAU J0US JIUIO) WOH=-02 .wom"m~< 0°'1 h6° 8T
paadssqe uxajjed yoway wsz ‘,09€ 1y G* HE° T LT
juswuITTe uga3jed qurop uG2 ‘08T Y G°1 oh°1 4ot
paAgasqo
uzajjed joead “3no Mmafg uieT-92T o d 0°'1T cc'1 91
3893 £3TTTqTonpoaday J238NnT)H 0°T 9G°1 HST
PaAgssqo uxajjed yoea) wGET~-2L :d Cre on°t ST
wGl-2T :d G* En°t Xnt
BlIeway sheaay a.anav (w) aujod
U3ItomM aldxeyd jousg
adaeyd Jo yadsq

93TS 989 'ydly °g
(pi3u0d) T atTqElL




w)12-G0T :d c*e €T e
2824 Ka31TTaTonpoaday Ja3snT) G* 2°0 XHE
woTT-02 :d Gt €°1 HE
woz ‘o0l :V 0°'1 21 qo¢
wo2 ‘o09¢ ¥ 0°T €t e0¢
wo2 “o09¢ iV G 1 9°1 62
wog o09¢ :V N°T 1 ge
woz ¢ _09¢€:vV G* S°1 le
SN JIeuaYy slexay (*sa1) , (w) qurod
QUITOM a3 o 30ys
a3dJaeyd Jo ysdaQg

237S %ol ©3sndny °0

(pi3ue)d) T STABL




-28.

WwO9E-0OHT :d (INL) 006 0 My
uphS-€°91 :d 0°0T 0 Pty
uphS-€° 9T :d 0°0T #0° €~ ol
uphS-€°QT :d 0°0T ge*e ath
uphS-€°g1 :d 0°0t 0G°G mmz
uhhS-€°C1 :d 0°G1 o) Jen
uhh2-€° 9T :d 0°S 0 att
upte-€° 9T :d 0°ST #0° €= PEY
WhhS-€° QT :d 0°G #0°€- oty
Whhe-€° QT :d 0°G H1°2 Qty
Wh2-€° 0T :d 0°6 28 # BEY

W 0E ¢o09€ 3V 0*t €S 1 eh
u 0f €,09€ v 0°2 Y Py
E#”om ‘009€ v 0°2 €6 1- oTH
Uh0E ‘o09€ v 0°2 €51 qIH
uyc0E ‘,09€ v 0°2 oe°¢ BlY
shBIIY (*sq1) () qutod
uIToM adaeu)d joug

akaeyp Jo yadsq

93TS 389 PIatJIIng °d
(pi3uo0)) T BT1qEBL




CHAPTER III

SOURCE FUNCTIONS AND SYNTHESIS OF MOTION
BY PHASE EQUALIZATION

The mechanism of selsmic wave generation is one of the
fundamental problems of seismology. One objective of thils
program of research was to gain a clearer understanding of
the process by which surface waves are generated by explo-
sions, Except in the most simple case of an elastic half-
space, the motion in the source region which gives rise to
the surface waves observed at distance jis distorted by dis-
persion during propagation. In principle, the effects of
dispersion and other propagation effects can be removed, and,
subject to a number of assumptions, the source motion can
be recovered.

Two equivalerit phase equalization methods have been
used with equal success, These are described by Sato (1955,
1956) and Aki (1960b). The analyses of source motion from
the fundamental Rayleigh mode, the first Rayleigh shear mode,
and Love waves have been carried out.

The first method 1s based upon the simple principle
that the amplitude and phase angle of the Fourier trans-
form of the trace of the motion at any observing station
is the result of the modification of the initlal amplitude
and phase spectra near the origin as a result of phase
shifts and amplitude changes caused by dispersion, attenua-
tion, and recording. The Fourler amplitude and phase spec=-

tra of the observed motion are the basic data in this
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technique. From the spectral data along an observed pro-
file the phase velocity and initial phases of all components
are calculated, absorption coefficients determined, and
finally the motion at any distance calculated by resynthe-
81s of the Fourier components.

Assuming cylindrical spreading of the wavefront, the

motion at any distance, r, is given by

(1) f(r,t) = !__%_-Eﬂjalx(r’w) gg:a'(‘g%w)-wt)dw

“ where: rp, = distance to recording station
F(rg,« ) = observed Fourier spectral amplitude
® (w) = initial phase, and
A(r,w) = attenuation function,

The attenuation functien represents the absorption
losses within the medium. It is assumed that these can be
expressed by:

(2) A (r,w) = exp (-R)

in which « can be written as Bu)n, where B is an absorption
coefficient and n defines the dependence of attenuation on
frequency.

One of the principal assumptions in the techniques used
for calculation of the source functions is that the spectrum
at any observation point expresses the spectrum at the
seurce, If, however, higher frequencies have been attenuat-
ed to the point that they are not recorded, no absorption
law will replace them. The loss of the high frequency en-
ergy will make it impossible to arrive at a short rise time

for the computed source function, and if the observed
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spectrum 1s severely band-limited, the calculated motion
must be oscillatory,

In the second method, first exploited by Aki, the im-
pulse response of the layered medium is cross-correlated
with the field record to obtain the motion at the source
(source function). If the phase velocity curve is known,
a theoretical seismogram at any distance can be calculated
by

oo

() et = [6(w) e (1wt) au
where G(w ) repregé;ts the combined frequency response of
the earth and recording system. IG(U))liS assumed to be
unity only over a finite frequency band, say W, to 0)2,
and the phase of G(w) includes shifts due to dispersion

and recording. The cross-correlation of a theoretical
seismogram, g(t), along a particular wave path with the

field record, X(t)s for the same path will yield the source
function y (T ), 1.e. -

@) v (D= [ae) x (erT)at,

It has been shown (Jg;es and Morrison, 1954) that this cross-
correlation equalizes the phase angle of the record x (t)

to the source in the frequency range from 011 to UJQ.

Test Sites and Data.

The surface wave data used for the calculations of the
source functions were obtained at two test sites: the Flor-
issant site, which consists of approximately 120 feet of
clay-loess overlying Mississippian limestone; and the test
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site at the Suffield Experimental Station, which has about
210 feet of clay with sand and gravel lenses overlying the
Cretaceous Foremost sandy shale formation (see Chapter II),

Examples of the recorded ground motions which were
used for source function calculations are shown in Figures
2 and 3. Figure 2 18 a profile of the three components of
motion of the surface waves at Florissant (S.P, 6, 7). The
motion was recorded on Sprengnether portable three-
component blast selsmographs. The instruments were care-
fully aligned with the shot point so that one horizontal
component responded to radial motion and the other to tan-
gential motion. The vertical and radial components are
dominated by the fundamental Rayleigh mode which is pre-
ceded by prograde elliptic motion (Kisslinger, 1959; Gilbert,
et al 1962). This prograde motion 18 thought to be a com-
bination of P (a diffracted compressional wave) and the
first Rayleigh shear node. Both the prograde and retro-
grade events show normal dispersion across the profile.
The transverse motion is identified as a Love wave, and
also 18 normally dispersed.

Figure 3 shows the recorded motion along a profile at
the Suffield test site, produced by a 10 1b. charge at a
depth of 5.5 meters (S.P. 44a)., The vertical and radial
component motion 1s dominated by the fundamental Rayleigh
mode at the closer distances. This event is preceded by a

prograde elliptic event which has been identified as the
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first Rayleigh shear mode Mp;. This identification 1s

based upon the particle motions, Figure 4, and the phase
velocity curve, Figure 8, The development of this event as
it separates from the fundamental Rayleigh wave with increas-
ing distance 1s well shown in Figure 3.

The Rayleigh motion, best exhibited on the vertical
component, is a wave packet with almost constant frequency
at all distances at which it has been observed. This does
not mean that the medium, known to be layered, is not dis-
persive, A careful correlation of peaks and troughs shows
that dispersion is exhibited as a progression of the maximum
amplitude at a group velocity of approximately 90 meters
per second through the constant frequency wave packet. This
is demonstrated in Figure 5 in which the vertical component
of the ground motion between 91 and 213 meters 1is plotted,
The transverse motion at Suffield has been identified as a
Love wave on the basis of the agreement of the observed
phase velocity curve with the theoretical curve. (Pigure 8),
It 18 obvioue from a comparison of Figures 2 and 3 that the
long dispersed wave train of Love motion was not observed
along the profile at Suffield as it was at the Florissant
test site. However, it has been established (Kisslinger,
et al, 1961; Stauder and Kisslinger, 1962) that Love waves
are generated at both sites with an asymmetrical pattern of
radiation, and it may be that the profile at Suffield
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happened to lie near a nodal line. The Rayleigh motion at
the two sites differs in two respects: 1) the motion at
Suffield is a constant frequency wave packet whereas the
motion at Florissant, though still exhibiting a fairly
narrow spectrum (about one octave, Figure 6), 1s a normal-
ly dispersed wave train; 2) the vertical component dom-
inates the Rayleigh motion at Suffield but at Florissant
the radial component is bigger,

A comparison of the Fourier amplitude spectra at both
sites for these surface waves is shown in Figure 6. The
Rayleigh wave spectrum at Florissant is peaked at approxi-
mately 7 cps. The frequencies at which the amplitudes are
0.7 of the maximum are 4.5 and 10 cps. At Suffield the ver-
tical spectrum i1s sharply peaked at 4 cps., with the half
power points at 3.5 and 5 cps. Since at the distances in-
volved here it 1s difficult to separate the beginning of
the Rayleigh wave from the prograde event, each event affects
the spectrum of the other, This is most noticeable on the
radial component at Suffield, on which the Rayleigh wave 1s
relatively small.

The theoretical and observed dispersion curves for
each of these surface waves and the corresponding .earth
models at the two sites are shown in Figures 7 and 8.

These earth models were selected as giving the best agree-

ment with the observed fundamental Rayleigh wave curve
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FIGURE

7

DISPERSION CURVES, FLORISSANT
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consistent with known velocity and structural data., The
curves computed from these models for the other types of
surface waves were then accepted as the proper theoretical
curves,

Since the method of analysis ylelds an infinite set of
possible observed phase velocity curves (Sato, 1958, Kiss-
linger, 1960), it is necessary to select one of these on
the basis of independent information. At both sites, P and
S wave velocities have been directly measured and layer
thicknesses are known from refraction surveys and logs of
shot holes, The earth models used for the theoretical
curves fit well with the known velocities and layer thick-
nesses,

An interesting feature of these curves is that the Ray-
leigh wave phase velocity 1s greater than that of the Love
wave over part of the frequency band of interest. An in-
spection of the models shows that the shear velocities in
the upper layers at both sites are low, In the clays over-
lying the more rigid substratum the value of Poisson's
ratio is quite high, ranging from approximately 0.38 to
0.49. These high values coupled with the increase of the
P-wave velocity at the first boundary without a correspond-
ing increase in the shear wave velocity cause this unusual
relatlionship of Love and Rayleigh phase velocity curves,
The high values of Poisson's ratio are characteristic of

the unconsolidated surface layers and the increase in P-wave
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velocity without similar changes in shear wave velocity is
a characteristic of shallow water tables.

These figures also show the dispersion curves of the
prograde elliptic events discussed previously., At Suffield
the vertical and horizontal components of this event gave
observed phase velocitlies which were slightly different,
This is most probably due to the interference effects with
other events so close to the source. However, the general
agreement of these, particularly the vertical component,
with the theoretical curve is quite good. At Florissant
this is not the case. As already mentioned the prograde
motion is thought to be a combination of P and the Mp; mode,
and the effect of this interference in the observed curve
is not known,

Attenuation coefficients, o< , were determined for the
individual Fourier components of the fundamental Rayleigh
mode from the Fouriler spectral amplitude at varying distances.

The values were determined from the relation

(5) A,-ﬁ‘.g.- exp (- ot r),

where Ap = Fourler amplitude at distance r,
and A, = initial amplitude,

The values determined for the two test sites are shown in
Table 2, Because the variation is small over the predomi-
nant frequency range of the Rayleigh wave at both 8ites,

an average value 1hdependent of frequency was assigned to

each site for use in the synthesis calculations.

T 2 - A A
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Table 2
ATTENUATION COEFFICIENTS

Suffield Florissant
(cps) (meters=+) (eps) (meters~t)

5 1.0037 4.0 0.0062
3.0 0.003& 5.0 0.0075
4,5 0.0040 6.0 0.0075
5.0 0,0046 7.0 0.0078
5.5 0.0057 8.0 0.0072
9.0 0.0078
10.0 0.0078

11.0 0.00

Synthesis of Fundamental Rayleigh Mode

The synthesis studies from these data are in two categor-
ies: 1) the attempt to synthesize the motion in the source
region, 1.e, caloulation of the source function, and 2)the
synthesis of motion at distances sufficiently far from
the source that the fundamental Rayleigh wave has separated
from the other events such as direct and refracted body
waves and higher modes.

Synthesis at Distance. The motion synthesized at 135 and

180 meters frc- the observed motion at 75 meters at Flor-
issant (Figure 2) is compared with the observed motion in
Figure 9., Except for amplitude, the calculated motion
agrees quite well with the observed motion., Slight differ-
ences in time for peaks and troughs are reasonably accounted
for by slight inaccuracies in the phase velocity data, The
smeller amplitudes on the synthesized traces are largely
due to the effect of the charge size, The observed motion
at 75 meters, the input to the synthesis calculation, was
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recorded from a smeller shot than that which produced the
observed motion at 135 and 180 meters, Motion recorded at
the sane distance from both of these shots indicated that
the vertical component of the Rayleigh motion was approx-
imately 1.3 times greater from the larger shot. The mean
value of the ratio of observed to synthesized at 135 meters
1s 1.46 on the vertical and 1.4 for the radial, FPigure 10
illustrates the agreement of amplitude one might expect when
the synthesized motion is calculated from motion recorded
from the same shot., This figure shows the vertical motion
synthesized at 75 and 90 meters from observed motion at 90
and 75 meters respectively., The amplitude agreement is
quite good. Similar calculations for the radial motion pro-
duced the same results,

The synthesized vertical and radial motion at Suffield
at 183 and 244 meters as calculated from the observed motion
at 122 meters is shown in Figure 11, Again the comparisons
are quite favorable, particularly the vertical components.
The largest motion ococurs at the same time on the synthe-
sized and observed traces, frequencies are the same and the
amplitudes are similar and die off rapidly on both sides of
the maximum motion,

The observed motion from 183 meters was used to synthe-
size the motion at 122 meters at Suffield, the reverse of
the process discussed above, The synthesized motion at 122
meters compared very favorably with the observed. This
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same test was performed at Florissant for various distance
combinations with equally good results,

From these examples, it is obvious that Sato's tech-
nique of synthesis 1s very successful in predicting or re-
producing the observed motion at any distance from the
source at which the Rayleigh wave has separated from the
other events on the record. This implies that the phase
velocity curves must be reasonably accurate, that attenua-
tion in this region is adequately represented by the assump-
tions made, and the numerical methods are satisfactory.

Synthesis in the Source Region. Before examining the

calculated source functions it is instructive to consider
the results of the synthesis at Suffield at 18 and 55 meters
from the source., The motion, shown in Figure 12, was cal-
culated from the observed motion at 122 meters,

At 55 meters the maximum calculated vertical motion co-
incides with the maximum observed motion, The onset of the
fundamental Rayleigh, especially in the radial component, is
somewhat obscured on the observed trace by the prograde
event preceding it, The long duration of the oscillatory
motion observed at this distance, slightly less than one
wave length from the source, 1s especlally to be noted,

At 18 meters, approximately one quarter wave length
from the source, motion is observed for longer than one

second. The frequency of this extended train is practically
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constant and crests can be correlated with larger amplitude
phases at greater distances (Figure 5). This motion is re-
produced on the synthesized traces. A comparison of the
synthesized and observed traces reveals that the maximum
synthesized vertical motion 1s approximately 0.1 second
later than the maximum motion on the observed trace., The
particle motion 1in the radial-vertical plane, Figure 13,1in-
dicates that the fundamental Rayleigh motion begins at
approximately 0.220 seconds, which corresponds to a time
0.040 seconds before the observed maximum on the vertical
trace. However, in Figure 5 it was shown that the maximum
energy 1s propagating at a group velocity of 90 meters per
second. This means that the maximum Rayleigh motion should
oceur at about 0.2 seconds. The 1nterference with body
waves and the prograde event preceding the Rayleigh wave
alters the observed traces such that the Rayleigh onset pre-
dicted from the particle motion diagram would not be accur-
ate but would give the time at which the Rayleigh mode
dominates the motion., The maximum synthesized motion on
the radial component is 0.040 seconds earlier than the
vertical maximum., The particle motion 18 elliptic retrograde.
The important points to be noted here are the delays in the
calculated maxima and the long duration of the synthesized
and observec traces, which are particularly well shown on
the vertilcal.

The motion calculated at the source at Suffield from
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the observed motion at 122 meters is shown in Figure 14,
The most striking feature is the long oscillatory nature

of the source function. Figure 15 shows a comparison of
the source functions calculated from different distances
and different shot depths. The upper two traces are the
vertical component calculated from a shot at a depth of 5.5
meters and recording distances of 122 and 133 meters re-
spectively. The lower trace was calculated from motion
observed at .53 meters from a shot at a depth of 2,3
meters. The similarity of the source functions is obvious,
This shows the reproducibility to be expected from calcula-
tions from various distances, and the reproducibility of
the motion from different source depths in the same medium
for these cases in which the recording distances are con-
siderably larger than the source depths,

In all of these calculations the maxima on the vertical
and radial traces are approximately 0.3 seconds after origin
time. The possibility that the phase velocity curves are
grossly in error is ruled out when one considers the agree-
ment between the observed and calculated motion at large
distances, as previously shown and the agreement at 55
meters. Some other explanation for this delay must be
sought. Before pursuing this further, let us consider the
source functions at Florissant.

Figure 16 shows the radial and vertical source functions

which were calculated from the observed motion at 75 and
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180 meters from the source., The agreement of the wave forms
on the radial traces i1s excellent; however, there is a dif-
ference in the wave form of the vertical traces. The rela-
tive amplitudes of the two peaks on the upward side of the
zero line are different. The observed vertical Rayleigh
motion at 75 meters, Figure 2, 1is still distorted by the pro-
grade event which precedes it, The accurate determination
of the Fourier phase angles is, therefore, difficult, and
distortion of the source function results, These events
separate as the distance from the source increases; conse-
quently, the source functions calculated from 180 meters
should be considered more reliable,

The source functions at Florissant are oscillatory in
nature but much shorter in duration than those at Suffield.
The maximum amplitudes occur between 0,175 and 0.220 sec-
onds after origin time, Here also the comparisons shown at
distance (Figures 9 and 10) give one confidence that the
phase velocity data used in the calculations are reliable.
This means that we must look to another source for the de-
lays in the observed maxima,

In the series of tests at Suffield a 500 pound hemis~
pherical charge was detonated on the free surface and record-
ed between 153 and 366 meters along the same profile as the
contained shots. The source functions calculated from the
observed motion at 213 meters are shown in Figure 17. The

calculated motion of both the radial and vertical components
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18 long and oscillatory Just as the motion from the con-
tained shots., However, unlike the contained shots, the max-
imum amplitudes occur near zero time.

Effects of Asymptotic Approximation in Source Region.

Cylindrical spreading was assumed in the calculation of the
synthesized motion. Thé pertinent solution of the wave
equation in this case is the Hankel function of the second
kind. For distances that are sufficlently large the asymp-
totic expansion of the Hankel function 1s used. This gives
rise to the r’% factor for geometric spreading. It was
thought that the use of the asymptotic approximation in the
source region might be affecting the calculated results. To
check this the exact value of the amplitude and phase of
the Hankel function for each frequency was calculated for dis-
tances of 18 meters and 30 centimeters. The difference be-
tween these computed values and the values from the asymp-
totic expansion were used to determine a phase and amplitude
correction for each frequency. The radial motion at Suffield
was synthesized using the corrected values. Comparisons of
the synthesized motions at 18 meters and at the source re-
vealed the following: 1) at 18 meters there 18 no signifi-
cant change in the motion: amplitudes and frequenclies are
the same, and 2) at the source there 1s a reduction of
amplitude but the duration of motion and the frequencles are
the same. Thus, the use of the asymptotic expansion in the

gource region seems to be a satisfactory approximation within




-59-

the 1imits of precision of the data and numerical methods
employed.

Interpretation of Source Functions. In this discus-

sion, the "source function" is the motion calculated at the
surface, over the shot point, which would produce the ob-
served Rayleigh motion at distance when subjected to the
given dispersion., For a near-surface burst, for which Ray-
leigh waves are produced directly, the source function will
take the form of the elastic response of the medium to the
applied pressure waveform, For a shot buriled so deeply that
the free surface does not participate in the initial strong
motion, the source function represents the response of the
medium to a point force applied at the surface, equivalent
to the interaction of the body waves from the explosion with
the free surface., This response is not the same as the
displacement of the boundary of the equivalent cavity in the
conventional model of an explosive source.

The accuracy with which the calculated source function
represents the actual behavior at the epicenter depends on
the extent to which the input spectrum is preserved in the
observed motion. The observed spectrum is always band-
l1imited, and the resulting source function must be somewhat
oscillatory. A sharply peaked spectrum will yield a highly
oscillatory source function,

Aki (1960c) interprets the source function on the
assumption that the initial phase, the same for all fre-
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quencies, 1s independent of the layering of the medium, If
the distance to the recorder is sufficiently greater than
the focal depth, as it 1s for all of the data used here,
then the initial phase of the source function depends only
upon the time and spatial history of the applied force at
the source, Thus, under the assumption that the effect of
dispersion due to the layering and the phase changes intro-
duced by the recording instrument are accurately removed in
the process of phase equalization, the polarity and symmetry
of the source function, which are determined by the initial
phase, can be interpreted in terms of 1dealized forces act-
ing at the origin.

In his paper Aki compiled idealized source functions
for the vertical component associated with an explosive
step and an explosive impulse. The waveforms (initial phase)
assoclated with these sources are not unique to them, For
example, the response to an explosive step from a point
Source 18 the same as that from a horizontal force directed
toward the receiver. Figure 18 shows the source functions,
vertical and radial components, from an explosive step and
an explosive impulse applied at a point in a half-space,

The source functions calculated for Florissant, Flgure
16, closely resemble those found by Aki for Rayleigh waves
from earthquakes. An examination of Aki's tabulated source
functions and the present results indicate that the assign-

ment of these derived waveforms to a particular class

S e A U
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EXPLOSIVE STEP

EXPLOSIVE PULSE

| FIGURE 18
IDEALIZED SOURCE FUNCTIONS
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(even, odd or some combination of these) depends on very
small depaftures from symmetry, and small differences in
the amplitudes of displacements adjacent to the maximum
motion. A purely even or purely odd function can only re-
sult from a two-dimensional source, Since the source in
these experiments 1s known to be a point, the selection of
an even or odd function was excluded, even though this re-
quires placing confidence in minor variations in the wave~
form, If the interpretation is constrained to a three-
dimensional solution, then the result, based on the record
at 180 meters, for which the second peak on the vertical 1s
greater than the first, but smaller than the trough, while
the trough on the radial component 1s slightly smaller than
the following crest, agrees best with an explosive step.

The results for 75 meters indicates a down pulse in
force rather than an explosive step. Since 1t is known that
motion other than the fundamental Rayleigh wave is included
in the record at this station, little confidence can be
placed in the small differences between the two results
that require the different interpretations.

It must be recognized that there is no reason to demand
that the driving force in the fleld experiments be either
impulsive or a step function, or that the initial phase
of all Fourier components be the same, The effect of a
driving force that decays monotonically or oscillates would
be to destroy the ideal symmetry and extend the source

5 o
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function 1in time,

The source functions from the contained shots at Suf-
field, Figures 14 and 15, are long in duration and of almost
constant frequency, a consequence of the narrow frequency
spectrum (Figure 6). These source functions cannot be in-
terpreted as those at Florissant, because, as Akl states
(1960c, p. 2408): "If the spectrum 1s peaked, the source
function will take an oscillatory form, which 1is undesir-
able for the clear identification of its type."

Before considering why the frequency spectrum is so
narrow at Suffield let us examine the source functions from
the 500 pound surface shot, Figure 17. As in the case of
the contained shots, the waveforms of both components oscil-
late with constant frequency, and the spectrum of the verti-
cal component peaks at 4 cps with the same band width. The
fact that the peak of the spectrum does not change with a
fifty-fold increase in charge size requires that some factor
other than total input energy 1is controlling the spectrum,
The spectrum for a given medium can be affected by erater or
cavity size and by the layering present. Since charge size
has no appreciable effect here, the near surface layering
must dominate the spectrum. The contained shots and the
surface shot, two distinctly different sources, produce
motion at distance which is identical in the frequency of
the waveform but differ in phase by TT . This leads tu the
conclusion that the layering is important in the Rayleigh

vave generation process at this site.
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It was shown above (Figure 12) that constant frequency
motion was observed for longer than one second at a dis-
tance approximately one-quarter wave length from the source.
These observations suggest that energy is being transmitted
from the source region for a period of time much longer
than the time duration of the explosion itself. This 1is
typical of 2 tuned or resonant mechanical oscillator with
jow damping and leads to the belief that the Rayleigh motion
at this site 1s produced by a resonance phenomenon.

There is additional information to support this view-
point. 1In addition to the contained ten-pound shots fired
at Suffield, ten pounds was fired on the surface and 3
meters above the free surface. Neither of these shots gen-
erated any Rayleigh waves. In August, 1961, a 100-ton sur-
face burst was fired at this test site, In reviewing the
seismograms from this test, Kisslinger (1963) pointed out
that the Rayleigh wave generated by smaller shots was not
present. A review of records from earlier trials at this
test site showed Rayleigh waves with the same period and
group velocity as those from the smaller charges to be ab-
sent from all of the surface shots greater than five tons.
Retrograde elliptic motion following the air blast arrival
is found on seismograms from these large shots but the
arrival times are much toc early for this to be the same

event as that recorded from the smaller shots. Kisslinger

suggested that the 100-ton shot acted as a force dovnward
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on the lower layers and that the longer period Rayleigh
motion resulting was controlled by the higher-velocity
deeper layers. The size of the crater for the 100-ton
shot would tend to support this conclusion. The entire
thickness of the low velocity surface layer was involved
in the source region,

The evidence presented here leads one to the conclu=
sion that the response of the free surface to the explosive
loading that results in the production of the fundamental
Rayleigh waves at the two sites 1s entirely different, At
Florissant the source function appears to be independent of
the layering whereas at Suffield it appears to be dominated
by the near-surface layering. For small charges at Suf-
field this effect does not depend on whether the charge is
at the surface or buried.

It was noted in a previous section that there is a
time delay for the maximum amplitude of the source functions
from the contained explosions which did not appear in the
source functions from the surface shot. This suggests that
there is a time delay in the generation process of Rayleigh
waves from a contained explosion which does not exist for
the surface source. This time delay 1s longer than P or S
wave travel times from the source to the surface, This
point merits further study. The data from a small number
of tests under nearly similar conditions are not sufficient

to allow any definite conclusion.
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Source Functlons from Higher Modes.

The presence of prograde elliptic motion preceding the
fundamental Rayleigh mode at both test sites has already
been discussed, Source functions were calculated for these
events,

Figure 19 shows the radial- and vertical-component
source functions calculated from the observed motion at 180
meters from Florissant. The wave forms are oscillatory and
more complex than were the fundamental, Source functions
calculated from various distances were not reproducible.
This suggests that the phase velocity curve used for the
synthesis of the Fourier components is not correct. This
is not surprising in view of the interpretation of this pro-
grade motion as a combination of P and the M21 mode of the
Rayleigh wave.

An interpretation of these source functions in terms of
a force system cannot be Justified in view of the lack of
reproducibility observed, If the slope of the phase veloc-
ity curve is in error or if the values of the velocity at
each frequency are in error by some value, the resulting
calculations will be in error. There 1is good reason to sus-
pect that this is the case,

The motion of the Mp) branch observed at 183 meters at
Suffield was used to calculate the source functions shown

in Figure 20, This motion was calculated using a phase
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velocity curve which was slightly faster than the observed
vertical curve in the frequency range from 6 to 11 cps. and
slightly lower than the observed radial curve 1n the same
ranze, This curve was used because tests with the observed
curves indicated that both were somewhat in error, The mo-
tion synthesized at the source using the observed curves

was very similar to that using the average curves but better
time agreement between the radial and vertical components
was attalned with the average curve,

The source function 1s much simpler than that from the
fundamental Rayleigh wave at this site, The spectrum for
this event, Figure 6, 1s broader than that for the fundamen-
tal and peaks at a higher frequency. The ground motion for
this event, shown in Figure 3, remains pulse-like in nature
over the range of recording and does not exhibit strong dis-
persion,

The difference in the nature of the source function be-
tween the M21 mode and the fundamental can be interpreted
to mean that the generation process 1s somewhat different
for the two events, The source function for the M,y mode
can be interpreted using Aki's criterion, The waveform of
the source function is similar to that assoclated with a
down pulse propagating in three dimensions, This 1s some-
what surprising in view of the fact that the explosion was
contained, This event could not be identified for the 500

pound shot, because 1its expected time of arrival coincided
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vith the air blast arrival and the large motion which fol-
lows.,

The simple nature of this source function strengthens
the view that something other than the shot 1s controlling
the generation of the fundamental Rafleigh motion at Suf-
fleld.

Synthesis ot Love Waves,

The fact that explosions produce prominent horizontal
transverse, SH, motion has been discussed in detall for the
Florissant test site (Kisslinger, et al, 1961 and Chapter V).
The long period motion observed on the transverse trace has
been identified as a Love wave, The dispersion curve 1s
shovm in Figure 7 and the Fourier amplitude spectrum in
Figure 6.

The Love motion from a profile at Florissant was used
to calculate the source functions shown in Figure 21. The
reproducibility of the wave form from the two dilstances from
which calculations are shown, 150 and 180 meters, is ex-
cellent, The waverorm is oscillatory but basically fairly
simple, The duration and shape are similar to those from
the fundamental Rayleigh at this site, The frequency of the
waveform 1s approximately 10 cps which corresponds to the
peak of the Fourier spectrum., Clockwise motion (down on
the trace) about the source is indicated for this azimuth,

Conclugions,

1. At distances at which the fundamental Rayleigh
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motion is separated from the faster events, the synthesized
Rayleigh motion matches the observed motion quite closely.
This indicates that the method of synthesis of Fourier com-
ponents 18 useful, for one can accurately predict the
motion at any distance as long as the dispersive properties
do not significantly change, and the observed motion does
not represent an interference of two or more events,
2. The source functions of the fundamental Rayleigh
waves from the two test sites are quite 4different. Both
are oscillatory in nature but the very narrow spectrum at
Suffield results in a long duration constant frequency
waveform. This has been interpreted to mean that there 1is
a distinctly different response of the near-surface materials
to the explosion at the two sites, The evidence at Suffield
leads to the conclusion that a resonance phenomenon con-
trolled by the near surface layering strongly affects the
character of the Rayleigh wave, whereas at Florissant the
layering plays no comparable part in the generation process,
3. The maximum amplitudes of the source functions from
contained explosions are delayed as lonz as 0.3 seconds after
the origin time. This 1s not the case for a surface shot
at Suffield. The conclusion is that the delay is due to
the generating mechanism for Rayleigh waves from a contained
explosion, requiring that energy proceed from the source re-

glon for a relatively long time after the detonation.
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4. Calculations of source functions for Love waves at
Florissant from different distances along one azimuth were
very similar.

5. The classification of calculated source functions
into particular types in order to interpret the character
of the input force is difficult. Confidence must be placed
in minor differences in the calculated waveforms, differences
that may well be within the éccuraoy of the data and the

analytic procedures,




CHAPTER IV
RADIATION PATTERNS FROM RIPPLE-FIRED SHOTS

Background and References.

For many years quarry and mine operators have been
utilizing ripple-fired shots to minimize the damaging ef-
fects of their blasting., 1In practice, the ground amplitude
or particle velocity are reduced by a trial and error de-
termination of the optimum spacing and delay times. Willis
(1963) studied velocity spectra from instantaneous and .017
sec, delayed multi-hole shots. He found amplitude attenua-
tion from ripple-firing to be considerably more for body
waves than surface waves, The effect 1s dependent on fre-
quency spectrum and wave length of the seismic signal,

Pollack (1963) observed the predicted relationship be-
tween the spectrum of a single shot and that of the same
signal summed with time delays in a series of controlled
ripple-fired quarry blasts. He assumed a smooth, damped
oscillatory waveform of approximately .00l sec, rise time
and .004 sec, duration (simple body wave arrival) as the
unit input signal and compared observed and predicted spec-
tra for 3, 7 and 15 holes delayed, in total, ,00166,

.00375, and .00664 sec, The effect of any time delays due
to spatial distribution on the shots was not considered.
These would introduce an azimuthal variation into the re-
sultant signal,

Ripple-firing effects on surface waves are complicated

by the addition of a frequency-dependent veloclity, so that

~Th=
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the equivalent time delay corresponding to a spatial separa-
tion depends also on frequency.

As a part of an overall study of controlled radiation
patterns of P, SH, and Rayleigh waves from explosions a
series of fleld experiments in ripple-firing was conducted
in the summer of 1962 (shot points 65-72, Table 1). This
section of the report presents the results of the experiments,
Data,

Several types of shot point patterns and various time
delays were used in the experiments in order to test the
effects of the spatial distribution of the individual charges
making up the shots, as well as the cifects of varying the
delay times., Motlion was recorded 30 mcters from the center
of the shot pattern at s x equally spaced azimuths with
Sprengnether three-component seismographs and the 12 SIE
vertical geophones were spaced between the Sprengnethers,
The basic separation unit between charges in the shot pat-
terns was 1.5 meters and the unit charge size was 0.25
pound of dynamite., 1In the subsequent discussion time de-
lays are givenvin the form of the effective velocity of
propagation c¢f the detonation.

In addition to calibration shots (S.P. 69a, b) of 1,25
and 0,25 pcund at the center of the detector array, ten
multi-hole shots were detonated in the seriess

3.P.66 5 shots simultaneously in a vertical hole
p 7.6 meters deep
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S.P, 65 5 shots detonated upward at 200 meters/sec.
in a vertical hole 7.6 meters deep.
S.P. 67a: 5 shots simultaneously in a horizontal line
sS.P. 67b:

N

shots at 210 meters/sec., in a horizontal
line

S.P. 68a: 5 shots at 103 meters/sec. in a horizontal
line

S.P. 68b: 5 shots at 32 meters/sec. in a horizontal
line

S.P. 70: 2 shots at 190 meters/sec. in & horizontal
line

S.P. 711 2 shots at 91 meters/sec. in a horizontal
line

S.P. T2a: 8 shots in two horizontal lines (couple) of
4 charges detonated in opposite directions
at 185 meters/sec.

S.P. 72b: 8 shots in two horizontal lines (couple) of

4 charges detonated in opposite directions
at 91 meters/sec.
All delayed shots were fired with a sequential timer utiliz-
ing rotating, staggered cams, capable of firing up to 15
shots. Firing times of the first and last shots were re-
corded on the SIE timing trace for determining detonation
velocities,

Figures 22 through 28 present the reduced selismograms,
showing the radiation patterns produced by the various hori-
zontal shot patterns. S.P. 68b is omitted because a malfunc-
tion of the timer resulted in an unusually large time lag 1in
the s.0ot sequence. Also, in the case of S.P. 67a, 1t 18
doubtful that the total charge detonated. Azimuths are all

measured clockwise from the northward end of the pattern.
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Data Analysis,

It is evident from the figures that the temporal and
spatial distributions of these shots have severe effects on
the radiation patterns. It is also apparent, from the sim-
ilarity of records at points symmetric with respect to the
propagating source, that there are no significant anomalies
introduced by differences in path characteristics.

The analysis procedure adopted for these data is an
attempt to explain the radiation patterns by simple superpo-
sition of the unit seismic signal through Fourier synthesis.

If £y (t) 1s the recorded trace from the unit charge
from which the delayed system will be constructed » then

N ( )
f t- At
nZ=1 1 n’?

is the signal from N shots delayed after the first by time
A ths where A th 1s the combined delay due to both temporal

and spatial separations, 1i,e.

Atn=Dn+_évS_§n

where:
D = firing time delay,
ARy = additional path from nth
charge to receiver
\'2 = velocity of propagation of signal,

possibly frequency dependent,
In terms of spectra, if

o9

F, (w) =_1 ffl (t)e~iwtyy
V2T

]
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18 the "unit" spectrum, then for the composite signal

Flw) = l/m j[Zrl (t- Atn)]e'i“’tdt
- 1/.‘/—211—2.::1(04';:) j.;l(t)e-iwtdt

= e nPF (w). A
If the amplitudes, but not waveforms of the individual
shots vary, the summation contains an amplitude factor. This
18 the case for the vertical line of charges, where such a

factor was used in the computation. Then the composite

spectrum is given by

P(w) =) Ay estwatnpy (w)

where the individual charges give signals

£o (£) = Apfy (E-Oty).

Summarizing, the spectrum of the composite signal is
given by the spectrum of the unit signal modified by the
multiplicative functvion:

Z:Ane"1 wAatn for variable amplitudes and
delays,
Ee'i w8 th o variable delays only

z:?'ianAt for constant delays, A t, and no
spatial effect.

For fixed {iring-time delays, the variation in the total
delays 1s introduced by the spatial separation of the indi-
vidual charges, Without this factor there i1s no azimuthal
effect inherent in time delays.
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In the analysis, synthetic selsmograms were computed
by performing the inverse Fourier transform operation on the
computed F (w). 1In the most general case of varliable de-

lays and charges the synthetic seismogram is

£ (t) =1/ .\/?Tfj [ZAne'i‘”Atn] lwt F; (w) dw.

Figure 29 shows the nature of the unit signal used in
this procedure. The vertical and radial components and the
moduli of the Fourier Transforms are presented. This motion
was produced at 30 meters by a calibration shot of 0.25
pound of dynamite, Both the vertical and radial components
of motion were found to be very similar in all azimuths and
one record was arbitrarily chosen as the standard, f; (t).
Subsequent figures show theoretical seismograms for several
of the experimental shot patterns.

Because the predominant energy in the standard signal
appears to be the fundamental mode Rayleigh wave, the cor-
responding frequency-phase velocity relationship was used in
calculating the equivalent time delays due to spatial dis-
tributions. The dispersion curve 1s well-known for the ex-~
perimental area. (sece Chapter III).

Figure 30 shows the theoretical seismograms for the
vertically stacked shots. In this case there is no azimuth-
al variation of the signal, Because of the amplitude-depth
function used, the upper shot controls the appearance of the
seismogram resulting in little apparent change of the wave-

form. This depth-dependence function was constructed from
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observation of amplitude change over the same depth range
for other shot points in the field program., Table 3, in
which unit amplitude is assigned to the shallowest shot,pre-
sents this relationship. Zero time corresponds, in the case
of the delayed shot, to the firing time of the top charge,
The actual seismograms are those from 180° azimuth, The
high frequency (50 to 80 cps) body wave events at the be-
ginning of the record are not present on the theoretical
seismograms because of the 50 cps cut-off on the standard
spectrum, a result of digitalizing increment. In addition,
the amplitude-depth function used does not apply to the body
waves, having been determined for the Raylelgh wave.

Table 3
AMPLITUDE ~ DEPTH RELATIONSHIP FOR VERTICAL PATTERNS

Depth ‘m) A

1.5 1,00

2.0 «30

5 .15

6.0 .10

7.5 008

Figures 31 and 32 show theoretical selsmograms for the
five-shot horizontal line fired simultaneously and at 108
meters/sec,

Figure 33 shows theoretical seismograms for the two-shot
horizontal line fired at 91 meters/sec. With the exception
of the high frequency components in the records, the agree-
ment 1s generally good, On the vertical components, traces

were mistakenly synthesized at azimuths midway between re-
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cording azimuths, However, the change is gradual enough
that the comparison can be made, The shot at 190 meters/sec.
is similar except that higher speed reduces the severity of
azimuthal variations.

Figure 34 1s the theoretical pattern for the double
horizontal line at 91 meters/sec. No records were obtained

at 240° and 300°, which should be equivalent to 60° and
120° by symmetry. The 185 meters/sec. pattern is very sim-

ilar. In this case agreement 1s generally good, although
there are some significant amplitude differences,

Summary and Conclusions.

While there are discrepancies, probably due to loss of
high frequency components, incomplete charge detonations,
and errors in assignment of velocities to frequency compo=-
nents, radiation patterns observed from ripple-fired shot
arrays can be reasonably well explained theoretically by
simple superposition. Fourier theory indicates that a per-
turbation to the unit spectrum in the form of the sum of a
product of amplitude and phase change factors ylelds the
composite spectrum. The total time delay consists of a
fixed increment and a spatial time equivalent, depending
upon receiver position. The spatial distribution gives rise
to the azimuthal radiation pattern. Synthetic selsmograms
were computed and plotted on an IBM 1620 for all recording
azimuths., Comparison with observed motion indicates gen-

erally good agreement.
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The severity of the azimuthal variations that can be
produced suggest that maxima or minima of Rayleigh wave
energy from explosions can easlly be oriented if ripple-

firing 1s feasible, and if the shot point layout can be
arbitrarily selected.




CHAPTER V
HORIZONTALLY POLARIZED SHEAR WAVES

Introduction.

The properties of shear waves generated by underground
explosions was the first subject of investigation in this re-
search program., Simple methematical models of an explosion
as a source of seismic waves fall to predict the existence
of shear waves proceeding directly from the neighborhood of
the explosion. The observed presence of shear waves polar-
1zed in the plane of incidence (SV waves) is readily ex-
plained by the conversion of compressional energy at subsur-
face interfaces and at the free surface of the earth, and so
their occurrence cannot be taken as a significant departure
from simple explosion theory. Horizontally polarized shear
waves (SH waves) cannot be generated in this manner, and so
it was decided that the best way in which to study explosion-
generated shear waves was to concentrate on SH waves,.*

The existence of SH motion of large amplitude on seis-
mograms from explosions had long been known to seismologilsts
working with three-component records of quarry blasts, but
these had never been studied systematically. It was deter-
mined very quickly from the first experiments carried out in
this program that SH motion i1s always produced by buriled

#It 18 possible for apparent SH motion to arise by reflection
and head wave propagation from subsurface beds that are not
narallel to the earth's surface.

-96-
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shots, and that these waves have some well-defined proper-

ties. A paper, hereafter referred to as Paper I, in which

these properties are explained and possible generating mech-

anisms are discussed was published in 1961 (Kisslinger, et

al, 1961). The important properties may be summarized as

follows.

1)

2)

Both body shear waves and Love waves are generated by the

explosion. These waves have frequencies in the same band

as the compressional and Rayleigh-type waves.

Love waves are propagated with a pronounced azimuthal var-
jation in amplitude, marked by a pattern of nodal 1lines

with reversed polarity on either side of the nodes,

3) The observed reversals in polarity are not apparent re-

4)

versals of the phase assoclated with the maximum ampli-
tude as a result of non-symmetry of the dispersive proper-
ties of the layered system, Reversal of the entire
horizontal transverse waveform, down to fine details, has
been observed in many cases, and the pattern of radiation
has been found to be maintained over a range of distances.
In soft materials, such as clay or alluvium, the body
shear waves are roughly one-fourth to one-third the ampli-
tude of the compressional waves, and Love waves have
average amplitudes about the same fraction of the Ray~-
leigh wave, although they may be almost as big at the
maximum of a lobe., In these materials the azimuthal

distribution of radial and vertical motion is completely
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symmetrical, and the SH motion is undoubtedly independent
of these,

5) In brittle materials, such as sandstone and limestone,
all types of motion are somewhat asymmetrical, and the
shear waves may be as large as the other motion recorded,
A nuclear shot in granite has confirmed the large ampli-
tudes of shear waves from shots in competent materials,

6) The shear energy that 1is directly produced by the shot
almost certainly is formed in the transition region of
non-linear behavior around the explosion, Processes in
this region are oqu partly understood, but recent viork
has made significant progress toward clarifying them
(Bishop, 1962). The present investigators prefer the
growth of radial cracks as an adequate source of shear
waves with the observed properties,

Basic Observations.

The decision was made at the beginning of the study to
put aside all preconceived notions of what properties ex-
ploslon-generated shear waves should have, and of how they
might be generated. Experiments were carried out that were
designed to provide basic data on these questions. Since
the first experiments were completed, hundreds of additional
seismograms have been collected in connection with other
aspects of the research that contain further evidence. All
of the information supports the original conclusions as

published in Psper I, and, 1indeed, atrengthens the arguments




presented there.

The fundamental point is that for a point source in a
site composed of essentially horizontal beds of uniform com=
position, the amplitude of the SH motion is different 1n
different directions, and most important of all, the polar-
ity of the waveform 18 completely reversed in some direc-
tions compared to others. The importance of this fact
lies in the difficulty that‘would have been encountered 1in
trying to explain the origin of this motion if it had been
found to be radiated uniformly in all directions. Since
numerous observations confirm that the radial and vertical
components of motion are uniform with azimuth under the
same conditions, there can be no doubt that the mechanism
of generation of the close-in SH motion is quite independent
of the other modes of propagation.

A convenient manner in which to portray the amplitude data
is by means of polar plots of the amplitude of a selected
phase, one which can be correlated at all instruments. If
a similar analysis were attempted using dispersed Love
waves recorded at different distances and over different
paths, it would be necessary first to phase equalize the
signals, using appropriate phase velocity curves and one of
the techniques of Chapter III, before attempting to deter-
mine the proper polarity to assign to each record. However,
in these records, in which the layering and distances are

jdentical, it 1s possible to pick a prominent phase and
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correlate it around the circle.

Examples of polar plots for Florissant are given in
Paper I, and data for Suffield, Alpha and Augusta are pre-
sented in Figures 35, 36, 37, and 38, The data for Suffield
are the best obtained during the project because ten seis-
mographs were available, On Figure 35, the transverse
ground motion 1s plotted at its correct azimuth, The pres-
ence of two nodes, with reversed polarity of eilther side, 1is
quite clear. The increase of high frequency energy in the
neighborhood of the nodes is typical. A polar plot based
on the phase correlated by the dotted circle on Figure 35
is shown on Figure 36. The radiation pattern for the P wave
is given on the same figure, and the coincidence of a slight
bulge in the amplitude with the nodal lines for SH is fur-
ther evidence that there 1s a wave-generating mechanism
operative that 1s superimposed on the basic compression.

In all cases, the radiation patterns show either two or four
lobes. In the case of four-lobed patterns, two of opposite
polarity were usually bigger than the other two.

The Florissant site 1s the only one in which enough shots
were fired to give information on the consistency of orien-
tations of this radiation pattern. A strong tendency was
found for the nodal lines to be in a fixed direction over
large areas of the site, north-northwest and south-southeast
being the most frequently observed orientation., Occasion-

ally a pattern with a totally different arrangement of
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FIGURE 36
RADIATION PATTERNS, P AND SH
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FIGURE 37
RADIATION PATTERNS, P AND SH

-ALPHA-
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FIGURE 38
RADIATION PATTERN, P AND SH
—AUGUSTA-
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nodes and lobes was found. Following the initial discovery
of the SH radiation pattern, the investigators expected to
find these patterns occurring at random. If one postulates
crack formation as a primary source of this motion, then &
tendency to a fixed orientation is plausible. While cracking
from an explosion might be expected to be 8 somewhat chaotic
and random process, it is likely that in any given test site
there are directions of weakness in which the material rup-
tures most easily. In the case of limestone or granite,
these directions might be expected to be related to the Joint
pattern in the region and to regional tectonic stresses. In
the case of soils, these directions would be related to the
structure of the soil resulting from the process of deposi-
tion.

Radiation Pattern as a Function of Distance.

Two further questions were investigated: Is the radiation
pattern observed at one distance maintained at greater dis-
tances, and to what extent is it possible to alter the radia-
tion pattern by changing the source? A definitive answer
to the first question could have best been obtained by sur-
rounding the shot with at least three rings of instruments
at different distances. Such a procedure would have required
many more scismographs than were available, 80 a compromise
was found.

First, at the Florissant site instruments were set up at

two ranges, covering a quadrant within which a node had been
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frequently observed, The distances were 30 and 60 meters
(S.P. 51 and 52). Clearly, if the radiation pattern is not
maintained when the range 1s increased by a factor of two,
the whole hypothesis collapses, and further investization

is unwarranted. The transverse component of ground motion
for S.P. 51b 18 presented in Figure 39. It 1s quite clear
that the node in the west-northwest direction between instru-
ments 1 and 2, 3 and 4 1s expressed at both distances. Re-
sults for 52b are similar.

These data provide an opportunity to check the method of
computing the position of the nodal lines, viz,, linear 1inter-
polation between positions of reversed polarity, using the
amplitude of a correlated phase at each station. For S.P.
51b, if the large peak on instrument 6 1s selected as the
phase to be correlated, interpolation between 1 and 2 puts
the node at 24.50 north of west, while interpolation between
1 and 6 puts 1t 20,8° north of west, If the next turning
point 1is selected, that 1s, the largest trough on lnstrument
6, the results are: 16.5° using 1 and 2, and 19.3° using
1 and 6.

If now the records at 60 meters are used, the result cor-
responding to the biggest peak on instrument 5 is 18° north
of west using 3 and 4, and 15.4° using 3 and 5. The results
for the following turning point are 27.6° using 3 and 4,and
exactly the same, 27.6°, using 3 and 5. If all eight of

these values are taken as independent measurements of the
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angle, the mean value 1s 21.2°, with a standard deviation of
4,59,

It may be concluded that linear interpolation is justi-
fied, since for any one phase at one distance, the result
for the instruments covering 45° is very cloce to that for
the instruments covering 90°. Most important is the result
that the mean position of the node from the data at 30 meters,
20.3° north of west is very close to the position from the
data at 60 meters, 22,2°,

With these satisfactory results obtained, further exper-
iments were conducted to determine if the same pattern could
be observed as far out as 210 meters. It was not possible
to go out this far at the Florissant site without encounter-
ing some pronounced topographic features in some directions.
Because of the shortage of avallable instruments, the data
from three shots are combined in this part of the study. The
three shots were all in the same part of the test site as
S.P. 51 and 52, discussed above. Combining the results of
separate shots 1is Justified first because the records Irom
51 and 52 indicated not only that the orientation of the
radiation pattern remained fixed, but the SH waveforms were
fairly well reproduced. Then, in order to provide addi-
tional control, one instrument was always kept in the same
position relative to the shot, 30 meters to the north. The
five measurements of transverse ground motion at this posi-

tion are presented in Figure 40, Although there are differ-
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ences in detail, the major features, especially the character
of the long perilod Love wave, are reproduced.

Five profiles coverinz a 180° arc from the north through
west to south could be derived from the records of S.P. 53D,
54b, and 61, The transverse around motion along these lines
18 given on Figures 41 and 42. Instrument 5 was to the north,
in line with the fixed instrument at 30 meters, Unfortunate-
ly, it was impossible to move out in this direction more
than 122 meters. A comparison of the records made by Instru-
ment 5 for S.P. 51b and 53D, and for S4b and 61 provides
additional evidence of reproducibillity.

Timing control during these experiments was not very good.
The zero-time device in two of the instruments vas reliable,
so that times of selected events could be taken from these
records, Then the Rayleigh waves, which, as pointed out be=-
fore, were very much the same in all azimuths, could be used
to fix the time for the other records on which no time break
appeared, This only worked, of course, for those instru-
ments that were at the same distance from the source.
Therefore, a few of the records for which topography forced
the use of distances other than the standard ones could not
be timed.

The same radiation pattern wes determined from these
three shots as from the first two. On some of the records
the amplitudes were too small to allow correlations of

phases to be made with confidence and these were excluded
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from the analysis, In all cases the polarity on the traces
to the south, southwest, and west was the same, and reversed
from that to the northwest and north. The mean position for
the node was found to be: at 61 meters, 24° north of west;

at 122 meters, 49° north of west, and at 213 meters, 34.5°
north of west. Amplitudes in the southwest quadrant did not
vary as smoothly as had been noted previously at smaller dis-
tances, as a very low amplitude, but with the proper polarity,
was observed on Instrument 2 at 61 and 122 meters, Varia-
tions in topography are most likely the explanation as this
instrument was separated by a valley and creek from the shot
point,

These data lead to the final conclusion that the radia-
tion patterns observed at short range do propagate outward.
This provides further evidence that the polarity reversals
are real, and not apparent reversals resulting from asymmetri-
cal dispersion, and that the Love waves are truly propagating
outward from the source region, and are not formed along the
path by conversion of other wave types.

Modification of the Radiation Patterns,

Shots in Water-Filled Pits. Experiments were conducted

at Florissant to test the effect on the SH waves of shoot-

ing in small pits filled with water. These experiments must
be considered to have falled because it was impractical with
the facilities available to dig and fill pits of sufficient-

ly great size to provide a real test of the effects, The
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original concept was to shoot in a pit large enough that
purely normal streues within the elastic limit of the sur-
rounding earth materials would be applied to the walls of
the pit. For the small pits used, 2 great deal of water
was lifted vertically, and fell back, 8o that the input was
more like a vertically applied pulse, and the records are
indeed very similar to those from shallow buried shots.

One series of experiments will be described, those at
s.P. 56. Shot 56d was 0.5 pound charge, buried flush with
the surface. The crater produced by this shot was dug out
to form a hemispherical pit with a radius of 0.8 meter., This
pit was filled with water, and another 0.5 pound shot fired
at the surface of the water. The pit was then reshaped to
form an ellipsoid, with the major axis trending north-south,
and twice as long as the minor axis, refilled, and anotner
surface shot fired. The final test was a shot 1n the bottom
of the water-filled ellipsoidal pit.

The analysis of the data 1s summarized in Figures 43 to
46. The effect on all components of shooting in the water
was minor. The shot at the bottom of the pit produced
records very similar to the original tamped shot, but with
greatly increased amplitudes on all components. In particu-
lar, the SH motion from this shot was very much like the
original shot, 80 that repeated loading of the same source
pregion results in reproducible motion. This fact must be
reconciled with the hypothesis that erack formation 18
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FIGURE 43

RADIATION OF SURFACE WAVES
S.P 56d
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FIGURE 44
SH RADIATION PATTERNS

SR56 d,e,f,h
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FIGURE 45
ALTERATION OF SH

BY SHOOTING IN THE PITS
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FIGURE 46

RAYLEIGH WAVE RADIATION

SP 56d,e,f,h
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responsible for the SH motion. Apparently once an under-
ground crack pattern has been established, repeated load-
ing results in further motion along the same cracks. The
fluid in the pit fills the cracks, and the pressure from
the shot 1s transmitted through the fluid to produce fur-
ther motion of the crack walls, as well as further extension
of the crack.

Shootingz at the top of the water-filled pit reduces
the amplitude of all events in the same manner as a poorly
tamped surface shot in soll. The SH motion 1is altered in
some directions, and the effect on SH 1s greater than on
the Rayleigh wave, though, it must be emphasized, the ob-
served effects are minor. Even fhe minor effects are diffi-
cult to interpret, since possibly effects of hole fatigue
are included. The Raylelgh wave 1s used as a basis of com-
parison because its waveform is so well known at this site,
1t 1s symmetric in 1its distribution, and it 1is reproducible
from shot to shot. Shot 56d was used as the calibration
shot. A phase in the vertical component of the Rayleigh
wave (Rz), the longitudinal component of the Rayleigh wave
(RL), and in the Love wave (SH) that could be correlated on
all of the seismograms was selected and 1its amplitude read.
The radiation of these three phases for the calibration shot
is shown in Figure 43. The two-lobed SH pattern, with the

typical northwest-southeast orientatlon of the nodes, and
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the almost circular pattern for the two Rayleigh components
is seen,

The pattern for 56e, the top center of the circular
pit, now showvn here, was very similar, The minimum in Ry,
to the southwest 1s more pronounced. The shot in the top
of the elliptical pit, 56f, produced a poorly defined four-
ljobed SH pattern. In particular, the reading on the north-
east instrument on wvhich the interpretation as a four-lobed,
rather than two-lobed, pattern depends 1is very doubtful
because of a small amplitude and great difficulty in corre-
lating the selected phase, When the shot was placed at the
bottom of this same pit, a distorted two-lobed pattern was
obtained. The SH amplitude on the north instrument (Num-
ber 1) in shot 564 was taken as the unit amplitude, and the
patterns for all four shots, referred to this unit, are
shown in Figure 44,

The alteration of the correlated phase relative to the
original shot was measured by dividing the amplitude on each
instrument by the value on the same instrument for 56d. If
there were no effect at all, the result would be a circle
of unit radius, and if the radiation were unchanged but the
amplitudes were altered, the plot would be a circle with
appropriate radius. As seen in Figure 45, the actual result
for 56e 1s a slight 1ncrease in amplitudes in the northwest
direction and a decrease to the northeast and southwest,

The bottom shot, 56h, produced SH motion roughly twice as
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large as the original shot, but the signal to Lhe southeast
was three times the original, while that to the northwest
was only about one and one-half times the original, and had
the opposite sign., The reversal in sign at a station near
a node is not surprising, and is also observed on 56f.

The three shots taken together indicate a tendency for
a relative strengthening of the signal in the northwest-
southeast direction, but this tendency has no obvious con-
nection with the pit, which was either circular, or elong-
ated north and south, It 1s recommended that further work
in which the shots are fired in bodies of water big enough
that any directly produced shear motion is decoupled from
the earth be carried out.

The amplitude of the Rayleigh waves were altered in
roughly the same manner as the Love waves, that 1s, those
shots that produced smaller Love waves also produced smaller
Rayleigh waves, though, of course, the Rayleigh wave radia-
tion remained quite symmetric. The Rayleigh wave radiation
normalized to the north instrument 56d, 1s shown in Figure
46, in which it 1s seen that the bottom shot produced Ray-
leigh waves with twice the amplitude of the original buried
shot, while the shots at the top of the pits produced appre-
clably smaller motion. No evidence of any effect of the
shape of the pit on the radiation pattern can be seen, -

A final comparison that can be made 18 the enhance-

ment of SH motion relative to the enhancement of the Ray-
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leigh wave, To measure this the ratio of SH for the pit
shots divided by the values at the same instruments for the
calibration shot (the values on Figure 44) were divided by
the corresponding ratios for the Raylelgh wave (not plotted
here). The values are scattered somewhat, but on the aver-
age, the value for the top of the circular pit was 1.91, for
the top of the elliptical pit 2,03, and for the bottom of
the elliptical pit, 0.95. Therefore, rather than reducing
the production of SH motion, as had been anticipated, the
shots in the water actually doubled it relative to the Ray-
'leigh wave, while the shot in the bottom of the water yielded
the same proportions of Rayleigh and SH motion.

SH Motion from Ripple-Fired Shots. The Rayleigh wave

motion produced by the ripple-fired, multi-hole shots was
discussed in Chapter IV, The SH motion generated by the
horizontal patterns will be described here, The experiments
were outlined in the previous chapter. The method that has
been used to study SH radiation does not work as well for
these seismograms because the superposition of the signals
from the component parts of the charge produces waveforms
that cannot be readily correlated around the circle of in-
struments. As explained in the discuseion of Rayleigh waves,
since the signal from a single shot is almost identical in
all azimuths, the superposition of this waveform with proper
time shifts will explain the recorded motion. Because, as

has been seen above, the SH radiation from a single shot 1is
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fundamentally complicated and largely unpredictable, anslyti-
cal superposition 1s impractical, even though this is un-
doubtedly the way to explain the observed motion.

The calibration shots for the ripple-fired series, S.P.
69a and b, produced a four-lobed pattern (Figure 47) almost
identical to that predicted by a formula given by Knopoff
and Gilbert for the first motion due to a crack growing frcm
STO%W to N T70° E at twice the shear velocity (see Figure 12
in Paper I). The two-hole shot fired with the shorter time
delay (equivalent to propagation velocity of 190 meters/sec.,
S.P.70) produced smaller SH motion on all components. The
character of the motion in the direction away from which the
shot was propagating was completely altered, and no corre-
lation with previous records or the other records for this
shot could be made, The phase that had been correlated in
analyzing S.P. 69 could be picked out on the records toward
which the shot propagated, with the same polarity. On the
shot fired with slow velocity of 91 meters/sec. (S.P.T1),
the character was much the same as for the shorter delays,
but it wae possible to carry a correlation through. The
resulting pattern of radiation (Figure 47) consisted of only
two lobes, a small one which covered the two smaller lobves
from 69a, and a large one covering roughly the two larger
lobes from that calibratlon shot. Nodal lines to the north
and to the southeast were preserved.

Tracings of the original selsmograms from three five-hole




-124-

T

FIGURE 47
<4 RADIATION, S.P 56 d,e,f,h
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shots, and from the two eight-hole, two-line pattern are
shown in Figure 48, For all shots the instruments were
placed in a circle with Number 1 to the north (roughly),and
60° spacing, with 2 to the northwest, 3 southwest, 4 south,
etc. For the five-hole patterns, the charges, spaced at
five foot intervals, were aligned north to south, and det-
onated from south to north (from instrument 4 to instrument
1). Geometrically, 2 and 6 were symmetrically placed with
respect to the line, as were 3 and 5. For the "simple
couple" type shots (S.P. T2a and b), the eight shots placed
on two parallel lines, five feet apart, extending north to
gsouth. Detonation was initiated simultaneously at the south
end of the west line and the north end of the east line. In
examining the seismograms in Figure 48, 1t must be recalled
that the static magnification of instruments 3, 4 and 5 is8
about 1.8 times that of the other three.

The shot in which all the charges were fired simultan-
eously (67a) gives the basic pattern for the five-hole shots.
It may be seen that the motion recorded in line with the
pattern (at 1 and 4) 1s a minimum. The Love wave pulse
can be correlated on all records except 1. The records at
the symmetric points 2 and 6 are very much the same, though
6 has larger amplitudes, and the other symmetric pair, 3
and 5, have easlly correlated phases of similar amplitudes
but with reversed polarity. When the same line of shots is

fired at an effective propagation velocity of 290 meters/sec.
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(67b) the same waveforms are observed, only a bit more ex-
tended in time as a result of the duration of the input, No
significant change in radiation 1s noted, The slower speed,
110 meters/sec. (68a), resulted in marked reduction of the
large amplitudes at instruments 3 and 5, and proportionally
greater motion on the other instruments; in other words,
more uniform radiation,

Because of instrument difficulties, the simple couple
experiments were incompletely recorded. The most remarke
able effect observed 1s the increase in amplitude in-line
with the pattern. In particular, the selsmogram at the
south end, Number 4, 1s very large. When it 1s recalled
that this was the direction of minimum motion for the single
line pattern, the enhancement must be regarded as an effect
of the pattern. However, i1f the pattern truly simulated a
couple, this should be the direction of a node of SH motion,
This result 1s unexplained, The extended duration of the

motion 1s also to be noted.




CHAPTER VI

THE EFFECT OF SOURCE DEPTH AND SHOT POINT
MEDIUM ON THE SEISMIC SIGNAL

Knowledge of the properties of explosion-generated
seismic waves is largely empirical based on the analysis of
countless selsmograms produced by explosions covering a
tremendous range of yields and fired under a wide variety
of conditions. Attempts to understand this large body of
data have led to theoretical developments concerning the
processes of wave formation and wave propagation that are
the foundation of this branch of selsmology. Many aspects
of this theory are well-developed, but because of the com-
Plex nature of the materials of which the earth 1is composed
and the complex structure of the medium through which the
waves must propagate to the seismograph, the interpretation
of particular observations is often difficult. 1In particu-
lar, the selsmologist 1s called upon to isolate the effects
of a number of variable parameters that ere part of the cir-
cumstances surrounding any test explosion.

Data concerning the effects of several of these vari-
ables, depth of source, medium in which the source is lo-
cated, and charge slze, were gathered during this project.
The results on the effect of charge size are of doubtful
value for two reasons: the range of ylelds available was
not sufficiently great to adequately define significant
trends; and during some of the tests that were specifically

~128-




~129-

designed to give data on this question the experimenters

were unfortunate in getting some bad dynamite, which did not
completely detonate, Some references to the effect of charge
size are included in the other sections of this report, but
no systematic evaluation 1s possible, The conclusions con-
cerning the other two parameters will be discussed in this
chapter. For a summary of the present state of knowledge of
the factors affecting the close-in properties of the seismic
signal, see Kisslinger (1963).

Effect of Source Depth on the Seismic Signal,

The depth of the charge helow the surface will affect
both body and surface waves, Surface waves depend for their
existence on the presence of a free surface, and, in general,
their amplitude decreases as the source depth increases,

The effect of increased source depth is not as simple for
body waves, If the shot point medium is homogeneous, the
effect of increased shot depth i1s to reduce the amplitude
of the direct P-wave, This results from increased ambient
stresses at the shot which make the cavity size smaller,
This decrease in cavity size also causes an increase in the
fregquency of the direct P-wave, In a real experimental
situation, the properties of the medium at the shot will
change with depth, and this will override the effect of in-
creased stress., That fs, for a limited range of depths,

P-wave amplitude and frequency will depend more on the

medium than on the depth,
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Effect on P-Waves, The predominant frequency in the

P-wave has been found to be affected markedly by the medium
at the depth of the charge. The analysis of a step function
in pressure applied to the walls of a spherical cavity in an
infinite medium indicates that at distances beyond two or
three cavity radii, the P-wave should be damped sinusoid

with angular frequency given by

w =(q+ q2;5 v
+ 2q a

where: V is the P-wave velocity; a 1is the cavity radius;
q= /“/)‘ , the ratio of shear modulus to Lame's constant
(Sharpe, 1942; Blake, 1952, Kisslinger, 1963a). The damp-

ing is given by

fzr%—a;

where T 18 the fraction of critical damping, For large
values of Poisson's ratio (small q) low frequencies and
small damping are to be expected, The radius, a, of the
equivalent cavity is usually not known for & given medium
and yleld.

At Florissant a series of shots in two holes, one 14.6
meters deep and the other 38.1 meters deep, were fired to
gather data for P- and S-wave velocities and the study of
the generation of Rayleigh waves. These shots also ylelded
data useful for checking the theory of the waveform of the

direct P-wave,
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At this test site the velocity of the P-wave in the
clay-loess overlying the Mississippian limestone changes at
the water table whereas the S-wave velocity does not show a
marked change at this boundary. This results in the high
values of Poisson's ratio presented in Chapter III, Above
the water table the P-wave velocity has an average value of
460 meters per second. For this part of the section ) =
3.3/u » consequently the frequency of the P-wave 18 f =w/2T
= 57.5/a cps, where a 18 1in meters, ¥ is 0.43, and the damp-
ing ratio (peak to trough) is 4,53, Below the water table
the P-wave velocity is 1800 meters per second, A = 42.5/u R
f = 84,9/a cps, J 18 0.15, and the damping ratio is 1.61.
These predicted values may be compared with those observed,
presented in Table 4, These data were taken from records at
a range of 2.5 meters from 1.5 pound shots in a single hole
at depths from 38 to 7.5 meters. For the shots deeper than
14 meters both frequencies and damping ratios are close to
those predicted for a cavity radius of one meter, It is
assumed that the damping associated with the medium at the
source 1s preserved in the signal observed at the surface,
The same radius gives good agreement for frequencies, but not
for the damping ratios for the shallower shots. The vel-
ocities used for the calculations are averages for the layer,
and there may be unknown variations in the velocities in

thin layers at any level,
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Table 4

FREQUENCY AND DAMPING OF P-WAVE
FLORISSANT SITE, RECORDED AT 2.5 METERS

Damping Ratio

Depth Frequency (First Peak
(meters) (cps) to Trough)

38 T7-80 1.30
32 91 1.61
26 77 1.43
20 59
14 7 0.96
8 59 1.50

The observed P-wave motion over the shot point from a
series of 0.5 pound charges at various depths in the 14,6
meter hole showed considerable variation in waveform. The
damping ratio was much less than that predicted for most of
the shots. This was thought to be due to the interference
of the direct wave and the primary reflections from the
known boundaries in the clay section. To check this, theo-
retical seismograms of the P-motion were made, The waveforms
used as input for these theoretical seismograms were constant-
frequency damped sinusoids with the first peak equal to
unity. The theoretical frequency and damping given above
vere used. The geologic model used for the calculations,
given in the table below, was made from observed uphole

times from the deep holes,

Thickness P~Velocity
(meters) (meters/sec,)
6.1 305
9.2 518
30.5 1830

oo 3100
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In calculating the theoretical seismograms, transmission
and reflection coefficients at each interface were calcu-
lated, assuming normal incidence, All primary reflections
from boundaries below the shot were added to the directly
transmitted wave at the proper time delay.

The comparison of the observed and calculated motions
from three of the shots in the third layer are shown in
Figure 49. The general agreement 1s good. The theoretical
motion for the source at 26 meters shows stronger motion
after the arrival time of the reflection from the top of the
Misssissippian limestone than is seen on the field record.

Theoretical P motion for shots in the upper layers were
calculated using a waveform with a damping ratio of 4.53. The
theoretical motion did not resemble the observed motion be-
cause the damping was much too large. Another set was cal-
culated using a waveform with the theoretical frequency of
57.5 cps, but the damping ratio equal to 1.61, Figure 50
ahows the comparison of the observed and calculated for
shots in the middle layer. The agreement for the shots at
14.6 and 11.6 meters is good. There is a zero shift on the
observed traces resulting from the strong motion hitting the
seismometer, There 1s fair agreement for the shot at 9.1
meters but the agreement is very poor for the shot at 7.6
meters. Peaks and troughs are observed at approximately

the correct times, but the relativé amplitudes are much

reduced. It 1s evident that the expected reflections are
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not well developed for the shallow shot, Whether this ab-
sence of strong down-going energy from the shot 1is due to
losses in the shallow zone or scattering from the cavitiesa
left by the prior deeper shots i1s not known. The agreement
indicates that the damping used in the calculations 1s more
nearly correct than the value predicted from theory., The
combined effect of decreased damping and consideration of
the primary reflected events along with the direct wave give
a reasonable explanation for the oscillatory nature of the
P-motion at these intermediate depths.

The comparison of the theoretical seismograms and the
observed motions for shots in the upper layer are shown in
Figure 51. The agreement 1s not as good as at the greater
deptha, The most striking difference is the apparent ab-
sence of a reflection from the boundary at a depth of 15.3
meters (water tahble) on the observed trace, This reflection
i8 strong on the calculated traces., The cbserved frequen-
cles are lower than those in the calculated motion.

The general agreement of the theoretical seismograms and
the observed traces from shots in the two lower layers can
be interpreted to mean that the P-wave from these contained
explosions has the waveform of a damped sinusoid with a
frequency predicted by the theory discussed at the beginning
of this section. However, as the source moved closer to
the surface, lower values of damping than that given by the

theory were required to get reasonable agreement, The pro-
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longed osclllatory nature of the P-motion observed from
shots at certain depths 1s adequately explained by the com-
blned effect of the primary reflections from the near sur-
face boundaries and the oscillatory nature of the initial
waveform,

At the very end of the research program, a series of
larger charges (4.5 pounds) was fired under conditions sim-
ilar to the deep shots discussed above., The vertical com-
ponent of ground motion over the shot point from 4.5 pounds
at 38, 32.2 and 19.9 meters 18 shown in Figure 52, The
arrival time of the reflection from the top of the lime=
stone 1s also shown., The waveforms are not osclllatory as
in the previous examples, but appear as highly damped pulses,
The damping of the waveform should depend only upon the
elastlic properties of the medium and not upon the size of
the charge. The observed decrease in frequency 1s expected
with the increase in cavity size, but the decrease to € cps
from 85 cps for a charge increase of three times 1s too
great to be explained on any such simple basis, These data
are completely anomalous for the test site, Admittedly it
proved discouraging, after the excellent results for the
first series discussed, to encounter a set of data that did
not fit the same simple theory., It 1s evident that a fur=
ther study of the possible effects of yleld on damping as

well as frequency of the primary signal 1s required.

The P-wave amplitudcs were studied from one sequence
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of charges. The amplitudes measured (vertical component)
directly above a sequence of 0.5 pound shots fired at depth
of 14.5 to 1.2 meters closely fit a decay law of a~1:5,
The effect of distance is combined with depth, and undoubted-
1y i1s predominant. This is somewhat more rapid attenuation
than ordinary spherical wave propagation implies, but a more
rapid rate than r'l for the peak displacement 1s expected
even for perfectly elastic behavior in the region near the
source, as shown by J. Vanek (1959). Thus the effects of
viscous losses, transitional propagation, and depth are com-
bined, masking the effect of any one of these.

Effect on Rayleigh Waves. The effect of depth on Ray-

leigh waves is well illustrated in a sequence of three shots
at depths of 0.82, 2.72 and 5.3 meters recorded at 25 meters
at Florissant (S.P. 12). This motion, shown in Figure 53,
shows the decrease in amplitude with increasing shot depth
even though the charge size of the deepest shot is twice
that of the shallow shot. Another interesting feature of
these shots is the emergence, as the depth increases, of an
event preceding the Rayleigh motion. This event 1is most
probably a higher mode, and the deepest shot may have been
located near an antinode for this mode. The presence of
the My mode at this site 18 dilscussed in Chapter III.

In an effort to gain a clearer understanding of the
generation of Rayleigh waves from a contained explosion,

several sequences of shots in deep holes were fired at the
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Florissant test site. One sequence of 0.5 pound charges,
at various depths between 1.0 and 14,6 meters, was instru-
mented with three-ccmponent Sprengnether seismographs
aligned along a profile at 0, 2.5, 5, 7.5, 10, 15 and 25
meters. Thls was supplemented with the SIE refraction
equipment. Two vertical geophones were placed beside each
Sprengnether between O and 15 meters. The output of one
geophone at each distance was passed through a 0 to 13 cps
filter and the other through 14-100 cps., This was done in
an effort to record on the high gain equipment any long
period motion that might be present in the source region,

The vertical and radial components of ground motion at
2.5 meters are shown in Figure 54, and the motion at 15
meters in Figure 55. At 2.5 meters the motion from the 3
meter shot is dominated by the Rayleigh wave but this event
rapidly disappears as the shot depth increases, At 15 meters
the motion from the shallow shot is largely Rayleigh wave,
The vertical component shows the rapid decay of amplitude of
this event which appears to be totally absent at this dis-
tance from the shots deeper than 7.6 meters.

The motion from these shots was Fourier analyzed to
obtain the spectrum at one distance for all depths and at
all distances for one depth., The result of these analyses
are shown 1n Figures 56 and 57. Figure 56 contains the
spectra of the vertical and radial components for various

distances from 0.5 pounds at 3 meters. The peak between
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10 and 20 cpe corresponds to the Rayleigh wave, The peak at
37 cps on the vertlcal component at 2.5 meters from the shot
point is from the P-wave. As distance increases the Ray-
leigh energy dominates the spectrum of the vertical compo-
nents. The sharp peakAat approximately 40 cps on the radial
component may be associated with a higher mode of the Ray-
leigh wave., This peak 18 prominent on the radial component,
Figure 57, at 7.5 meters for the shot at 4.6 meters but 1is
absent from the shot at 6.1 meters and begins to reappear on
the deeper shots. This would mean that the shots at 3 and
4.6 meters are near an antinode and the shot at 6.1 meters
18 near a node, Thir figure displays strikingly the change
in the energy in the Raylelgh wave as depth increases. The
Rayleigh peak diminishes to the point that for shots at 7.6
meters and deeper the spectral amplitude is in the noilse
level 1n the range of 10 to 20 cps.

These data support the result derived by Nakano (1925),
that there is a zone on the free surface, the radius of
which depends upon the depth of the source and the velocil-
ties of the medium, within which the Rayleigh wave does not
exist. This distance 1s glven by (Ewing, Jard~*zky and

Press, 1957)
crh

X
e o]}

where: h 1s the depth of the shot,
cp 18 the Rayleigh wave velocity, and
o 18 the P-wave veloclty.
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Under the assumption that the Rayleigh wave velocity 1s
approximately equal to the shear velocity of the upper lay-
er, a good approximation for 12 cps (see Florissant phase
velocity curve, Figure 7), the critical distances for the

shots in this sequence are:

Depth Distance
(meters! (metera[
2.05 1.47
.60 2.22
6.10 2.95
7.60 2.67
9.10 40
11,60 5.60
1“.60 7005

It has been shown that the Rayleigh energy 1is very much re-
duced on the records at 7.5 meters from the shots deeper
than 6.1 meters, yet the table shows that this distance is
near the critical distance for the 14,6 meter shot but well
beyond the critical value for all others. Pekeris and
Lifson (1957) calculated curves of vertical and horizontal
displacement at the free surface as a function of the ratio
of radial distance to depth of source for a point source,
These curves showed that the Rayleigh wave was not identi-
fiable for distances less than or equal to depth of source
divided by the square root of two and wae barely visible

on the vertical component at five times the depth. Thus
for a shot 7.6 meters deep, the vertical component of the
Rayleigh wave would be poorly developed at 38 meters from

the source and probably would not be recorded on the low
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magnification Sprengnethers used in this experiment, I

However, the filtered high gain records obtained with ‘
the SIE refraction equipment contained long-period motion,
approximately 12 cps, even over the source for all depths of
shots betwen 1 and 14.6 meters, This 1s shown for the 3
meter shot in Figure 58, This long period motion is seen
to step out across the spread. The possibility that this
long period motion was actually the response of the filters
and amplifiers to an impulsive input was considered and re-
Jected for the following reasons:

1) the same motion 1s seen on the low sensitivity traces
produced by the completely mechanical Sprengnether portable
selsmographs; 2) the impulse response of the recording sys-
tem 1s known (shown in the figure), and while there is a
fairly long transient, for filter setting 0-13, it 1s not
osclllatory and does not resemble the recorded motion,
These records indicate that even inside the zone in which
the Rayleigh wave should not exist, there 1s osclllatory
motion of long duration. Presumably this will be true as
long as the charge 1s buried deeply enough that no cratering
takes place,.

If 1t 1s ¢rue that oscillatory motion of the free surface
does exist at very short range, the characteristics of this
motion need to be explained. Whereas the oscillatory nature
of the P-wave 1s predicted by simple theory, and the fre-

quency of this wave 18 known in terms of the properties of
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the medium, no similar theory for the Rayleigh wave at very
short range 1is known.

Dix (1955) discussed a possible mechanism for the gen-
eration of "long waves'" from explosions, His hypothesig
is as follows: a) the spreading spherical pulses from a
buried compressional source are converted intc non-gpherical
secondary disturbances on striking the free surface (essen-
tially a diffraction phenomenon); b) because of the non-
spherical character, the propagation is no longer simply in
the outward direction but is generally in every available
direction, therefore an appreciable amount of energy goes
back toward the source or toward a vertical axis throﬁgh the
source; c) thus, energy i1s held near the source and near
the free surface for a long time ccmpared with the time 1t
takes for energy of the signal to be transmitted away from
the source neighborhood; and d) this long held energy
spreads outward in every available mode, one of which is
the surface Rayleigh wave, Kobayashi and Takeuchi (1957)
consildered surface motion from a buried compressional line
source, They calculated profiles of surface displacements
at certain fixed times from an impulsive source, They
found that the characteristic surface profile, one which
persists as the basic waveform for all time, is formed be-
tween a time equal to twice the depth divided by the P-

wave velocity and five times the same ratio, They related
the surface motion before and after this time to the
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mechanism proposed by Dix. The presence of the long period
motion observed even over the shot point on the high gain
refraction equipment might be considered to give support to
a hypothesis of this nature for the generation of Rayleigh
waves,

A deep hole drilled to 38.1 meters for velocity informa-
tion was also used to gather information on Rayleigh wave
generation. One and one-half pound shots were fired at 38.1
meters and at 6.1 meter intervals up the hole to a depth of
7.6 meters, These shots were recorded with the three com-
ponent Sprengnethers at 2.5, 7.5, 12.5, 25, 37.5, 50 meters
from the hole. The P-wave from the shots has been discussed
previously.

The radial component, even at 2.5 meters, shows a pro-
nounced arrival shortly after the P arrival on the vertical,
too early to be an S-wave, This event 1s seen on Figure 59.
Its frequency (30 cps) 1s lower than that of the P-wave
(59 cps). At longer ranges, at which P has a radial com-
ponent, this event 1s combined with the P-wave, There is
also motion on the transverse traces at this time, The
nature of this motion 18 not known at this time.

A second event, present on both the vertical and radial
components but dominantly radial is also observed, Cor-
relation of phases indicates that this is the motion which
corresponds to the Rayleigh wave at larger distances, A

computer program to calculate the travel times of all
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direct, reflected, and refracted events for two layers over
a half space was developed to get accurate arrival times,
These calculations indicate that this event has the arrival
time of a direct 3-wave, The jdentification of this as a
direct S-wave is quite important because it indicates that
these contained explosions do generate sizeable SV motion,

a wave type that had not been ijdentified previously at this
site, although they have been observed at Alpha and Augusta.
The maximum amplitude of this event at 12.5 meters shown in
the figure, is almost as large as the maximum P amplitude,

Figure 60 shows the radial and transverse components of
ground motion over the hole from 0.5 pounds at 3 meters. The
arrival time on both components i1s that for an S-wave, The
motion is oscillatory in nature as it was on the deeper shots,
and the rectilinear character of the particle motion may be
geen.

Even though this motion converges to the Rayleigh mo-
tion it cannot be implied that it gives rise to the Rayleigh
wave. The fact that the Rayleigh velocity at the frequen-
cles generated is approximately that of the S-wave in the
upper layers at this site would explain this correlation
without making the assumption that the S-wave actually gives
rise to the Rayleigh wave,

At the Suffield test site, only two shots of varying

depth were recorded on a profile. The Rayleigh wave from the
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shallower shot had less amplitude than from the deeper shot,
The P-wave showed a similar effect, This 1s probably the
result of a more efficient transfer of energy from the
deeper shot even though the two shots were of equal size,

It is known that the Rayleigh wave from a surface shot
should exhibit a reversal of polarity with respect to that
from a deeply buried explosion. This was found to be the
case at Suffield, However, at Florissant the Rayleigh mo-
tion from near-surface cratering shots and shots in water-
filled pits had the same polarity as that from the buried
contained explosions, The reason for the persistence of
the Rayleigh wave polarity with depth of the source is not
known at this time,

The reversal of polarity has been clearly observed in
two-dimensional model studies of explosion-generated waves
under Contract AF 19(628)-1689. In those experiments, the
reversal seems to occur at & depth nearly equal to the
radius of the zone of rupture produced by the explosion,
Effect of Shot Point Medium on the Seismic Signal,

The medium surrounding an explosion plays a dominant
role in determining the fraction of the energy released by
the explosion that appears in the form of elastic waves,
and the characteristics of these waves. The manner in
which the medium controls the form of the compressional
waves has been discussed in the previous section, In that

discussion, changes produced by relatively small variations




in material properties associated with different depths at
a single test site were considered. In this section the
properties of the signal produced by shallow shots in dis-
tinctly different media will be examined.

In view of the fact that the exploration seismologist
has long known that the shot point material greatly affects
the seismic signal, it i1s surprising that so 1little re-
search on this subject has been published. Adams and Swift
(1961) have examined the relative output of TNT charges
tamped in tuff and salt, but their observation that the
signal in tuff is greater than that in salt must be inter-
preted in the light of the work of Nicholls (1962) (Kiss-
linger, 1963c). Since the transmission of energy from a
chemicel explosion is by means of the interaction of a
shock wave through the explosive material with the bounaary
of the hole in which the charge is placed, the ratio of im-
pedances in the two substances 1s very important in detexr-
mining how much energy i1s coupled into the earth, Results
obtained for one chemical explosive in several medla can-
not be extended to other explosives of greatly different
properties in the same media, This point is well covered
in a recent work by Anderson, et al (1963). Work with
nuclear explosions, which act as true point sources in
that there is no detonatlon wave and the initial energy
density is very great, indicates that the compresslonal
wave amplitudes are in the ratio of 1: 0.25: 1,11: 1.61
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for tuff: alluvium: granite: salt (Werth and Herbst, 1962).
Assuming that the theory developed by Sharpe (1942)and
used in the previous section adequately describes the prop-
erties of the P-wave in terms of the inner radius of elas-
tic response and the elastic properties of the medium, one
must consider the prior question of what properties of the
medium determine the size of this eguivalent cavity and the
amplitude of the stress at its boundary for a given yleld.
This leads to consideration of the very camplex processes
occurring in the highly stressed region around the shot,

In view of the lack of very much published data per-
tinent to this question, it was Jjudged worthwhile to organize
the observations that were collected during this research,
and to present these as observations, with no attempt at a
quantitative interpretation.

The best starting point 18 a comparison of records
under similar circumstances in the four media in which exper-
iments were carried out. Tracings of the field records,not
reduced to true ground motion, are shown in Figure 61. The
static magnification for each trace 1s given in parentheses
following the designation of the component. Except for the
sandstone record, the distances are the same. The depths
are very similar, and the charge weilghts range from 0.5 to
2 pounds. In general, the two shots in unconsolidated
material are similar to each other in frequency content and

total duration of motion. The records in rock are charac-
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terized by higher frequencies and shoréer duration., Even
at these short ranges, the records 1in soil are dominated by
the surface wave motion, which is 1ess-well-developed for
the sandstone, and smaller yet in limestone, At distances
of the order of 100 meters, the body waves from these small
explosions are too small to be detected with this low-gain
instrumentation. The Rayleigh waves discussed in Chapter
III are recorded well in both soil media, with dispersion as
described previously. The Rayleigh waves in rock materials
are barely detectable, In the limestone the Rayleigh wave
appears as the typical non-dispersed pulses expected for &
point source near the surface of a half-space,

The properties of the signals in clay, sandstone, and
1imestone have been compared in some detail. From the ob-
served velocities and densities, the moduli in these media
are in the ratio of 1:20:350. In the following comparisons
of response, rigidity 1s called upon as the significant
parameter, but other properties such as yield stress or vis-
coelasticity may actually be of equal importance.

The characteristics of body and surface waves observed
at Florissant, Augusta, and Alpha are tabulated in Tables
5, 6 and 7. In this simplified analysis of the data, no
attempt was made to separate geometric attenuation from
absorption losses (this was done for the Rayleigh waves at
Florissant and Suffield, Chapter III). Amplitudes vere

assumed to follow a law
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u=uy,x"
and the approximate value of n for each wave type determined.
This value 1s listed under "pttenuation Exponent” in the
Tables. In general, the body waves exhibit an exponent be-
tween 2 and 3, while the value for surface waves is 1.3,

The nature of the waves at Florissant and Suffield
have been discussed in the preceding chapters, as has the
SH motion at all of the sites. Only a few commente need
to be added to the information given in the Tables., At
Alpha there 18 no evidence of layering at depths shallow
enough to affect the recorded signals. The direct P, with
primarily radial motion, and direct S wave are the only body
waves identified, The S-wave exhibits both SV and SH com-
ponents, in phase. The values of compressional and shear
velocity give a value of 0.27 for Poisson's ratio. The
velocity of the non-dispersed Rayleigh pulse 18 concordant
with the body wave velocities.

Although the sandstone section was thought to be uni-
form in composition to a considerable depth, a refracted
p-wave was recorded from a boundary at a depth of 15 meters.
The dispersion oi tie indistinct Rayleigh pulse confirms
the presence of some layering. A direct S-wave was iden-
tirfied at this site, and a refracted S-wave arrival was
also picked. The SH motion on the record selected for re-

production 1in Figure 61 is quite small, but at other azl-
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muths, motion on this component with amplitudes as large as
the vertical or radial motion was recorded.

The following conclusions are drawn from all of the data
examined. They pertain to small charges of dynamite in the
particular media.

1) 1In a dense, brittle, rigid medium, the maximum
ground motion is smaller than in an unconsol-
idated material;

2) The frequency of all events i1s higher in the
rigid material;

3) No difference in the attenuation of surface
waves was found, while the direct P wave is
attenuated less in the rigid material;

4) The ratio of P to Rayleigh wave amplitudes 1s
greater in the more rigild material;

5) Shear waves (body waves and Love waves) are
bigger relative to P waves and Rayleigh waves
in the rigid material. However, there are
nodal lines along which the shear motion is
very small;

6) The radlation of P and Rayleigh waves departs
much farther from symmetry in brittle materials
than it does in soft, compressible soil,




9A0T

otr-¢ 092-602
0SE yItatLsy
apsadoad

(at S*T-mooT)o2
(aT S*T-mooT)OoE 21-01
01eS-08T y3tatdiey
83T3T00T3A aseyd
HS PajoeaIay

(a1 S°t-wooT)09
(at s 1-wse)ose 01-9

€°1

[]

o

~ - - 05 S

: % 303JTQ

-t 1 - d Pajoeayay
€ 0L-0S e 00€ d 393aT1a
(sdo) (*o9s8/83933K) JUIAT
£3T100T2A

juauodxy (suoxotTn)
uotjlBnUaIlqY apnatrduy £Louanbaay
AVIO NI SOILSINALOVYVHO TTIVUNSYAW ANV SINIAT QIAHASHO

G atqey,




=" (woz)o9 ¥St 009T-00TT anor:

== (wooe) T oc oot y3totTAey
apeadoad
-= (moo2)e2-(woz)o8 02-21 00ET-00€ ySyorLey

8271T00T2A 2aseud

=X A -~ 00.LT S DPajodeaJay
' (at S t-woR) (AS ® HS)
3 - ST-01 ot 008 S 393Ja1d
7 z'e f ot 00Se d D230edIoY
(at ¢°T-woe)

€ 0c-0T1 ot 002t d 3%3aatd
quauodxy (suUOIdTW) (sdo) (°oas/sa293K) juand

uofjaenuajzly apna rduy fouanbaay RqTo0TaA

ANOISANVS NI SOILSTHILOVUVHD FIGVENSYAW ANY SINIAT JIAUIASHO
9 otqey




(pasaadsTp 30N)
y3patLey

(at &° T-wWo02-02)
0 ¢ 1-¢L s8do G2 o012
(at 2-woe)
e oY 00T-08 ootz  (AS ® HS)
S 393Jd1d

]
) (at ¢°T-wo2)
ard h°e 0ST-0L 06 00t d 3°3J1d

juauodxy (suoaoTK) (sdd) (*oes/8a998)  3UIAT

uotTg8NU343yY apnqydury Louanbaag K4T00TaA
INOLSTWIT NI SOILSIVALOVYVHO FTIVHASVIW NV SINIAT JIAHISHO
71 e1qey




APPENDIX
LARGE YIELD EXPLOSIONS RECORDED DURING THE PROJECT

Two large yleld explosions were recorded during the
program, neither of which met completely the requirements
to provide data compatible with the seismograms from the
numerous small shots. A shot of 100 tons of TNT in the
form of a hemisphere was detonated by the Canadian Defense
Research Board on the -Watching Hill Test Site at the Suf-
field Experimental Station on August 3, 1961. The experi-
ment was conducted in an expert manner by the Suffield staff
and excellent seismograms were obtalned, but because the
charge was detonated on the free surface 1t proved to be a
poor source for the type of studies that were included in
this research.

The results of this work were reported to the Defense
Atomic Support Agency and the principal conclusions were
given in the Semi-Annual Technical Report No. 2 (Kisslinger,
1962). The entire set of selsmograms has been published as
Trial Record No. 435 by the Suffield Experimental Stati.u
(Jones, et al, 1961). This shot did not produce any unex-
pected seismological results. Several refracted P waves
were identified that agreed in general with the results of
an independent conventional refraction survey. Refracted
SH waves from the same horizons were recorded, adding to

the evidence that such events are a normal effect of an ex~
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plosion that strongly deforms the earth materials around
it. Analysis of surface waves was difficult because of the
overwhelming effect of the air blast arrival and the ground
motion coupled to it.

The second large shot recorded was made up of 19,000
pounds of Tovex, buried in a pattern of nine holes, 30
meters apart. The shot point was about 26 km east of Pop-
lar Bluff, Mo., near the epicenter of an earthquake of
March 3, 1963. The motion was measured on the three-compo-
nent instruments at 0.9 km, and at six positions about 3 km
from the source. This shot was set up and fired by the
U. S. Geological Survey on June 28, 1963 in order to provide
travel-time data for a portion of the mid-continent. There
was no time before the expiration of the contract to analyze
these seismograms, but they are of excellent quality and
will be worked on in the future, The pattern of charges was
set up to diminish the close-in surface waves, so that it
was obviously not an ideal experiment from the viewpoint of
this study.

A well-developed Rayleigh wave was recorded at all
statlons, as well as a very late prominent Love wave, The
seismogram at the station 3.2 km to the north is of a
different chesracter than all the others, even the one at
0.9 km to the north, in that it contains short period Ray-
leigh-type wavee (probably higher mode events) that are

absent on the other instruments. A conventional refraction
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record along a north-south profile that included the sta-
tion at 0.9 km, and extended almost to the 3,2 km station,
shows strong evidence of a shallow, buried fault, upthrown
to the north, with a throw of about 100 meters, between
the source and this north station (but north of the 0.9

km station), If this fault really exists, it would un-
doubtedly have a strong effect on the short period surface
waves,

Practically nothing is known about the tectonics in
this entire region of southeast Missouri, a region which 1s
the source of many earthquakes. It is intended to follow
up this lead by further geophysical investigation, employ-
ing the magnetometer and gravity meter, as well as further

seismic work.
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