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ABSTRACT

The mechanisms of generation of B5H and Love waves by
underground nuclear explosions are investigated theoretically
and experimentally. An explosion in pre-stressed medium is
formulated as a composite source consisting of an isotropic
explosion and a double-couple representing the tectonic strain
release. From the radiation patterns of Rayleigh wave: and
Love-to-Rayleigh wave amplitude ratios relative strength of
the strain release component is determined. t is found that
relative amplitudes of Love waves and tectonic strain energy
release strongly depend on the medium properties in the im-
mediate vicinity of the explosion. Fecr "harder" media such
as granite, energy rel~ase is much greater compared to "softer”
media such as alluviwa or salt. The strain energy release,
as best as can be det:rmined from laboratory axperiments, is
primar.ly due to the relaxation of the pre-stress field

around explosion-generated and extended cracks and faults.
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INTRODUCTICN

N R

The source mecharism of underground nuclear explosions 3
=
=2

. . . . . . . ]

has been of great interest to seismologists since it was first 3
. S

observed that a pure explosive source alone cculd not adequ- -
ately account for the observed seismic radiation. The exis- %
S

tence of prominent SH and Love waves in the =eismic records A
. . - , 3

from these events was a prime reason for this conclusicn and :

indicated that the explcsions were prcbably causing the release
of some tectonrnic strain (Press and Archambeau, 1962). Early
studies by Brune and Pomeroy (1963), Aki (1964), and Toksd8z

3 et al (1%63) found that a double-couple type source combined

4 with a pure explosion could account for the observed seismic

radiaticn from several events.

In this repcrt we summarize the work we have done on a
. number of nuclear explosions at the Nevada Test Site and in
= other areas. This report will consist of three parts, each

4 of which is essentially szlf-contained. There is, therefore,

et s LR s 2 !

a certain amcunt of repetition, such as in the theory, some
of the tables, and in the references contained in the report.

Part I deals with the source mechamisms determined for a large

N R

numbes- of vnderground explosions and the ccmparison of these

results to other data connected with these events. Part II

consists of a detailed analysis of one nuclear event (Bilby)
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and - report concerning laboratory experiments on explosive
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sources. The combination of these ‘wc types of analyses

helps to clarify the problem of strain energy release in pre-
stressed media. Part III is concerned with two nuclear

events (Pile Driver and Greeley) which reteased a significantly
ns Jher proport.on of tectonic strain energy than other

«%,.)] .lions.
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I. SOURCE MECHANISMS OF UNDERGROUND NUCLEAR EXPLOSIONS FROM
LOVE WAVE TO RAYLEIGH WAVE RATIOS
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Introduction

The source mechanisms have been determined for a number
of underground explosions at the Nevada Test Site, n the
Soviet Union, and in otheritesting sites. We have followed
the method of Toks8z et al. {1965) of considering the source
to be a superposition of a symmetrical explosion and a hori-
zontal double-couple. The Love wave to vertical component
Rayleigh wave amplitude ratio from such a source is then given

by

%
o 13 kﬁ‘__.~ AL. Cos 26 (1]

Ug, (1+F Singe) k:‘ Ae (U /i)

where assuming the sourcz time functions for both the explo-
sions and double-couple and the attenuation coefficients for
Love and Rayleigh waves are the same, kL and kR are the
Love and Rayleigh wave numbers, AL and Ap are the medium
responses for Love and Rayleigh waves, U, and w, are the
compenents of particie velocity at the surface, F is the
relative strength of the doub.e-couple, and & is azimuth
of the fault plane. We determined the two parameters F and

8 for each explosion by fitting the observed surface wave

data to the abeve formulation.
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Data

Tables Ia and Ib list the nuclear explosions we have
stuaied. Included are seven events previously analyzed by
Toks8z et al, {1965), Toks8z and Kehrer (1971), and Tokséz
(1967). The surface wave data was obtained from stations
throughcut North America in the case of the American events.
These included stations of the World Wide Standard Network
(WWSS), the Long Range Measurements Network (LRSM), the Canadian
Standard Seismograph Network (CSS), and two additional statiocns
at Berkeley and Pasadenawhich provided lcng-period data. Figure
1l shows the distribution of recording stations in North America.
However, not all stations provided useful data for each event.
For the presumed Sovict events, data was obtained from the WWSS
stations in Europe and Asia.

The film records of those events, for which the surface
wave data was of sufficient guality, were manually digitized.
The resulting data was then hand-pass filtered to reduce noise
and the two horizontal components were rotated to radial and
tangential directions with respect to the epicenter. 1In this
way essentially pure Love waves were obtained on the tangential
compGnent. Figure 2 is an example of this analysis for the
explosion Boxcar at Mould Bay. Canada. The three lower traces
are plotted from digital data and show the unfiltered north-

south, east-west, and vertical components. The three upper
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traces show the filtered data, where the horizontal cémponents
have been rotated to radial and tangential directions.
The tangential and the vertical components were then
Fouriex-analyzed to yield the amplitude spectra. The proper
time windows for this analysis were determined by ¢xamining
3 the filtered trace at each station individually and noting

t+he onset and duration of the wave trains.

' Iove wave t¢ Ravleigh wave amplitude ratios were deter-

mined by computing the spectral ratio of the tangential com-

ponent to the vertical component over the period range 8 to

z 100 seconds. 1In general, the spectral ratios were somewhat

Bl b

4 oscillatory and thus the ratio at any one particular period

i

could not be expected to be reliable at all stations. The

period range was, therefore, divided into three bands, from

; 9 tc 1l, seconds, from 15 to 22 seconds, and from 22

z to 30 seconds. The average value of the ratic in each band

3 w.:& then taken to represent the ratio ov~r that bana,

An automatic error scheme (Kehrer, 19€9) was used to deter- 3
mine the best fit of Equation {1] to the observed data. In

/2, plr2, 9%
applying Eguation [1], the term k; ‘AL/kR' AR(G") was taken -
A2 o =:

to be a constant at all staticns. An error term E was then
formed bhetween the obsersed and the theoretical ratios for

compinations of F and 0.
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The jth combination of F and 6 which fits the data best
will be that which minimizes E. Li/Ri is the experimentally
measured Love wave to Ravleigh wave amplitude ratio at a par
ticular station i, § is a constant, and N 1is the number

of stations. The values of E were contoured on a Stromberg-
Carlson 4020 grind for thz three period-bands of each event.
Figure 3 shows these cesults for the expiosion Faultless. The
minima indicate the orientation of the best fitting right-
lateral, vertical, strike-slip fault as measured clockwise

from the rorth at the source. 2 comparison of the error plots
over the three bands in Figure 3 reveals the frequency depen-
dence of F. The orientation & of the double-couple remains
essentially unchanged over the three bands while F is greatest
at long periods and smallest at short periods. This relation
ship was observed for nearly all events and indicates that the
source of Love waves is less efficient at short periods than
the Rayleigh wave source. A similar phenomenon was noted py
Aki et al. (1969) for body waves frcm the Benham event. Figure
4 shows the relationship between F and the period for several
events.

Two other matrices, in addition to the one described, were
investigated tc test the best fit of the data to theoretical
source configurations. The one consisted cf normalizing the
difference between the observed and theoretical ratios by the

observed ratio at each station. This reduced the weights of
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large observed values on the error term, with the effect that

the F value was reduced. The second method consisted of :

FREoR

normalizing by the theoretical ratio. This had the effect

of increasing the F value. In general, however, the

it W"u""

changes in F were small and the orientation remained essen-
tially unchanged. The values of F reported here are those
determined by the non-normalized matrix with the exception cf
Creeley. In the case of Greeley, the absclute minimum in the
error plot for the 15 to 22 second period range occurred
for F = 0.2 and 6 = 175°. However, this configuration

could not account for the consistently large values of the

ratio due north of the NTS. Over the 22 to 30 seconéd

range, the indicated miminum occurred at the much larger F

value of 1,6. Indead this value appeared to fit the data

best over the 15 to 22 second range as well and it was
therefore taken to represent the strength of the double-couple
for Greeley. Furthermore, an investigation of Rayleigh wave
polarity (Toks8z and Kehrer, 1971) indicated that the F value
for Greeley was greater than one.

A summary of the best fitting F and 8 in the 15 to

22 second period range for each event is given in Tables Ia

and Ib. For the explosions of previous studies and for Buff,

Benham, and the presumed Soviet events of 3-20-§6, 3-26-67,

and 10-21-67 for which the surface wave data was not of suf-

- ficient quality to permit the calculatiorn of spectral ratios,
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the parameters F and 3] were determined from mea-

surements of the maximum amplitudes of Lore and Rayleigh
waves. Included in Table I is the ratio of the surface wsave
energy of the double-couple to the energy of the explosion.
This ratio (Toks8z et al, 1965) is closely approximated by

_ 2
Etect/Exp = 4/3 F".

Several conclusions can be drawn from Table I. The
close agreement in fault orientation of most cf the events at
the Nevada Test Site indicates that a regional stress field
is probably controlling the strain release. The large vari-
tion within the two Soviet testing areas may be due to a lack
of data in the case of three of the events. The dependence
of F and hence the amount of stress release, on lithology
was previously noted by Toks8z (19€7) and by Toksfz and Kehrer
(1971). Table I provides additional evidence that the multi-
polar source component is larger in more competent rock. Thus
strain release from a particular explosion is depenient on
the rock medium and the regional state of strain. The rela-
tively low F wvalues for all - the presumed Soviet events
are consistent with what is known about the two Soviet testing
areas.

The north-northwest orientation of the fault planes of

most of the Nevada Test Site explosions is in good agreement




with lineaments and dominant fault patterns in the area.
Figure 5 shows the Yucca Falt portion of the Nevada Test Site
with the source mechanisms of the explosions studied therre.
Included are the major natural faults and some of the fractures
produced by the events. The chief feature of Yucca Flat is
the Yucca Fault which trends northward through alluvium and is
of recent age. Although most observed displacements across
the Yucca Fault are vertical following nearby explosions,
numercus en echelon fractures along the fault were produced
in the alluvium by Corduroy (Barosh, 1968). Such an en echelon
pattern is generally xelated to strike-slip movement in the
underlyinrg basement. The trend of the pattern in this case
suggests right-lateral slippage.

Figure 6 shows the Pahute Mesa portion of the Nevada
Test Site with the faults, explosion-producea fractures, and
the events studied. The main structural feature cf Tahuie
Mesa is the Silent Canyon Caldera, which encloses the five
events. fjany normal faults, striking north-northwest, cut
the thick sequence of Terxrtiary volcanic rock. Recent natural
movement along some of these faults has been inferred {McKeown
et al, 1966}. For Benham and Boxcar, studies of aftershock
distribution (damilton and Healy, 19%9; Ryall and Savage, 19€S)
as weil as studies of faulting and fracturing caused by the
explosions (Buckman, 19€9; McKeown and Dickey, 1969) have been

published. Figure 7 shows the relationships of these two sets
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of data with the source mechanisms determined for the two
events. In the case of Benham, the correlation between the
orientation of the double-couple and the trend of the after-
shock pattern as well as the orientation of faults and frac-
tures is quite good. Both vertical and right-lateral move-

ments on the nearby Boxcar fault were initiated by Benham.

Hamilton and Healy (196%) found that the aftershocks of
Benham were concentrated in two patterns. Those to the north-
west of ground zero follow a northeasterly trend while those
to the west and southwest trend north-south. Fault plane
solutions from P waves of events in the first group indicate
dip-slip fault movement. Solutions for the seconé group in-
dicate right-lateral strike~slip motion in a northerly direction.
These two patterns were further confirmed in a study of smallex
Benham aftershocks by Stauder (1971). The solutions for the
second group of afterchocks are similar to the orientation of
the double-couple component for Benham (and other events) as
determined in this study. The Benham and Boxcar aftershocks
when considered together (see Figure 7) indicate the continuity
of the distribution patterr.. Northeast-trending senham after-

shocks overlap with those of Boxcar.
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EVENT

Pile Driver

Hardhat
Shoal

Greeley

. Benham

Chartreuse

Duryea
Half Beak
Boxcar
Corduroy
Rulison

Faultless

Cup
Bilby
Tan
Bronze
Buff
Haymaker
Sedan
Salmon

Gnome

Milrow

DATE

6-2-66

2-15-62

10-26-63

12-20-66

3-26-65
9-13-63
6-3-66
7-23-65
12-16-65
6-27-62
7-6-62
10-22-64

12-10-61

- 16 -
TABLE 1Ia.

Uu. 8. EXPLOSION
REGION MEDIUM
Yucca Flat Granite

{n. end)
Yucca Flat Granite
{n. end)
Fallon, Granite
Nevada
Pahute Mesa 2Zeolite
Tuff
Pahute Mesa Zeolite
TUff
Pahute Mesa Rhyolite
Pahute Mesa Rhyolite
Pahute Mesa Rhyolite
Pzhute Mesa Rhyolite
Yucca Flat Quartzite
Grand Valley &s. and
Colorado Shale
Central Sat. Tuff
Nevada
Yucca Flat Tuff
Yucca Flat Tuff
Yucca Flat Tuff
Yucca Flat Tuff
Yucca Flat Tuff
Yucca Flat Alluvium
Yucca Flat Alluviem
Hattiesburg, Salt
Missippi
Carlsbad, Salt
New Mexicc
Amchitxa Andesite
Island

S

b.C.

STRENGTH

(F)
3.20

2-00

090

1.60

.85

.90
.75
.67
.59
.72
.60

50

.55
.47
.39
.33
.31
.33

ENERGY RATI

FAULT
AZI. Etect/Eexp
340° 13.65
33g° 12.60
346° 1.05
355° 3.41
345° .96
353° 1.05
355° .75
345° .60
346° .46
347° .69
335° .48
344° .33
200° .40
340° .29
347° .20
185° .15
208° .13
340° .14
- 0
- 0
- G
- <.48

i

34
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TABLE Ib.

PRESUMED SOVIET EX?PLOSIONS

EVENT

10-27-66

10-21-67
2-26-67
3-20-67
2-13-66

8-31-64
7~26-67

D. C. FAULT
KECGION STR%NGTB AZT.
®

Nova Zemlya 0.90 5°
Neva Zewmlya 0.71 43°
E. Kazakh 0.85 6°
E. Kazakh 0.81 155°
E. Kazakh 0.67 101°

EARTHQUAKES

E. Turkey 6.0 285°

F. Turkey 1.5 267°

ENERGY RATIO
Ltect/r"exp

1.05
0.67
0.96
0.87
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Figure Captions

Figure 1. Stations recording surface waves from explosions

in the continental United States.

Figure 2. Fiitered (upper three traces) and unfiltered
(lJower three traces) long-period components from
the Boxcar explosions at Mould Bay, Canada (MBC)
plotted from Jdigital data at the same gain. The
two filtered horizontal components have been
rotated to radial and tangential directions to

separate Love and Rayleigh waves.

Figure 3. Contour plots of the deviations of combinations

of part double-couple and fault plane azimuth

from experimental Love to Rayleigh wave ratios 2

g

for three period ranges: a) 2 +to 15 sec, §

7 b) 15 to 22 sec, and ¢) 22 co 4¢ sec, %
f for the Faultless event. %
< Figure 4. The period dependence of F, the past double- %
- couple, for five nuclear expl.:ions. %
Figure 5. Map of Yucca Flat showing the fault plane orienta- 3

tion of theexplosions studied, explosion-produced %

e fractures, and major natural faults in the area §

? (geology after Fernald et al, 1968).
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Figure

Figure

6.

7.

Mep of Pahute Mesa showing the fault plane

orientations of the explosions studied, expiosion-
produced fractures, and natural faults in the

area (faults after Orkild o<+ al, 1969).

Scurce mechanicsms determined for the Boxcar and
Benham events compared to natural faults and
explosion-produced fracturing, and afterspock
distribution. Aftershock distribution for Benham
(Hamilton and Healy, 1969) is that of the larger
aftershocks {magnitude 3 to 4.2). Aftershocks
from Boxcar (Ryall and Savag., 1969) are those
occurring in the first two days after the evant.

The circles are of radius 5 km centered on the

ground zerc of the explosion.
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ABSTRACT

The mechanisms of generation of seismic waves by an
explosion in prestressed media are studied using both field
seismograms and controlled laboratory expz2riments. LRSM
seismograms from the underground nuclear explosion Bilby are
analyzed to determine the source parameters from the radia-
ted Love and Rayleigii waves. From the normalized amplitudes
of Rayleigh waves as well as the Love~Rayleigh amplitude ratios,
a composite source consisting cf an isotropic explosion and
a double-couple is synthesized for the explosion and the
associateu “ectornic strain release. From iilby and other
explosions studied by similar techniqucs, it is fournd that
the tectonic strain energy release strongl; depends on the
medium properties in the immediate vicinity of the explosion.
For "harder" media (such as granite) the tectonic strain
energy release and the relative amplitude of Love waves are
significantly higher than fcr softer media such as alluvium.
Source time functions of Love waves associated with the
explosions are closer to time functions of earthquakes than
to thuse of explosions.

The mechanisms 0f the pre-existing strain energy release
by explosive sources are studied in two separate laboratory
experiments. 1In a one-dimensional experiment where an ex-
plosive source it detonated in & rod stress=d in torsion, the

S-wave amplitudes are found to be linearly proportional to
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pre-strain. In the second experiment, radiation of seismic
waves, and the near source phcnomena of explosive sources
in pre-stressed plates are studied by photoelastic as well
as strain gauge observations. The generation of S-waves

is greatly enhanced by the pre-stress condition. It is
found that extended cracking (faulting) occurs along direc-
tions determincd by the prestress field. The transverse
(SH) waves are generated primarily by the relaxation of the
stress field along these cracks. The explosion-generated

cavity alone could not account for the radiated transverse

seismic energy.
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I. INTRODUCTION

Seismic surface and bod; waves generated by underground
explosions and reccrded at distant stations quite often show
characteristics differing from those of an ideal explosive
point source in a homogeneous medium. Most notable among
these differences are the presence of Love waves and the
azimuthal asymmetry of the Rayleigh wave radiaticn patterns.
Through numerous studies it has been shown that the Love waves
are produced at the source region, although the exact mecha-~
nism of their generation still cannot be clearly defined.

The purpose of this paper is to present and interpret data,

obtained from underground nuclear explosions and contrclled

laboratory experiments, on seismic waves generated by explo-
sive sources in strezsed media.

There have been a number of studies dealing with the
radiation patterns and the generatién cf SH-type seismic waves
by underground nuclear explosions (Press and Archambeau, 1962;
Brune and Pomeroy. 1962; Aki, 1964; Toksbz et al., 19¢4;
Toks8z et al., 1965; Toks8z, 1967; Kehrer, 1969; Molnar ct
al., 1969; Tsai and Aki, 1970). 1In addition, there arc a
number of previous theoretical studies on the problems of
seismic wave dgeneretion by explosions (Zvolinskil, 1950; Bishow,
1963; Alverson, 1964: Cisternas, 1964; Butkovich, 1965;
Archambeau, 1968). Difficulties in describing wvave propagation
from nuclear cxplosions arisc because of very

higi: stresses involved. In
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the <xnlosion, shock phenomena dominéte; whoreas in the far
zone, elastic behavior prevails. The transition region is
extremely important to the understanding of seismic wave
generation, yet this region is extremely difficult to de-
scribe mathcematically.
in the description of this complex problem, difficulties

arise both in mathematical formulation and from inadequate
kncwledge of the behavior of geologic materials under shock
loading. In the zone immediately around the explosion, a
relatively small volume, hydrodynamic compressible flow
equations can be used without major assumptions or approxima-
tions. 1In the zones where the rocks are crushed and cracked,
however, neither fluid nor elastic behavior can he assumed, .
and a semiempirical treatment based on approximations and
available data must be follcwed. If the explosion is placed

in a medium where tectonic stresses exist, other complica-

tions arise from the stress relaxation around the cavity, the
crushed zone, and the zone of numerous shock induced cracks.

Controlled laboratory experiments can provide some of

the information needed for the understanding of seismic wave
generation by explosions in pre-stressed media, Some experi-
ments have been conducted in the field using explosive sources

in soil (Kisslinger et al., 1961). Other model experiments have

been carried out in the laboratory using explosive sources in

ST NIRRT IR 1Yot MIMA 1 b 0 SN WSO SN NP DA SO LB bt i O COAZERS DB o £ LS Ao LS AR o H AR

pre-stressed plates. In these tests, the radiation »atterns of ;

ot

seismic compressional and shear waves were obscrved with

various transducers and oscilloscopecs (Kim and XKisslinger, 1967;
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Xisslinger and Gupta, 1963). Most recently, photoelastic
technigques have been used to observe wave generation and pro-~
pagation in pre-stressed media (Thomson et al., 1969).

In this paper we will treat, in thrxee steps, the proklem
of mechanisms of seismic wave generation by explosive sources
in pre-stressed media. First, we describe the radiation
patéern of surface waves from a typical underground explosion
at.the Nevada Test Site. We determine its snurce mechanism
by using an amplitude equalization scheme. 1In part two,
we describe the fesults of laboratory experiments in which
‘'explosive sources were detonatad in plates un.er different
pre-stress conditions. Here the mechanisms of seismic wave

generation, crack formation, and source complications were

observed using dynamic photoelasticity and high speed photo-

graphic techniques. Finally, we interpret the field obser-

vations in light of laboratory findings.

I1. FIELD OBSERVATIONG

Seismic waves from a large number of the U. S. uncderground
explosions have keen well-recorded by LRSM (Long Range Seismic
Measurements), WWSS (World-Wide Seismic System) and other
seismograph stations in North America. LRSM stations provide
the best recordings of surface waves in the period range of
1¢ to 50 seconds. Most of the large explosions detonated in

relatively hard geolegic media (granite, tuff) generate Love
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waves in addition to Rayleigh waves. Two czamples of Love
waves from explosions are shown in Figures 1 and 2. Explo-
sions in loose alluvium and salt domes, and collapse events
following explosions, do not generate a significant amount
of Love waves. The main body of this study is devoted to
the understanding of the generation of these transverse
waves. Some sources that must be considered are:

(1) relaxation of the pre-stressed medium around the explo-
sion generated cavity, (2) triggering of an earthquake by
the explosion, (3) radiation from explosion induced cracks
in the medium, and (4} a combination of all of these.

In order to resolve this problem it is useful to first
'determine the radiation patterns of Rayleigh and Love waves.
A group of explosions have been studied using the amplitude
equaliration method (Toks8z, et al., 1964, 1985; Toks8z, 1967;
Kehrer, 1969). Herxe we illustrate the methcd with data from

the Bilby explosion.

IX.1. Radiation of Seismic Waves from the Bilby Explosion.

The nuclear explesion Bilby was detonated at the Nevada
Test Site on 13 September 1963 at 17:00:00 GMT. The shot was
placed at a depth of 700 m. in tuff. The computed eguivalent
magnitude was m, = 5.8. A ccllapse eveut (mb = 4.5) followed
the explosion at 17:31:20.5 GMT.

Bilby generated Rayleigh and Love waves which were well

TR " n ! s A
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recorded at a number of LRSM stations. The station distri-
bution is shown in PFigure 3. The Love waves could be iden-
tified easily since the long-period herizontal instruments
were generally oriented in radial and transverse directions
relative to the source. Furthermore, fora continental patn,
Love waves have higher group velocities than Rayleigﬁ waves

in the period range of interest.

Radiation Pattern of Rayleigh Waves. Urder ideal conditions

the radiation pattern can be )btained by correcting the
observed amplitudes for }nstrument response, geometric spread-
ing and attenuation eiffects. In practice, however, the geo-
logic conditions are complicated and the gbsolute amplitude
method is not very effective (Toks8z and Clermont, 1967).
Thus a method of normalization must be consicered. The
source and the propagation factors cannot bé isolated from
each other. ‘fherefore, we must consider methods in which
one of the variables is held constant while the effect of
the other is investigated. We used two methods for the
study of relative amplitudes to determine the radiation pat-
tern from Bilby. In the first, we normalized the amplitudes
of the Rayleigh waves generated by the explosion to those

of the collapse event that followed. In the second we used
the ratio of the Love and Rayleigh wave amplitudes to obtain
a source function.

The collapse of the cavity (formed by the cxplosion) scems
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to provide an ezcellent refcrcnce for normalization. When
B the amplitude ratios of the explosion~and collapsc-gonerated
waves are taken, the propagation and instrument effects com-
pletely cancel out, and the ratio directly reflects the source
effects. 1In previous studies, it was found that the radia-
tion pattern from the post-explosion collapse was in ‘gen2ral more

symmetric than the pattern from the explosion. The azimuthally

uniform amplitudes as well as the absence of prominent Love
3 waves were evidence of this radial symmetry (Poks8z, 1967).
E If we assume that the Bilby collapse had a radially uniform
radiation pattern, then the explosion/collapse ratio would
5 indicate if the explesion was a symmetric source.

The ratics of peakx amplitudes of the Rayleigh waves are
shown in Figure 4 as a function of azimuth, The peak ampli-

: tudes were directly read from the long-peviod records of the

5 LRSM stations. 3In a few instances the sweactral ratios were
E computed, and these, on the average, showad a3 similar radiation
K pattern as the peak amplitudes. -

e The azimuthal c¢ov:1age in Figure 4 i3 far from being

5 MM AR AN

& ceriplete, but in the nerth and nerxrtheast directions, where

there is a sufficient numbsy of ohservations, the deviation

SR S

VA, (L

from a uniform ratio is clear. If we assume that the radial

H

Ko

non-uniformity of the radiation pattern from the explcsion waz

AR

due to scme form of tectonic complicatioa (such as the relaxa-
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tion of the medium due to the cavity or induced rupture), we
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can include this effect by superimposing a multipclar term
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4 on the explosive scurce. Both seismic model experiments and
theoretical studies indicate that at large distances from the
source, a double-couple type source function is a good repre-
sentation for tectonic strain release (Honda, 1962; Burridge
and Knopoff, 1264; Archambeau, 1968). Then the displacements
observed at a distant station can be written as the vectorial
suns of those due to an explosive source and to a double-
couple.

Using the notation of Toksbz, et al. (1965), we can write
the far-field expressions for the Rayleigh wave ground dis-

placements from a near~surface explosive source.

¢ u*
Hy () = m ké/" (;—9) AR(w)T(m)exp(-YRr)exp[i(wt—er-¢t+3_1r/4)]
o

3 s 2\2 (1)
? e, u;
3 U (w) = e k¥2{ 29 {w)T () exp -y riexpii{wt-k_r~¢,-31/4)]
B & ) R . B R |24 t
£ (27mr) Vi,
Ve(m) = Q0
’_7 .
E W, (w), U (w}, V_{0) are the vertical, radial and tangential
% components of the displacement, kR iz the wave numbar, r is
the radial distance, Ya is the Rayleigh wave attenuation ccef-
£ ficient. Ay is the wmedium response for Rayleigh waves due to
=3 a vertical forcs; &o ard &o are the components of particle
4 velocity at the surface. T{w} and ét{m) are the amplitude and
e,
-.
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the phase spectra of the source time functicn.
ments due to an orthogonal, hori:zontal double~couple source

are (Ben-Menahem and Harkrider, 1964; Toks#z «t al., 1965):

U
de (27!1’)1’Q

2

Vi (w) =
de (27r) V2

() = ———2

*
1A/o . ; & o (=
kR “5- A (@) T' (w) sin 26 exp( YRE)
'exp{i(wt-er—é;+3ﬂ/4)}
1% U ’
../2 —9— ) ¢ Si -
X = AR(U)T {w) sin 20 exp( er)
o

'exp[i(wt~qu—¢;-3ﬂ/4)]
ky2 AL(w)T'(m) cos 29(—YL¥)

'cxp{i(wt—kLr—-é-Sn/4)]

The subscripts R and L refex to Rayleigh and Love waves,

respectively. The angle 8 is measured counter-clcckwise from
the principal plane (i.e. fault plane) of the double-couple.
The far-field displacements of Rayleigh and Love waves

from a composite source consisting of an explosiocn and hori-

zontal double-couple can be written from (1) and (2).

The displace~
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Rz we(w) + Wdc(w)

1
we(m){l + F %}%%% sin 28 exp[i(6¢t)]} (3)

Uy = Vgc(wd
F is the relative strength of the double-ccuple, 6¢t = ¢;—¢t
is the phase difference of two time functions. The term
with the factor sin 26 gives the azimuthal dependence of the
Rayleigh wave radiation..

If we assume that the source time functions are approxi-

mately the same for an explosion and the multipolar source

in the period range of interest {i.e. T = T'), eq. (3) becomes

B A A ekl B B R, "‘”\N!WM&WDW&M&MMWMM\m.wwwmmmNM‘MWWW&MH‘RWW!M&%& fie bl

; Upy = W, {1 + F sin 28)
E (4)
? UL = vdc

3 The motion from the collapse of the cavity can be repre-

4 sented by

(URZ) = Cy W, exp (i¢ ) (5)

collapse

AR i i
TSR PR

where Cg is the relative amplitude and ¢_ is the phasc of

p'wlr -

3 time function relative to the explosion. From previous studies,

it was fournd that at long periods (T » 20 sec), explosion and

e S Y ok e VA i S V0 S V4 B s R bl bl sl D4 a4 WAL ARG

collapse pairs had similar spectra except for a phase term
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¢, = 7 (Brune and Pomeroy, 1963; Smith, 1963; Toksbz et al.,

1964). With the above formulations and assumptions, the
theoretical Rayleigh wave displacement ratios for a given

explosion-collapse pair can be written as

(Ug) ‘
explosion  _ () + F sin 20) (6)
(Ug)

colliapse

In Figure 4 the theoretical curve is computed using (6).
Choosing C', F, and the‘-orientation of the double-couple to
fit the data best, we £find C' = 12, F = 0.47, and the refer-
ence direction for the double-couple principal plane (i.e.
"fault plane") 8 = 340°. With these data the fit is good.
The above figures mean that the explosion-generated surface
waves were 12 times larger than those ¢f the collepse, and

that the relative strength of the double-couple force was

0.47 times that of the explosion.

Amplitude Ratios of the Love and Rayleigh Waves. The Love

waves generated by the explcsions can also be used to deterrine

the nature of the source mechanism. According to our formula-

tion, the Love waves will be generated by the

tectonic component of the source. The explosion itself will

not generate Love waves under ideal radially symmetric conditions.

in determining the radiation pattern, we will again uxe

a normalization scheme to minimize the effects of propagation paths
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E given

~rd veeou :r magnitications.  $ince we do not have a pure

Love wave source that can be used as a reference, we will

normalize to Rayleigh waves. This ccheme was successfully

applied to explosions and earthqguakes by Toks8z et al. (1965).
The ratic of the Love wava amplitude to the 2 compo-

nent of the Payleigh waves genefated by the explosion can

be written using equations (1), (2), (3), and (4).

%
j o I
by .'(L AL cos 26

o kn 3 Y -/2
Rz | (1 + 7 sin 20)k" Ap

—  coxo{-r{v; - Yo}l (7
% ° b ' IJ R
(UO/WO)

In writing (7), it was assumed that the svurce time functions,
T1{w) and T'(v) were the same for both the explosion and the
double~couple component. Furtherrore, as ° the previous sec-
tion, it is assumed that the tectonic contribution can be
represented as a double-couple. Thus the ".cve waves are

those generated by a double-couple, and the Payleigh waves

are the vectorial sum of those due to the explosion and duo

to the double-couple.

. % o
In using (7) we must compute kL' AL’ kR, AR’ (UO/ﬂO{,
Yo Yo These qguantities are functions of the freguency for a

] 4 - .
ecarth structure. Foritunately, kﬁQ Ay kR2 Ap iz a ~onotenic
and slowly varying function of frequency in the spectral
range of our interest. Thus the effect of the structuve is

minimized by the normalization procegs, and an irprecise

knovwledge of structure does not limit the applicability of
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the method. We took one average structure for the Western
United States given by Alexander (1963) and computed the
amplitude response for the Rayieigh (AR) and the Love (AL)
waves. The method and programs of Harkrider (1964) were
used in these computations. The results are shown in
Fiqures 5 and 6.

In computing the Love/Rayleigh amplitude ratios from the
long pericd recordings on the LRSM stations we used the peak
amplitudes. In cases where spectra were computed, they peaked
at about T = 18 scconds. Spectral ratios are shown in Figure
7 for four stations, together with the ratio of peak ampli-
tudes. On the average the agreement is good enough to justi-
fy the use of peak amplitudes, with the understanrding that
the results are valid only in the T = 15-20 second period
range. At longer periods UL/URz ratios generally tend to
increase as seen for stations CP-CL and CP02 in Figure 7.

2ll the available UL/URz data from Bilby are shown in
Figure 8, as well as the thecoretical curve based on equation
(7). The reference plane for double-couple orientation

(plane of 60 = 340°) and the relative strength F = 0.47 are

the same values that were determined from the explosion/collapse

Rayleigh wave ratios. The agrecment between the observed data

and the theoretical curve can be considered good.

The consistency of one single source model for both the
Rayleigh and the Love wave radiation patterns is encouraging.

Although this is not a definitec proof, if gives support to

A
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our method of synthesizing the source and to our assumption..

I1.2. Sour~e Time Function of Bilby

The source time function of the explosion can be deter-
mined from the recordings of the motion at distant stations
by correcting for the instrument response and the response
of the propagation medium. For surface waves, we can com-
pute both amplitude (corrected for attenuation) and phase re-
sponse if the structure is known. In this study we will *
use an average structure and use only the amplitude spectra,

since the accuracy of phase spectra depends very strongly

cn exact knowledge of the structure.

The Rayleigh waves recorded at three stations are first

P VR & AR

corrected for the instrument resgonse tce cbtain the true ground
displacement. These stations are Kanab {Utéh), Campo (Cali-
fornia) and Winnemucca (Nevada). They represent excellent
azimuthal coverage at fairly close distarces. The filtered
Rayleigh wave pulses from two of these are shown in Figure 9
and their Fourier amplitude spectra in Figure 10.' Ground _
displacement spectra (Figure 1ll) are obtained by correcting
the spectra of Figure 10 for the instrument response at each
station. They represent the product of the source amalitude
spectrum and the response of the layered medium (i.e. propa-
gation path) to Rayleigh waves. The medium response includes
the effects of attenuation and the source depth,

To determine the source function,we must correct the
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¢round displacoment for the propagation factor. This was
done using the impulse response of the medium (Figure 5) as
given by equation 1. The effect of attenuation was removed
using Yg = 1£/UQ where U is the group velocity and 7 was

assumed to bz 10C, independent of frecuency. The corrected

spectra are shown in Figure 1l. This presumably represents the spectrum

N

of the source pressure function.

)

m

The interpretation of amplitude spectra in terms of a

Pyt Iw‘ ﬂf‘f*’.lf’ o
f

time function regquires incorporating either ,

rOLRA

phase data or some other constraint. We

i
i)

Nyt
il

AN

T

assume that the pressure pulse has the form pi{t) = p tY.

m

This formulation was daiscussed in an earlier study (Tc

b LA b L e SN 8

AR

et al., 1964). The whole problem now con;ists of determining - the
parameter n from the spectra. A value of n = 1.5 seems to

agree well with tha observations as shown in Figure 12. Dis-
crepancies at periods longer than T = 30 seconds arce attributed
to the effects of lateral heterogeneitics and low signal to

noisc ratio. The time function is given in Figure 13,

iyt oty b T O G

3 We must note here that the p(t) we determined represents
the stress wave form not at the source but at scme distance
from the point of detonation. Eince we used a linear theory

based on infinitesimal strains to correct for prepagation and

ttenuation effects, our corrections arc valid only to the

boundary of the region where these conditions are met. This

may be at a distance of several kilometers from the source

point. We must clarify onc other aspect of Figare 9: the
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pressure pulse was based on data in the period range of 10 to

35 seconds, so we coculd not sce any of the fine fcatures of
the pulse that would be obscrvable primarily in the high

fregueancy comronents. Meither could we sece a small residnal

ceraancnt Gisplacement or strain. Even with these limika-

tions the shape of the time function shown in Figure 9 is

%

similar to (althcugh somewhat broader than) tchose of c¢losae-in

~

measurements (Wistor, et al., 1963; Perrett, 1968). The source

.

B
z
%‘

time function varies gince it is dependent on the yield cf the

3 explosion, the redium, and shot depth. In gene: larger ex-
9 plosions have broader pulses (smaller n values) - o r investi-

T
WAl

gators have also proposed a step-function for the source model

o s

on the basis of surface wave data (Tsai and Aki, 1970). However,

(A o T 7

the available close-in acceleration measurements (Perrett, 1968)

AR Y

and near-field strain data (Smith, et al., 196%) indicate larger

stresses at the beginning of the pulse than toward the tail.

R

These emphasize the need for spectral data near the source cover a

g

broad period range for future detailed source studies.

It would be of intecrest to examine the source functiofn

ey, ‘;wmmmmm.«m;mm:aﬁma»:mm,uw,w.mmwwwaﬂmmummsmmmmmm W

i of the Love waves generated by Bilby. Choosing four stations
i where Love waves are well separated from Rayleigh wave inter-

% fercnce, wo followed the same procedure as for Raylcigh waves

Eé of correcting the spectra for the instrument response, and

E the rosponse of the layered medium f£or an orthogonal double-

couple source. rthe restitant spectra of the source time

§
3

function are suewn in Figure 14, and theiw shapes are ¢on-

sistaont for ali four stations.
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From the comparison of Figures 12 and 14 it is obvious
that the source time function of the explosion-generated
Rayleigh waves and that of the Lcve waves is quite different.
The Love waves seem to he richer in low frequency ccwmponents.
From the available amplitude data in a relatively narrow fre-
quency band, we cannot datermine the time function of Love
waves. It appears to be between a step function Aand a ramp,
if we assume a point source near the surface, a value of ¢ = 100,
and if we ignore the effects of source volume. WYWith these limi-
tations, a step Eunctioﬁ w'*h a rise time on the order of a few
seconds may be an acceptable approximation for Love waves.

The source spectra of the Rayleigh ard Love waves generated
by explosions are important because they contain information
about the mechanism of the lLove wave generation. The differ-
ences demonstrated above are significant. fhey indicate that
an explosion may trigger the Lov2 wave radiation, but it
propably does not control its time history.' The Love wave
source spectra are closer to those of earthquakes tnan to the

spevtra of explosion generated Payleigh waves. .

I1.3. Comparison with other Explosions

In determining the scurce properties of the Bilby explo-
sion, we followed t.:e same procedures that were used in our
earlier studies of the Hardhat, Haymaker, Sedan and Shoal

explosions, as weli as in some later events (Toksbz, et al.,
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1965; Xehrer, 1969; Toksd= et al., 1871). llere we will compare

the Bilby results with those of other explosions, which are

tabulated in Table 1.

The most significant result is that Bilby, like the

Haymaker and Shoal explesions, gcnerated Love waves. The

source mechanism in all ceases can be explained in terms of an

ideal radial explosive scurce superimposed on a tectonic source

of double~couple form. The oriertation and relative strength

of the doubie-couple seem to be controlled by the prorerties 6f

the medium and the orientation of the tectonic axes in the source

region. Bilby (in tuff)'and Haymaker (in aliuvium) were located
: about 5 km apart. The radiation patterns of Rayleigh waves are
almost identical. In both cases the principal plane of the

double-couple is oriented in the direction 6 = 340°. Other

explosions in the same general area give siwmilar orientation.

Fophied Y

In the shoal explosion, which was fired in a conpletely differ-

ent area, the orientation of the double-couple was in very good

agreement with those of earthquakes in the area (Toks8z et al.,

ik T AT AR

1965). These facts suggest that multipolar contributions to

the radiation patterns are controlled by the general tectonic
features of the region.

The relative strength of the tectonic (double-couple)
contribution to the radiation pattern seems to l'e controiled
by the »roperties of the medium in which the 2xplosion is de-
tonated. This is demenstrated by the observation that for ex-

plosicns in salt domes (Gnome and Salmon) and lcosc alluvium

i ‘
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(Sedan), the source functions did not have multipclar compo-~

nents {i.e., F = 0). For Haymalar, which was buried deep in

alluvium, a value F = 0.33 was determined. For Bilby (in
tuff) F was 0.47, and for Shoal, which was fired in granite,
F was equal to ¢.9. Harchat was another exnlosion in granite,

and it had an F value greater than 1.06. These and ten other

explosicns recently studied (Teksdz, ct al., 167§; indicate
an increase of F with increasing rock strength and, hence, strain

erergy capacity of the medium.

From these exam»les we cannot determine conclusively
vhether the multivolar component of the seismic energy radia-
tion is due to release of some of the strain energy accumu-
lated in the medium, due to fracturing or due to earthguake
triggering. Our laboratury model experiments,

described in the next section,will help to clarify some of

these points.
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III. LARORATORY EXPERIMENTS

Laboratory experiments can, in principle, provide a better
physical understanding of explosive seismic sources than field
ohservations because the explosive source strength, »re-stress
field and elastic properties of the medium can be varied in a
known way. Two separate laboratory experiments werc éarried
cut with explosions in pre-stressed media. The first experi-
ment utilized a rod stressed in torsion, an explosive source,
and strain gauges. The second set of experiments was per-
formed with point sources in pre-stressaed two-dimensional
plate model. Photoelastic techniques and high speed pboto-
graphy were utilized to determine the shot effects in the
source region, radiation of stress wavcs,_and the crack for-~
mation as a function of medium properties and pre-stress

levels.

III.1. Stressed Rod Experiment

A simple one-dimensional laboratory expe¢riment, giving
insight into the basic physical mechanisms involved in the
production of strecss waves from explosive sources in pre~
stressed media, is shown in Figure 15. Plexiglas rods 1.27
cm in diameter, and of varying lengths up to 2 m, were stressed
in torsion. A few cm from one end, a bridge wire was inserted
in a close fitting diametric hole and expleded with a 100-
joule source. This was adequate eneray to sever the end of

the rod leaving the remainder of the rod free {rom the torsional

restraints holding it. The resulting radiated waves were

4
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recarded by :train gavges placed on the rod circumference
at various distances from the shot but oriented at 45° to the
rod axis. Typically four gauges were used, one recording
directly onto an oscilloscepe aﬁd all four were recording on

magnetic tapre. The gauges were alsc read statically bhefore

firing the bridge wire source to provide a measure »f the

prestrain.

Tyvical oscillogram tracings from four shots at dif-
3 ferent pre-stress levels are shown in Figure 16. Tyo out-
E standing pulses on the oscillogram are the one-dimensional
,? equivalents of P and S waves. Velocities measured, using

gauges at several distances from the source, identify these

ey

Sa®y ittt { Nf. it

b
"

as the rod wave (P} and torsion wave (Sj, respectively. The
distinctive wave shapes for P and S pulses in Figure 16 in-

dicate that P-wave shape is controlled by the time function

rsibh s r TN

of the explosive gourc2. The S-wave is characterized by a
step~functicn input, and corresponding to the permanent re-
laxation of the torsional strain in the medium.

3 A number of oscillograms were obtained at various pre-
strain levels buft with the same cxplosive source. The ampli-
E tudes of the P and S waves are plotted as a function of the
pre-strain level in Figure 17. It is guite apparent that the
g amplitude of the S-wave due to strain release increases

5 linearly with an increase in the prestressing field while

the P-wave amplitude remains constant. From the zero inter-
5 cept times for both P and § waves in time-distance plots, it

E can be concluded that at the jprrecision level of this coxperiment,
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there was no cvidence of a different origin time for P than
for 5. Furthermore, the observed time function of radiated
S-waves {Fig. 16) can be characterized as a Heaviside step

functicn, as scen through response of strain gauges. This

is consisteont with the source time funcitionsz observations

for Lhe Ravieigh —waves and the Love waves from ithe Bilby

expiosicn, as determinnd in the previous scection.

IT1.2. Two-dimensional Photoelastic Experiments

F=
E:
3
E:
2
>

The one-dimensional experiment cannot be used to model

2 wygien wt
) KR

the spatial variation of radialion pattern from explosive

AR

sources in pre-stiressed media. However, a close simulation

sidion il

of the underground explosions can be achieved by using two-

dimensional modeling techniques.

3 The experimental procedure used in this study involves
A; glass and plexiglas plates stressed in tension or shear. The
=

i explosive source is simulated by a small radial shot and the
Z; source and radiation fields are observed by dynamic photo-

elastic techniques. This experiment differs from previous

4 studies bty Kim and Xisslinger (1967) utilizing aluminum and

plexiglass
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that in the current study: 1. A pre-stressing frame,

capeble of synthesizing a variety of sktatic stress fields
including tencion, compression, and shear Was used. 2. The details
of the ciplosion, dynamic cracking, and wave generation in
the naar sonvee region weve continuously obssrved through
the use of dvnamic photoelastic technigues. 3. Glass was
included among the model material used. The shock loading
properties of glass are closer to those of rock~forming

silicates, and its more brittle character simulates near

surface rocks somowhat better than the more ductile, but

.exparimentally more convenient, plastics cr metals. In the

experiment, glass turned out to b2 more impcrtant than .
Plexiglas for studying cracking phenomena because the ecrack
velocity in glass was higher than the expansion velocity of
explosion gases, whereas in the Plexiglas it was lower. There-
fore, only in the case of glass did we obtain adequate de-
tailed photographic evidence of tha dynamic cracking phenomena.
Figure 18 shows in outline the apparatus used in our two-
dimensional woerk. Referring to this figure, explosive excita-
tion of the model! was provided by a closed loop of mild detonating

fuse (MDF). This induced a radial shock source in the plate

as the shock wave from the detonation in the MDF enetered the plate

model simultaneously from both sides. The model was surrounded by
polarizing optics so that the o..plosion process, cracking,

wave generation and propagation could be made visible to rhe

D b4 el

P Y.

NP fms . w4

PRTTTION

TR



=

Fapiarate oy o i ALY S S R ) T e = o Ll e i -
- 54 -
Chigh speed T7ocaning camera by means of the photoelastic effect.

Suitably conditioned intense paraxial illumination was pro-
vided by the Argon bomk, a front surface mirror, and the
Fresnel lens.

A much more detailed discussion of the experimental
technique, the methods of using dynamic photoelastic obser-
vations ({isochromatics and isoclinics) to identify seismi- °
cally intcresting features, is given in our earlier paper
(Thomson =t al., 1969) and will not be further elaborated
on nere.

In addition to photoelastic observations, strain gauges

_were used to record the dynamic field at points too far

distant from the source for the optical technigues to be
completely adequate. These gauges were set out so as to
instrument one quadrant surrounding the source.

In the following section we will investigate in detail
both the propagation of the stress waves from the shot and

the characteristics of the cracking phenomena.

I11.2.1. Stress-Wave Propagetion in a Stressed Plate

To understand the fringe patterns shown in Figures 19
to 24, it is necessary to introduce some basic definitions
and results of socme calculations.

Upon passage through a stressed plate modeil, monochro-~
matic circularly polarized light becomes polarized in two

orthogonal directions. These are parallel to the principal

3
M
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pclarized in each direction cxperiences a different velocity

in traversing the model, an interference effect due to the

= resulting phasc difference is observed when the two compo-

nents of the incident beams are combined upon passage through

the analyser. The fringes so produced are callad isochroma-

tics and are proportional to the difference in the principal

stresses (01 - 0,) and hence the maximum shearing stress.

The fringe order is thus given by:

(8)

where T is the maximum shzar stress, h is the plate thickness

and £ is the constant of prownortionality which is wavelength

dependent. Therefore if white light is used to illuminate
the model the isochromatic effect is a multicolored inter-

ference pattern. XKnowing the stress field {opr Og ore) one

can calculate the isochromatics from cquaition (8) and to
3 within a numerical constant factor (for a particular material

and thickness). This factor must be determined experimentally.

In plane polarized light not only arec the isochromatics
obscrved but an additional sct of extinctions, called the

iseclinics, are secen wherever the principal stress directions

are parxallel or porpendicular to the pass directions of the

il 340

= polarizer and analyzer. In this cxperiment, polarizer and
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Aanalyaer ware orionted at 45° and 135°.  Thus in the unstressed

plate case, shot ygyenerated P waves will have isoclinics in
directions 6 = 45, 135, 225, 315°. The S-waves from the same
source will have isoclinics at 8 = 0, 90, 180 and 270°. The
isoclinics are used to identify the wave types (P or S) in
these experinrents.

In the case of the stressed plate the isoclinics will :
shift due to the static stress field. 1In this case the loci
of isoclinics can be calculated from the vectorial summation
of principal static and dynamic stresses.

Examples of isochromgtics and isoclinics from a shot in
an unstressed plexiglas plate are shown in Figure 19. Note
that these patterns are very clear for P-waves, but less
clear for S-waves which were much smaller in amplitude. In
fact, S-waves can be identified in this case on the basis of
the iscoclinics. The theoretical isochromatic and isoclinic
pattern for a radial transient source in a plate .3 given in
Figure 20.

In performing the calculations on which Figure 20 (and
also Figure 23) were based, it was assumed that the dynamic
stress componeants displayed geometric attenuation inversely
proportionnl to the square root of the distance from the
source and that the wave form propagated without shape change.
These assumptions arec only approximations and in order %*o
better understand the cffcect on the isochromatics we have
made a fcw precise theorctical caiculations for the cylindri-

cal source in a plate. The analytic formulations of
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chis probiem have been given by Kromm (1948). ‘The numerical
solution of the integral eguation has been discussed by
Barker, Toks8z, and Ward (1959). The results for a particu-
lar transient cavity prassure are shown in Figure 21, where
the radial stress, displacement, and maximum shear stress
have becn computed as a function of normalized distance

r = distanrce/hole radius from the source for glass and
plexiglas. Locking at the maximum shear stress in Fig. 21,
it is clear that fringes would separate better in the case
of plexiglas than in the case of glass.

The principal features of Figure 19 were identified by
comparing them to the theoretical isochromatics and isoclinics
of Fiy. 20 and by the use of time-distance plcots to obtain
velocity. Fractional fringe orders only {(n < 1) are visibie
in this framing camera sequence. The compressive and dila-
tational portions of P, the zero order isochromatic separating
them and a weak S waves are all visible in this photograph.
The spreading effect on the isoclinics caused by superpesition
of P and $ waves indicated theoretically in Fig. 20 can be
scen in fact by close inspection of Fig. 19.

Using black and white photcgraphy, the actual stress
level is determined from the observed fringe order n and
equation (8). Color photography was used to compute stress
levels from the retardation of one wavelength with respect

to another wavelen¢th and the resulting chromatic cffects.
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The main ciphacis of this worxk is to datermine the effect §

of pre-stress on the generation and radiation of seismic waves. %

For this reason, photoelastic experiments with explcocive ?

sources were repeated with prcséressed plateé. The plexi- é

E glas and glass plates were stressed in pure tension or pure %
3 2
H shear using the stress frame. The shear was generated by é

applying equal amounts of tension and compression in the y

= and x directions, respectively. The maximum amount cof stress
was limited to about 100 bars per axis.

The static stress field is somewhat complicated by the

[ LA M A A s

L LY
b i 25

presence of a small hole (drilled to place the explosive

A

e®.
Gtk

source) in the center of the plate. The radial, or , tangen-

AR P A

Eial, Gg + and shear, T.g ? components of the stress around

the hole of radius, a, can be computed from Muskhelishvili's

solutien (Savin, 1266).

ol

ke L

In our experiments the hole radius is a = 0.185 cm. Thus

4t
Al A

in most of the plate where fringe patterns are observed, % << 1.

B S )

Neglecting the lLigher order terms of % + the static stress

field can be expressed as (Thomson, et al., 1969)

MR i Sl g Sl

o =2 (1 + cos 20)
r 2
g, = g (r - 23) (9)
9—2 COSs 4
. _c _.
Tre > sin 28
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Tor tension, <ud as

Ur = (¢ cos 28

g = -0 cos 28 (10)
2]

T.g = -5 sin 26

for simple shear stress, where 6 is mezasured counter-clockwise ~

from tensile axis.
When an explosive source is fired in the pre-stressed
plate, the dynamic stress components are superimposed over
the static field given above, producing a complicated iso-
chromatic and isoclinic pattern (Thomson, et al., 1969).
These complications make it difficult to extract the dynamic
radiation patterns from the framing camera photographs, and
therefore strain gauge observations were used for this purpose.
The radiation pattern of seismic waves from an explosive source
in a glass plate under tensile stress is shown in Fig. 22.
In this figure, in addition to a complicated S-wave radiation
pattern, we also see the development and growth of cracking
and radiation from crack tips. These experiments were repeated
both with plexiglas ard glass plates under shear pre-stress
conditions. The radiation patterns were similar to the above
cases. In the case of pre-stressed plates, the shear waves
werec more abundant than in the unstressed plate experiments,
The maximum stress level was determined by the static
breaking strength of the plate, which was lowered considerably

bacause of the prescnce of the shot hole. Furthervmore, in the
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casce of glass plates static flexural failure cccurred before
a tensile or shear failure. In the dynamic experiments, the

maximem static stress level achieved was 167 bars.

I11.2.2. Strain Guage Measurements of P-S Wave Radiation Patterns.

A set of four BLH foil strain gauges were used td determine
the azimuthal variations of P and S wave radiation patterns under
different pre-stress conditions. Gauge outputs were recorded on
oscilloscopes writing in the single-sweep mode. Eacin gauge had an
active area of £x«10 iwm, and this limited its response to gperiods
greater than 4 micrasecoids. In most of the experiments strain
gauges were oriented at 45° to the radial direction and placed

t 5 azimuths, at ¥ = 9, 30, 60, and 90°, at a distance cf
16 cm from the source. Since the presencé of symmetry was
shown from framing camera pictures, instrumenting only one
quadrant with strain gauges was sufficient for determining
the radiation patterxrn.

The strain gauge experiments were carried out with shote

in both unstressed and stressed plates. In the case of un-
stressed plates, no significant S-waves were detected above
the noise level. 1In the case of pre-stressed plexiglas and
glass plates, howevar, well-defined S-waves were recorded.
The radiation patterns of P and S-waves for plexiglas and
glass plates, stressed under tension to 163 bars and 114 bhars,
respectively, are shown in Figure 23.

Utilizing the local plane wave formulation, strain encrgy

can bhe estimated from the observed compressional and shear
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3 wave strains radiated. %
g W = p P,€; (11) 3
; =yt
', P -\ g
= where W = energy density and P; and €; are principal %
= stresses and strains respectively. For compressional waves %

the sLcain measured with a gauge oriented at 45° to the §
k- radial direction (eg) is related as €L = 2¢ and for shear %
= waves € = el = ~€,. Thus the compressional and shcar wave ?

2 potential energy density fluxes, Wb and W,, can be expressed i
E as i
wo= v S 4 e o 2y §

p Pooxe2n P 3

(12) 2

e = 2 %
E Ws 2 € VS %
: , where Vp and Vs are plate and shear velocities, respectively. g
; For plexiglas and glass used in this experiment, M = 0.95 x 1011 i
3 and 13.2 x 10l Cynes/cmz, respactively. The ccrresponding 5
3 £
; rigidities for plexiglas and glass are u = 0.143 x 101l and ;
2.5 x 10ll dynes/cmz. The shear-to-compressional potentizal :

energy density ratios are shown in Figure 24 for peak values %

E

> of €. :

E

£

From the radiation patterns of bsth the peak energy

density xatios and the strain amplitudes themselves (Figures

23 and 24), it is clear that the S wave radiation can be

gt

cxplained by cither a dipole or double couple Lype source

having approximately a sin 28 azimuthal dependence. The P
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wave radiation is less clear since the ccntribution from the
explosion as well as radiatioa due to pre-~stress are super-
imposed. It is apparent that the radiation pattern for P
would be approximated by a function of 8 ¢f the form

(A + B cosze) where A and B are constants, suggestin-; again
the dipole source with the addition of an isotropic component.

Inspecting the radiation patterns and energy ratios
displayed in Figures 23 and 24, we are faced with two questions:
{1) where does the S wave energy come from, and (2) what jis the
reason for the skewness in the P wave radiation patterns?

Let us first consider the energy question. The total energy

of an elastic wave is equal to twice the potential strain energy
integrated over a cycle. Thus we can ccmpute the P and S

wave energies by int.gratin¢ the energy fluxes given in (12)

for the duration of the pulse first, and then integrating over
the radiation pattern.

At the level of approximation being used here we can
evaluate these integrals by fitting each of the compressional
and dilatational half-cycles of strain wave forms with a half
sine wave. Integrating the flux azimuthally, allowing for
the radiation pattern, we cbtain approximate expressions for
the total cnergy E, and ES in P and S waves for cach half-
cycle of duration to:

~ 3 2
E. = whva Ads t0 r

(13)

S 23 2
R, = ﬂthS 845 to r
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vhere h is the moGel thickness, r {s the distance of the

strain gauge from the socurce and A45 >nd B45 are peak strain
gauge rxeadings fcr the P and S waves respectively in the
record interval under study, and the gauges are assumed
located at the peak of the radiation pattern and criented at
1/4 to the radius vector from the source. For gauges not
located at the peak of the gadiation pattsrn an additional
correction was applied in obtaining total energy values as
discussed subsequently in coraection with the radiation
pratterns. For three shots shown in Figures 23 ard 24 (shots
No. 13028, 13029, 13030}, the corresponding P wave energies
{averaged from the observations at each gauge) are: 313, 231
and 143 x 105 ergs. The S-wave energies are 49.3, 3.72 and
0.73 x 10S ergs. The corresponding tensile prestress.figures
in bars are 163, 163, and 114. ©Note that the first two shots
are in plexiglas and the third in pyrex glass.

The S-wave energies cannot cowme from the corversion of
the explosive energy into § waves since very little if any
S waves are generated by the explosions in unstressed plates.
Thus, we must look into the cneruy relcase from the stressed
plate. The explosion crushes a small circular rcgion of the
plate around the shot point, This normally dees not exceed
a radius of 1 cm. Beyond this region some radial cracks extend
to greater distances. If all the strain cnergy in a zone of

radius ay is radiated as scismic encrgy, the total amount
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will be
3 -
2 .1 2 2g?
E = {ra”h] = £ 0. €. = Twa h — {14)
ST { 1 ] 2 i=y 1 1 E

where E is Youngs modulus and was determined from observed

plate wave velocities and h is the plate thickness. Equation

¥ (14) gives a goed approximation to the upper limit of the

W

avellable seismic energy if ay is taken to be the radius of

the "quasi-elastic" cracked zone (Archambeau and Sammis,

Sufiidinsmatia s

1970). The problem that arises in estimating the enexgy

from {14) is that of the definition of the cracked zone

AL AN

radius. In our experiments, the approximate values for the

radius of the totally crushed and extensively cracked zone

were about 0.4 cm and 1 cm, respectively. The values of EST
for the strain levels of shots 13028, 13G29 and 13030 are
tabulated in Table 2 for the larger value of a. Comparing

these figures with the previously given wave energies, it

will be apparent that the available strain energy is smaller

MDA b A 8 g

than the total energy radiated as S waves for a = 1 cnm.

We should further consider that not all the availahle

strain enerqy is radiated as seismic energy. In fact, only

a small fraction is likely to be radiated in the spectral

5
e
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range of our measurements, and this too must be divided into
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P and S waves. Thus it is clear that a source region much

larger than the crushed zone must ke considered. This leads
Jas to consider relaxation of the medium along the cracks that
radiate to greater distances from the source than those con-
sidered in Table 2. The cracking phenomenon will be dis-
cussed in the next section.

The second problem we must consider is the skewness of
the P wave radiation pattern. This phenomenon, apparent on
our radiation patterns, can also be seen on the data of Kim
and Kicslingexr (1967). It cannot be attributed to asymmetry
of the shot since it occurs only in the pre~stressed experi-
ments. Since there is a contribution to P waves from the
radiation of the strain energy due to the relaxation of the
plate, then the mechanism of this relaxation must be taken
into account. From the above discussion as well as frcm the
Gescription of the cracking iﬁ the next section, the growth
of the cracks does affect the wvidiation pattern. T[urthermcre,
where cracks extend close to the oksersvation position, the
growth can be characterized as a unilateral tensile fault.
This presumably is due to the scattering effect of the shattered
region behind the crack tips, on radiation not projected
broadly in the direction of crack propegation. wWe have computed
the radiation pattern of a unilateral tensile fault propaga-
ting perpendicular to the tension axis, utilizing Ang and
Williawms?® (1959) formulation as given by Savage and {tansinha

(1963). The radiation patteyns for P and § waves are

A T el 2 Ty AR o

1]




proportional to:

c (1-2V§ cos2 O/Vi) / (V, - ¢ ces 0)

P

and (15)
¢ sin 20 / (Vg - c cos )

regpectivaly, vhere ¢ is the crack velocity. In our experi-
ments, the observed radiation patterns of Figure 23 and 24 i
have an additional isotropic component due to the explosive
sour<e aff~cting the Prwave radiation patterns. A set of
theoretical radiation patterns were calculated using (15)

with the addition of various isotropic components. These are
shown in Figure 25. The data of Fioure 25 apply to plexi-

glas.

Two aspects of Figure 25 are noteworthy. (a) Increasing

R

crack propagation velocity produces a shift of the radiation

pattern maximum in the direction of crack propagation and
(b) increasing the isotreopic component, while broadening

3 the radiation pattern, dces not change the position of the
maximum. The radiation pattern maxima for P and S and for
glass and plexiglas were calculated as a function of crack

velocity. The results are shown in Figure 26.

Inspecting the shift in the radiation pattern of P waves

b LS S

from the observations of Figure 22 and comparing this to the

.mhh ey

thecoretical shift of Figure 26, it is apparent that only a

crude estimate of the crack volocity can Le obtained, because

5
2

. of the limited number of data pcints available. A crack

&
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Lt

velocity of six tenths the shear wave sweed is consastent with
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cheervations {or both materials. ‘The crack speed was, however,
measured accurately from the optical observations, and the
subject of crack propajation will be dealt with separately in
the next section. In reducing the strain gauge observations
to wave =nerqgy, as listed in Table 2, gauge observations

were corrected for the radiatioﬁ pattern effects using a

crack velocity C.6 V

Sr

IT.2.3. ©YNear Cource Phenomcnon and Crack Propagation

The stresses in the immediate vicinity of the cexplosion
are very high and may reach hundreds cf kilobars. This easily
exceeds the compressive strength of the material, and a crushed
zone which extends from a few millimeters to a centimeter or
more, depending on the shot size and the medium, is developed.
As the stress wave propagates outward from the shot point,
the pressure falls yradually until the clastic limit of the
material is reached. Between the crushed and elastic zones,
there is a region of radial cracking produced by the tensile
failure during the unloading (dilatational) phase of the stress
waves. Becausc of the importance of this region for the
radiation patterns of seismic waves, grecat emphasis was
placed on understanding its properties in our Jdynamic phote-
elastic experiments.

The immediate scurce region of an explosion in % " thick

glass plate is shown in Figure 27. The evaporated zone {totally

dark) and the crushed zone are indicated very cleoarly. The
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iritial rudial cracks are visible along the inner cdges of the
isochromatics.

In unstressed plate experiments the radial cracks are
distributed isotropically and grow in radial directions. 1In

the case of pre-stressed plates, initially the cracks do

start radially. Illowever, after some time the cracks either

stop growing or turn in the direction dictated by the stress

S

axes. In the case of plates under tension, the favored direc-

.

oA g

tion of growth is perpendicular to the tension axis.

oy
£ T

The propagation of explosicn-induced cracks in glass

plate under tension is shown in Figure 28, The preferred

growth (in direction perpendicular to stress axis) and the

m
W

radiation of seismic energy from the cracks (light zcnes) are

indicated clearly. The stress concentration at crack tips

gy

is visible. The dark areas are the stress-free !{relaxed) re-

; glons. i
é In addition to the above obsecrvations we have been able %
g to deteri.ine the velocity of the crack pronagation by follow- ?
é ing the progress of crack tips in suncessive frames. By ro- g
; peating this for shots at different stress levels, we have ;
'%, alsc been able to obhtain the pre-stress dependence of the %
'; terminal velocity. The results for a glass plate are shown %
i; in Figure 29. First of all, the velccities indicated are %
é terminal velocities. We could not determine the acceleration

phase of the crack growth since our mecasurcments could not
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begin before 2 cm ralial !: 'tance. Secondly, there were
variations in velocities between ¢ = 0.7 and 1.7 km/sec,
when short as well as long cracks were measured. This range
is indicated in Fig. 29.

The highest crack velocity in unstressed glass plate is
c =1.70 * .03 km/sec. The ratios of this velocity to plate-
compressional and :hear velccities are c¢/V_ = 0.32 and

P
c/Vs = 0.51 respectively. For the glass plata stressed to

114 bars tension, the dynamic crack velocity was ¢ = 1.84 % 0.02
km/séc and the ratios were c/Vp = (.35 and c/VS = 0.55. The
intermediate (45 bar) tension pre-stress case gave values the
same as the unstressed case within the experimental error.

It would be useful to compare our values of crack velo-
cities with thecretical prediction as well as other experi-
mental results. There have bécn extensive theoretical studies
of crack propagation. Mosi recent reviews can pe found in
Lichowitz (Vol. I and II, 1968), Tetclman and McEvilly (1967)
and Cottrell (19790)}. Very briefly, a nccessary condition for
the propagation of an clliptical elastic tensile crack is
that the maximum tensile stress at its tip rcach the thecore-
tical cohesive strongth., For completely brittle and olastic
solids where the clastic limit is much grecater than the cohe-
sive stress, the CGriffith relationship can be applied. Con-
sidering the crack to be a thin ellipsoid with semi-major and
miror axes 1 and hk, the increomwental releave of the stored

elaslic strain cnergy (wp) is cqual to the incroiwental increase
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of surface energy (WS3 as new surface is crcated. At the tip
of the crack there is a strong stress concentration. The
transfer of this elastic energy to moving the adjacent
points apart at the crack tip limits the velocity of the crack
growth. With these physical models, an expression can be de-
rived for the propagation veiocity of the crack (Tetelman and

McEvilly, 1967):

W
- _ 8% _ 1 - 8u{l+v)y,
c = 0.38 Vp {1 wE ] 0.38.Vp { - S }/2 (16)
wLR

where ¢ = crack velocity, V compressional velocity (plate

p
velocity in our case) and W, = surface energy of crack.
WB = strain energy in the crack, Yg = unit surface energy and

E = theoretical strength, ¢ = half crack length and v = Poisson's
ratio. For soda-lime glasses, for example, approximate values
axe vy, x 103 ergs/cmzm and I =-109 dynes/cm2 (Shand, 1961).
From these it is clear that the second term in the brackets

is fairly small and the maximum thcoretical crack velocity is

c = 0.38 v_. This theoretical value is in agrecement with some
other predictions for tensile fractures in brittle material
where 4 value of abcuc ¢ = 0.63 Vg is obtained (Yoffe, 1951;
Mansinha, 1964). There have been other theorctical derivations
relating the terminal crack velocity to Rayleigh velocity
(Baker, 1962; Broberg, 1960; Craggs, 1960; Kachanov, 1961;

Stroh, 1957). 1iu these casas where crack velocity coincides

with Rayleigh velocity, the kheoretical values differ from
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others, unless the Rayleigh velocity is taken to be lower at

the crack tip.

The effect of pre~stress in the material is to increase
stress concentration ard the strain energy Wes while rzcucing
the bonding energy Wg. Thus as the pre-stress level increases,
W /W, approaches zero, and the crack velocity recaches its

asymptotic value of ¢ + 0.38 Vp.

The agreement between our mcasured values of crack velo-
city and the theoretical values of eq. 16 is very good, both
in absolute value and pre-stress dependence. fGhe observed
values are slightly lower than the thecretical values hased

.on perfectly brittle behavior. This is exvected since therz

E is always some plastic deformation in the fracture process,

and soft glasses always fail to reach the prcdicted terminal

”~

iR R

velocities.

There have been other measurements of crack velocities

in glass (Schardin, 1959), and thesc¢ are in excellent agree-

menrt with ours. The crack vclocities have also been mcasured

e DR 11BNt ) i sS4 Mmuumammmmmmwmm*m}m:mmﬂﬂmhw&:‘m‘mMﬁu';uwicmwmuﬁmmwmmmmmmﬂmmwwmmhmmwmy el

in rock by a high speed photographic technique similar to

E ours (Bieniawski, 1966). 1In gabbiro plates, Bieniawski's value

* for terminal fracture velocity was ¢ = 1875 m/scc. In torms

B of plate velocity Vp . this valuc is eguivalent to ¢ = 0.31 vp '

TLIUR L] o TR R T

in excellent agrecment with our value under zero stress.
The implications of the explosion-induced crack yrowth
in terms of the radiation pattern of scismic waves from uader-

ground explosions orve sigmificant. First of all, 'ho cracking
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gxbrnds tha couveo rogion, and also provides ihe means of

converting some cxplosion enerdy into seismic waves of compli-

TRk TR Yot T

cated radiation pattern. This radiation, however, is iso-
tropic in the case of unstresseé media. In the presence of
a stress field or tectonic lineations, the cracks grow in a
preferred direction and to greater lengths, resulting in
coherent radiation of tectonic strain energy as well as some
convertad ev»losion energy. Even under jdeal experimental
conditions, however, some complexities are introduced into

the radiation patterns due to the presence of several cracks,

and irregularities in growth. ‘These may explain the devia-

= tions of some data points'from the idealized composite radia-

AN]SR

tion patterns, in the case of field observations such as
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those of Figs. 4 and 8.
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IV. DISCUSSION AND CONCLUSIONS

So far in this paper we have described separately:
(1) the source properties of scveral undergrcund explosions
as derived from the analysis of seismoqgrams, and (2) the re-
sults of a series of laboratory experiments dealing with ex-
plosive sources in prestressed media. In this section we will
combine the results of both studies to explain the mechanisms
of Love wave generation and tectonic strain release by
explosions. )

The main results of field data analysis and the associated

laboratory experiments are the following:

1. All explosions detonated in hard media (granite,
rhyolite, tuff) generate some Love waves at or in the immediate
vicinity of the source (see Table l). Laboratory experiments
indicate that the transverse waves are generated primarily
because of the existence of a stress field. Even in brittle
materials such as glass, under unstressed conditions, few
transverse waves are gencraled by an explosive source compared
to the prestressed case.

2. The Love and Rayleigh wave radiation patterns can be
explainnd by a composite source consisting of an isotrowic
exrlosive source plus a deouble-couple source. It was assumed
that the double-couple component was horizontal (pure strike
slip, vertical fault plane). With the available scattered

data, it is not possible to determine uniquely and reliably
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more definite source models specifying all the paramcters
(strike, dip angle, slip dlvaction, wmaguitude) of the snures
function,
3. The strength of the double-couple source relative
tc the explosion {F value) increases with increasing strength
of the medium as shown in Table 1. It should be remembered
that (a) F is period dependent, and the value listed in the
Table is applicable at T = 15-20 seconds, and (b) in general
the F value listed is a lower bound since we assumed a verti-
cal strike slip source function for Love wave generation,
This is the most efficient radiatof of Love waves, relative
to Rayleigh waves. Any other double-couple source model
that may fit the observed data would have a larger F value.
4. The srientation of the strike of the double couple
in general is in agrnement with the strike of the tectonic
fiber as determined from the existing faults, strikes of earth-
guakes and the aftershocks following the large explosions such
as Benham (Hamilton and Healy, 1969; Kehrer, 1969; McKeown
and Dickey, 1969; Toks®z, et 2l., 1965). This phenomenon is
in agreement with what was obscrved in the experiments with
an explosive point source in prestressed plates, where growth
of the cracks and the radiation pattern of S-waves were
. governea by the principal stresses.
5. The corrected spectra and the resulting time functions
for the Lcve and Rayleigh waves showed that the Love wave

spactra woere relatively richer at longer periods than Rayleigh




wave spectra. In fact, Bilby data as well as others indicate
that the spectra of Love waves generated by the explosions
are similar to those of comparable magnitude earthquakes.
Explosion generated Rayleigl. saves, on the other hand, have
spectra shifted to shorter periods (Toksbz, et al., 1965;
Molnar, et al., 1969; Toks&z, et al., 1370). Our one-

dimensional laboratory experiments also show that the time

of much lower frequency compared to those of the explosions (see
Figure 16). |
6. The energy of the double-~couple component of the
source holds the main clue to the source of this energy and
the mechanism of its release. Although it is difficult to
compute the total energy, at all frequencies, the power of
the double-couple sourve relative to the explosion at T = 20
seconds is proportional to Fz.(Table 1) . The theoretical
ostimations of the strain energy release due to the introduc-
tion of a cavity in the pre-strassed medium are hampered by
the lack of direct knowledge of bre~stress (Press and Archambeau,
1962; Toksdz, et ali., 1965; Archambeau and S-mmis, 1970; Saith,
et al., 1969). The laboratory cxperiments provide some answers.
* From the strained rod experiments we sce that the S-wave strain

amplitude increases linearly with pre-ctress (Figure 17) as ex-~

pected theoretically. The calculations carried out using data
from unstressed plate experiments shew that relazation around

the cavity alone cannot account for the radiated strain cnergy.

function of stress relaxation, generat=d in a pre-stressed rod, is
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This combined with the observed S-wave radiation patterns,
requiring a growing crack, suggest that relaxation associated
with ~xtended cracking contributes significantly to the
radiation of strain energy in pre-stressed media. In the
case of field testing, relaxation cf the medium occurs both
along the newly-formed extended cracks (faults) and as
move.ient along pre-existing fault zones. Strain measure-
ments around the Nevada Test 3ite show this (Dickey, 1969).
8. BPRased on field studies as well as our laboratory
experiments we can state that explesions in pre-stressed
mecia release some of thé strain energy, and the mechanism
of the release of this energy is similar to that of an earth-
quake. The amount of tectonic strain encrgy releasced depends
strongly on the pre-existing stress level. Explosion induced
cracking controls the radiation pattern and the extent of
tectonic strain energy release. The explosion cavity alone
cannot account for all the energy release. The radiation
patterns of seismic waves are frequenitly <ciaplicated by the
growth of cracks with finite velocities, and relaxations

.

along different faults and cracks.
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FIGURE CAPTIONS

Fig. 1. Long period seismograms of the Bilby explosion at two
LRSM stations: CP-CIL (Campo, California, A=482 km) and
FR-MA (Forsyth, Montana, 4~1282 km). Time marks are
10 seccnds apart. Z indicates vertical, R and T the
horizontal componeﬁts, respectively. Numheré are
relative magnification of ecach component. Note the
absence of Love waves at FR-MA.

Fig. 2. Love and Fayleigh waves from the explosion Greeley,
recorded at Xensas City, Mizsouri. 2, H are vertical
and horizontal éomponcnts, respectively.

Fig. 3. Distribution of LRSM stations which recorded waves from
Bilby in North America. "Star" indicates shot loca*ion.

Fig. 4. The radiation pattern of normalized Rayleigh waves for
Bilby. The points are the ratio of the amplitudes of
explosion-generated to collapsengenérated Rayleigh
waves. The curve is the theoretical radiation pattern
for a composite source consisting of an explosion and

an orthogonal double-ccuple.

Fig. 5. Rayleigh wave amplitude response of the lavered medium

i to an explosive source near the surface, with impulsive
time function.

Fig. 6. Love wave amplitude icsponse of the madium to a doul:le-
couple source near the surface.

Fig. 7. Love wave to Raylcigh wave wvertical cowponent Pourier

amplitude spectral ratio at four stations. Dashed lines

E are the ratios of pcak amplitudes wmecasuved in time domain.
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Fig. 10.

Fig. 11.

Pig. 12.

Fig. 16€.

Aampiilude xatios of the czplosion-gencerated Love and
Rayleigh waves (Ue/URz) as a function of azimuth.

The theoretical curve is for the composite source
described in Fig. 4.

Rayleigh wave pulses at two stations plotted from
digitized data.

Fourier amplitude spectra of the Rayleigh wave pulses
shcwn in Fig. 9.

Ground disnlacement spectra obtained from those of
Fig. 10 after correction for instrument respunse.
Amplitude spectra of source time function after cor-~
rection for propagation effects. Circles indicate
data uncerrected for attenuation; triangies ind‘cate
the data correctad taking Q = 100.

The Rayleigh wave source time function for Bilby at
the boundary of the seismic zone wvhere strains are
infinitesimal.

Arplitude spectra of source time function for Love
waves after correction for propagation efiects.
Circles are uncorrected; triangles are corrected for
attenuation taking Q = 100.

Laboratory se:-up for one-dimcnsionzl experiment,
Stress waves from an cxplosive source in a rod under
torsion are recorded by strain gauges.

Strain gauge scismograms from one-dimensional cxperi-

nent at different pre-stress values.
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Fig.

Fig.

Fig.

17.

18.

19.

20.

21.

22.

23.

24.

J.aplitudes of P and S waves as a function of pre-strain.
FExperimental set-up for the two-dimensional dynamic
photoelastic studies of explosive sources in pre-
stressed media.

Tsochromatics and isoclinics from a shot in punstressed
1

Ig—" thick plexiglas. Interframe time 4.16 usecc.

Theoretical isochromatics and isoclinics for P and S
wvavas.,

Theoretical pulse shapes as a function of distance for
radial stress and displacement and maximum shear stress,
from a cylindrical source in a plate. r is distance

in units of source radiaus.

Isochromatics and isocviinics from a shot in a % thick
glass plate stressed under tension (45 bars). Inter-
frame time 2.08 uscc. Note the grewth of crackina.
Dynamic radiation patterns of ? and S waves from ex-
plosive sources in pie~-stressed plexiglas and glass
plates under tension, as measured by strain gauges.
Maximum strain energy ratios of P and S waves versus
azimuth from tensile axis. )
Theoretical P and S wave radiation patterns from‘a
tensile fault plus explosion in glass. Each curve
individually normalized to its extreme value. o, B8
are compressional and shear velocities in the plate.
c = c¢rack propagation vclocity. UP/UPC is the ratio

of the strength of the isotropic component to tensile

crack component.
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26.

28,

-87-

Cakie of Lhe acima of theéruLicul raClation patierns
of P and S waves as a function of crack velocity fer
a tensile crack.

Imnediate source region of an explosive source in gn
thick pyrex plate glass, showing dynamic cracking and
iznehironatic fringe pattern. Piclture taken 12 usec
after detonétion. Exposure time is 0.1 psec.
Dynamic photoelastic isoclinic and isochromatic patterns
proéuced by radial explecsive source in gn thick pyrex
glass plate. Tensional prestress in vertical direction
of 45 bars is applied to plate. Polarizer and analyzer
polarization axes are at 45° and 135° with respect to
horizontal. Effective exposure time for each frame, -

0.25 usec. a,b,c, and d frames taken at 26.0, 42.7,

53.1, and 55.2 usec after expansion of explosive source.
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TABLE 2

Observed S-wave and calcunlated maximum available encrgies

for explosions in pre-stressed plexiglas and glass plates.

Shot No. Medium
13028 Plexiglas
13029 Plexiglas
13030 Glass

Tensile

pre-stress
(bars)

163

163 (?)

114

Maximum availakle

Observed S- strain cnerqgy
wave energy a=1ocm
45.3 x 10° 2.84 x 10°
3.72 x 10° 2.84 x 10°
0.73 x 10° 0.i6 x 10°
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III. PILE DRIVER AND GR:EELEY: TECTONIC UTILITY AND DANGERS

OF NUCLEAR EXPLOSIONS
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ABSTRACT

The tectonic strain enerqgy released by scveral under- -

% ground nuclear explosions has beon calculated through an

; analysis of seismic surface waves. The proportionally

é great amount of erergy releused in the case of certain events
% suggests both the possible uses for as well as hazards of

; underground testing.
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Seismic waves aeneratcd by underground nuclear explosions
quite often indicate complications aricing from the interaction
of the explosive source wilh the surrounding inhomogeneous
medium. The clearcst evidence of such an interaction is the
gencration of horizontally polarized 3 and Love waves by many
explosions. The radiation patterns of these waves and the
mechanisms of their generation have been a subject of a number
of studies (1). It is generally agreed that an cexplosion deto-
nated in a pre-stressed medium radiates some ambient strain
energy because of relaxation around the cavity and extended
cracks. The extent of this reclsxation and the amount of energy
released, however, have not been accurately determined.

The radius of the zone of relaxation and the amount of
tectonic strain energy release are two characteristics of
nuclear explosions which are of extreme importance. The first
consideration which depends upon a knowledge of these charac-
teristics iz the feasibility of utilizing underground explosions
for earthquake controcl. Explcosions might be effective in
periodically releasing accumulating tectonic strain energy
in active areas, thus possibly preventing major earthquakes.
The second censideration concerns the safety of large under-
ground explosions. An explosion which releases very large
amounts of strain enaray would have the same effect as that
of a large earthquake. If larger devices are tested in new
locations where ambient stress patiterns are not kncwn, the

strain release problem becumes more critical. As a third
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point, the release of large amounts of pre-existing strain
energy may affect some (but not all) of the seismic discrimi-
nation methods between earthquakes and explosions.

The cases that have been studied to date indicate that
some strain energy was releascd by most nuclear explosions
detonated in relatively hard media (2). Howcver, the strain
enexrgy released was less than the eguivalent seismic energy
of the explosions themselves in all but one case. The ex~
ception was Hardhat, detonated in granite. The excessive
strain energy release in this case was attributed to the
possible triggering of an earthgquake ({3).

In this paper we will report on two other Nevada Test
Site explosions (Pile Driver and Greeley) which generated
large Love waves and released siygnificant amounts of tectonic
strain energy. Data from these events was obtained from
LRSM (Long Range Seismic Measurements), WWSS (World Wide
Standard Seismograph), and CSS (Canadian Standard Seismograph)
system stations located throughout North America. The long
period records were digitiacd and filtered. The two hori-
Zzontal components at each station were rotated to radial and
tangential directions with respect to the explosions in order
to separate the Love waves. The resulting tangential compo-
nent (Love waves) and the veritical component {Rayleigh waves)
were then Fourier analyzed to obtain the amplitude spectra.

In Figure 1, long periocd seismograms cof three explosions

are illustrated. Tan, detonated near the other events, has

= % AN e A e oLl s T A e e S T L T
= e TRLT MAER st e T M T mGea e - L = =
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been included as an example of a ryoical explosion vhich did

nct generate extensive love waves. In this study both the

radiation patterns of Rayleich v @¢: and Love to Rayleigh
wave amplitude ratios were u:cd ! dotermine the strain
encrgy release. .

An explosion with associatcd tcctonic strain release can

be represented by a composite source consisting of an isotropic

explosion component and a double-covple strain release compo- :
nent (4).. Assuming that the time dclay between the explosién é
and the strain release as weill as the differences between

Love and Rayleigh wave time functicas are negligible, expres-

sions for Rayleigh and Love wave far field displacements from

such a composite source are given by

UR(m) = CR(w)[l + F sin 260] exp[i(ut-er)]

(1)
I () = CL(w) cos 20 expli(wt-k 1)]

where cR and CL are functions of fregquency, distance, and the

medium, w is frequency, t is time, k

R and kL are the Rayleigh

and Love wave anumbers, and r is the radial distance from the

source. 9§ is the azimuthal orientation of the double-~ouple

and F, the parameter of greatest interest, is the strength of
the douhle-couplie relative to the cxplosion.
If the differences betwecen Love and Rayleigh wave attcenua-~

tion and source time functions arc considered neqligible, the
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following expression is obtained for the Love over Paylcigh

wave amplitude ratio

'EE' _ Cpp(w) F cos 29
[T

(2)

1 + F sin 2¢

T
RN T

where CLR is a function of frequency and the medium. An auto-

matic error scheme was applied to fit the observed data to

I RN

.
g

this formulation (5). A grid was formed between the two para-

L T R R AT T

meters F and 6, and the error between the data and the theore-

tical combinations of F and 0 was contoured.

Figure 2 shows the bect fitting Love over Rayleigh wave
radiation patterns for Pile Driver and Greeliey along with the
é observed data. The parameter F determined for thesec two eveats :

was 3.2 and 1.6, respectively. In Figure 3a, the best fitting

e AT

Rayleigh wave pattern for Pile Driver is shown with the observed

data and some actual seismograms. In addition to amplitude,

e
LY

phase (polarity) has keen included. The polarity reversals
predicted by our best fitting thcoretical model (since F >> 1) §
arc indeed observed vher the Pile Driver data is compared to
that of Tan.

The Rayleigh wave radiation pattern for Greeley is shown

in Figure 3b. In this case, the strength of the strain release
component was close tc that of the explosion, and the amplitudes
of the inverted lcobes were therefore small. In spite of thise,

a very clear phase reversal can be cobserved relative to the F

Boxcar event as seen at LASA from the data of Filson (6). 3
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The source model for the Hardhot covent was <tudied by a simi-
lar technique and described in a previous publication (7).
The results werc almost idoentical to Pile Driver, and clear
polarity reversals could be obsorved.

Since the radiation patterns of P waves are similar to
those of Rayleigh waves, we invastigated these body waves to
determine any polarity reversals. The short period records,
however, appeared tc be dominated by thce explosive component
and near-source irregularities. Only on the long period com-
ponents of 3 statiorz did P waves from Greeley appear reversed
relative to Boxcar. In the case of Pile Driver, the long
pericd P waves were far too small to be useful.

The source data for the three explosions of concern,
Hardhat, Pile Driver, and Greeley, as well as that for some
other events, are summarized in Table 1. In addition to
double-couple strengths, we have computed the ratio of surface

wave energy of the double-couple component, E to the

tect !
energy of the explosion. This ratio (8) is closely approxi-

mated by

_ 2

Several conclusions can be derived from these data.
Generally (in the Nevada Test Site), explosions in harder
media such as granite release more tectonic strain energy

than explosions in gsoftex formations such as tuff or alluvium.

edd,

[l
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These latter media have low ricidities and cannot accumulate
shear strain energy hecause of plastic deformation under stress.
Salt is a very good cxample of such a plastic medium. None

of the explosions in salt ygencrated measurable Love waves.

Not all explosions in a given medium, however, have pronor-
tionally the same strain release associated with them, as
indicated by Shoal versus Pile Driver and Hardhat. Thus in
addition to a rigid medium, high ambient tectonic stresses

are important in determining the strain energy releasc by an

P el

s explosion. The similarity of the Pile Driver and Hardhat
- results indicate that, 1) the recgional tectonic framework
controls the radiation pattern, 2) in a given medium and
area, each explosion releases strain energy proporticnal to
its own explosive energy, 3) the spontaneous energy release

comes from the vicinity of the shot rather than frem an earth-

quake triggered at a distance of ten kilometers or more.

Strain adjustments at such distances appear to take place

23 gradually as indicated by the spread of aftershock activity

PRV PRI

E that follows some large explosions (9).
;2, The implications of these results in terms of the utility
A of nuclear sxplosions for the release of tectonic stresses ;
and earthquake control are encourayging, Since an explosion
can release accumulated strain cnergy considerably greater
than its own (more than ten times greater in the cases of
Pile Driver and Hardhat) in the vicinity of the shot point,

such events could be used to relax small regions. One :
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possible application would be to ‘de-activatic a sitc in a seiz-
micolly active region prior to the construction oi scme projact
such as a nuclecar power plant. IHowever, at the present we do
not know how long it takes for thd tecteonic stress ficld to
build up to its initial.level following au cxplosion. The
Hardhat and Pile Driver shol locations werce only about a half
kilometer apart. Yet Pile Driver, detonated four years later,
radiated proportionately the samc amount of strain encrgy.
This does not necessarily mean that strain eneryy reaccumulated
at the Hardhat site in only four years. Since the yield of
Pile Driver was 10 times greater than that of Hardhat, the
stress relaxation (primarily duc to cracking) most likely ex-
tended beyond the relaxation zone cf the Hardhat explosion.
Thus tectonic strain energy was releascd from a larger volume
in the case of Pile Driver. The use of explosions to releasec
tectonic strain energy in areas which arc alrcady developed,
however, is clearly not feasible.

For the same reasons that explosions could prove useful,
nuciear testing in regions of high ambient stresscs might
have serious conseguences. Since the medium properties and
not the shot yield control the proportion of encrgy reclease,
a large explosion could release large amounts of tectonic
strain energy. For example, with the energy factor of Pilc
Driver or Harxdhat, a one-megaton explosion could release energy
equivalent to that of a magnitude MS = 6.3 carthaquake. For

a ten megaton explosion this could be eguivalent to a magnitude
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quake,

7.2 eartiquake, indeccd a potentially destructive carth-
Thus in arny testing prodgram, these factors must be
taken into account, and hard media should he avoided unless

the ambient stresgs lavels are kinown to be low.

Harold H. Kehrer

Department of Earth and

Planetavry Sciences

Massachusctts Institute of

Technology

Cambridge, Massachusetts 02139
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FIGURI CrITIONS
Fig. 1. Long period filtcored seismograms illuctrating relative
gencration of Love waves by three N,T.S. explosions recordsd
at ¥eston, Massachusetts. Love waves appear on the tangential
cemponents (T) about two-minutos carlicr than the Rayleigh
waves on the vertical components {2). Note the large amplitude
of Love waves relative to Rayleigh waves for Pile Driver and

Greeley exglosicns.

Fig. 2. Love over Rayleigh wave amplitude radiation patterns
for Pile Driver and Greeley. TFor theorctical curves (solid
lines), the following paramcters werc used: orientation (9)
and strength of double couple (F), 340° from noxth and 3.2
respectively for Pile Driver, and 255° and 1.6 for Greeley.
Data symbols: & WWSS stations; A LRSM stations; @& CSS

stations.

Fig. 3. Rayleigh wave radiation patterns for explesive com-
ponent (circles), strain relcase componcent (brecken curves),

and composite source representing the theorctical models (solid
curves, parameters those of Fig. 2). The polarity (phase) of
Rayleigh waves in different guadrants of the radiation pattern
is indicated by {(+) and (-). (a) Pile Driver with seismoyrams
compared to those of Tan. Pile Driver traces arc below those
of Tan. Dashed line traces have their polaritics reversed.

Hote the perfect match of wave shapes, with polarities reversed
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4
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at JP-AT and BOZ as predict.? by the model. (1) Greeley with
seismograms comparcd to those of Halfbeak (CQL and OXF) and
Bexcar (LASA). The lower traces ave from Groeclev. Polarvity
reversal is very clear at LiShA. Data symbols: &  LRSH
stations; A4  LRSM statiens vhere reversed polarity was

observed; ¥ WWSS stations; & CSS stations.
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