AD-A256 672
T

PL-TR-92-2108

Brian Stump
Robert Reinke
Ken Olsen

Southern Methodist University
Department of Geological Sciences
Dal'as, TX 75275-0395

22 April 1992

Final Report
17 February 1989-31 April 1992

92 8 19 59

PHILLIPS LABORATORY
AIR FORCE SYSTEMS COMMAND
HANSCOM AIR FORCE BASE, MASSACHUSETTS 01731-5000

0030235022,

PHYSICAL CONSTRAINTS ON SEISMIC WAVES
FROM CHEMICAL AND NUCLEAR EXPLOSIONS

Lane Johnson
Sharon Reamer
Klaus-G. Hinzen

A

APPPOVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

~23124
H!H I”I HuHh ’.H i




SPONSORED BY
Defense Advanced Research Projects Agency
Nuclear Monitoring Research QOffice
ARPA ORDER NO. 5307

MONITORED BY
Phillips Laboratory
Contract No. F19628-89-K-~0025

The views and conclusions contained in this document are those of
the authors and should not be interpreted as representing the
official policies, either expressed or implied, of the Defense
Advanced Research Projects Agency or the U.S. Government.

This technical report has been reviewed and 1is approved for
publication.

S F. LEWKOWICZ
tract Manager
olid Earth Geophysics Branch Solid Earth Geophysics Branth
Earth Sciences Division Earth Sciences Division

DONALD H. ECKHARDT, Director
Earth Sciences Division

This report has been reviewed by the ESD Public Affairs Office
(PA) and 1is releasable to the National Technical Information
Service (NTIS).

Qualified requestors may obtain additional copies from the Defense
Technical Information Center. All others should apply to the
National Technical Information Service.

Tf your address has changed, or if you wish to be removed from the
mailing list, or 1if the addressee is no longer employed by your
organization, please notify PL/IMA, Hanscom AFB, MA 01731-5000.
This will assist us in maintaining a current mailing list.

Do not return coples of this report unless contractual obligations
or notices on a specific document requires that it be returned.



Form Approved
REPORT DOCUMENTATION PAGE o e o 0188
Public reporting burden 10r ting cotiection of INOrmMation 13 ESUMated tO average | hour per response, including the time for review:r.g instructions, searching existing dats sources,
B G ermeton g seoaesiany/os redecing o Buren, S5 Wioshigton Mebdquarters Seraices. Directorate Tor Imiarmetion Operstion and Reports, 1315 JeFerion
Davis Mighway, Suite 1204, Arlington, VA 222024302, and 10 the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503
1. AGENCY USE ONLY (Leave blank} ]2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
22 April 1992 Final (17 Feb 1989-31 Apr 1992)
. 4, TITLE AND SUBTITLE . S. FUNDING NUMBERS
Physical Constraints on Seismic Waves From Chemical PE: 61101%
and Nuclear Explosions PR 9A10 TA DA WU AQ
v
6. AUTHOR(S) Contract F19628-89-K-0025
Brian Stump Lane Johnson
Robert Reinke Sharon Reamer
Ken Olsen Klaus-G. Hinzen
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Southern Methodist University REPORT NUMBER
Department of Geological Sciences
Dallas, TX 75275-0395
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
Phillips Laboratory AGENCY REPORT NUMBER
Hanscom AFB, MA 01731-5000 PL-TR-92-2108
Contract Manager: James Lewkowicz/GPEH
11. SUPPLEMENTARY NOTES
v 12a. DISTRIBUTION/ AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release;
Distribution unlimited
'13. ABSTRACT (Maximum 200 words)

Quantification of ophysical processes near an explosion that
contribute to the radiated seismic wavefield was the goal of this work.
Characterization of both muclear and chemical explosions using
near—source observations was conducted. :

This report is divided into six sections. The first is a review
research in nuclear seismology, HNuclear Explosion Seismology:
Verification, Source Theory, Wave Propagation and Politics. The second
contributino reviews the types of free-fleld and free surface data
recorded around nuclear explosions, Free-Fleld and Free-Surface Grouand
Motions from Nuclear Explosions, Their Spatial Variations and the
Constraint of Physical Source Mechanisms. The third paper is a numerical

. study designed to I1nvestigate the scatter observed in near—source
observations, Variability of Near-Source Waveforms from Contained
¢ 14, SUBJECT TERMS 15. NUMBER OF PAGES
Fuclear explosion, chemical explosion, quarry blast, free- 190
field and free surfate ground motion, seismology, verification,[1s. PRriCt COOE
moment tensors, superposition.
17. SECURITY CLASSIFICATION [ 18. SECURITY CLASSIFICATION [ 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified SAR
NSN 7540-01-280-5500 Standard form 298 (Rev 2-89)

Prescnbed by ANSE Std 239-18




Explosions - Pahute Mesa, A Case Example. The fourth section describes
the source characterization of a moderate size explosion in Yucca Flats.
Both the isotropic and deviatoric source contributions are characterized,
Isotropic and Deviatoric Characterization of the Coalora Ruclear
Explosion in Yucca Flats. The fifth ©paper reports on the
characterization of chemical explosions in a cylindrical geometry,
Near—-Source Characterization of the Seismic Wavefield Radiated from
Quarry Blasts. The final contribution, Physical Models of Spall Zone
Ground Motions and the Determination of Spatial Decay Rates, is presented
only in abstract form. This work was cooperative with the Source Region
Program at Los Alamos National Laboratory and has been published under
LAUR-92-451.



" Brian W. Stump

DTIC QUALITY IINSPECTED 8

Reprinted from U.S. National Report 0
Intemnational Union of Geodesy and
Geophysics 1987-1990

Published by American Geophysicz! Union

Nuclear Explosion Seismology:
Verification, Source Theory,
Wave Propagation and Politics

Accesion For

DTIG. TAB
Unannour.ced

\

NTIS CRA&I )

J

. @]
Justitication

By
Dist: ibution |

Avedainity Cades
i e e
. o & Glor .
Dist '

A

|




REVIEWS OF GEOPHYSICS, SUPPLEMEMT, PAGES 734-741, APRIL 1991
U.S. NATIONAL REPORT TO INTERNATIONAL UNION OF GEODESY AND GEQOPHYSICS 1987-19%0

NUCLEAR EXPLOSION SEISMOLOGY: Verification,
Source Theory, Wave Propagation and Politics

BRIAN W.STUMP -

Department of Geological Sciences, Southern ifethodist University

Introduction

Nuclear expiosion seismology, as a result of the international
consequences of nuclear testing, has a strorig political compo-
nent. The time period 1987-1990 was marked by increased po-
litical interest in this subject as weil as rapid scientific develop-
ments. Joint Verification Experiments (JVE's) between the
Soviet Union and the United States provided new opportunitics
for joint testing of seismic instrumentation and capabilities. A
new set of protocols were exchanged between the U.S. and the
Soviet Union concerning the enforcement of the 1974 Thresh-
old Test Ban Treaty (TTBT) and 1976 Peaceful Nuclear Ex-
plosion Treaty (PNET). These and other political/scientific de-
velopments are discussed in the first main section of this review.

Research has continued on verification issues including detec-
tion, location, discrimination and yield determination. These is-
sues are addressed in che second section. Much emphasis was
placed on the utilization of arrays in detection and location
problems. Yield determination research has focused upon the
Lg phase as a stable indicator of yield as well as ways (0 com-
bine muitiple yield estimates from a singje explosion.

Explosion source theory is the third area of research that is
reported. Work has been divided primarily between teieseismic
and regional studies although a small amount of research has
continued with close-in data extending into the hydrodynzmic
regime. A number of researcher- have begun to quantify the
secondary source process, spall (.ensile failure of ncar surface
layers above the explasion) as to its coatribution to regional
seismograms.  As identified in the Office of Technology As-
sessment (OTA) Report on Seismic Verification (1988), dis-
criminatioa difficulties may develop for low-yield test ban
treaties with large chemical axplosions detonated for mining
purposes. Following the work in the early 60's in this area, a
number of researchers have returned (0 study the source signa-
tures from chemical explosions at regional distances.

‘Wave propagation problems continue to play a dominant role
in many of the explotion studies. This subject comprises the
fourth section. Regional waveforms have been studied with re.
newed intensity in response to the increased poiitical interest in
treaty verification. The development of a physical understand-
ing of the propagation of the various regionai phases, including
Pg, Py, mant'e P, Sp, Lg, and Ry has been the focus of many

papers.
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Issues of attenuation at teleseismic distances and thus.bias in
yieid estimation remain of interest aithough the JVEs provided
an independent assessment of these effects at Shagan River.
The physical description of transverse motions {rom explosions
continues to be explored in terms of tectonic strain release al-
though new results characterizing wave propagalion in
anisntropic materials offer an alternate explanation for these
observations.

Political/Scientific Developments

The political aspects of nuclear seismology are no better por-
trayed than in the Reagan Administrations claim that the Soviet
Union had "likely violations” of the Threshoid Test Ban Treaty
{Arms Control Today, July/August 1950}, In an attempt to ad-
dress questions associated with seismic measurements from
underground nuclear tests, the Office of Technology Assess-
ment (OTA) in 1988 published SEISMIC VERIFICATION of
Nuclear Testing Treaties. This document culminated a na-
ticnal review Of seismic copabilities by government, private, and
academic geoptysicists, seismologists, geologists, statisticians,
and physicists. The report identified the tasks in monitoring
underground nuclear explosions including detection, identifica-
tion, evasion, and yield determination.

It discussed Saviet compliance and the ability to verify the
TTBT and PNET. The report concluded that all yield esti-
mates of U.S. and Soviet tests are within the 90 percent confi-
dence level for yields of 150 kt or less. A number of authors in
the past four years have looked closely at the yield estimation
question and come to similar conclusions [Evernden and
Marsh, 1987; Sykes and Davis, 1987]. The report recom-
mended a phased approach to further treaties restricting or
climinating the testing of nuclear weapoos. It was concluded
that a threshold between 5 and 10 kt couid be refiably moni-
tored seismically with lower levels possible. Restricted testing
practices that limit detonations to below the water table, avoid
decoupling scenarios, and provide special bandling for large
chemical expiocsions would make even lower threshold limits
possible with existing seismic instrumentation. As noted by
Richards (1990) not all government officials agreed with the
conclusions of the OTA Report. Robert Barker a spokesman
for the Department of Defense stated “(the OTA Report) has
homcegenized fact with fiction.® Richards and Lindh (1987)
have argued for the low-neld threshold test ban treaty while
Hamm (1987) has presented arguments agairst such a testing
change. A further debate of testing issues can be found in the
discussions of Miller et al. (1987) and Feiveson et al. (1987).

As noted in the OTA Report, the Federal Government has
continued (o request independent estimates of yields (o assess
uncertainties in  seismic yield estimatess. CORRTEX
(Continuous Reflectometry for Radius versus Time) is a non-
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seismic method suggested to fit this verification requirement.
This hydrodynamic methodology requires on-site measure-
ments and deduces the yield of the expiosion from the velocity
of the shock wave and the properties of the surrounding media.
In a recent interview [Arms Control Today, July/August 1950]
Ambasscdor C. Paul Robinson claims that the U. S. experience
with CORRTEX gives an error in yield of 12% which in a new
geological environment may become as large as 30%. Lamb
(1988) suggests that under certain circumstances that these er-
rors may be larger. Robinson attributes the seismic yield error
factors to be in the range of 1.7 to 1.75. He goes onto remark
that prior to the 1 June 1990 testing protocols exchanged be-
tween the Soviet Union and the United States that the U. S.
could not be certain if the Soviets had tested aver 400 to 500
kilotons. These statements about seismic and CORRTEX
yield estimates were criticized by Richards and Lainb in Arms
Control Today, September 1990.

A set of Joint Verification Experiments with U. S. and Soviet
cooperation were conducted in 1988 [Robinson, 1989]. Hy-
drodynamic measurements were made by both countries at the
Nevada Test Site (NTS) {Anderson and Manning, 1988] and
the Soviet test site (Manning and Anderson, 1988] at Shagan
River in Eastern Kazakhstan, Seismic measurements of these
explosions in both the U.S. and the Soviet Union [Priestley et
al,, 1990] indicate that hydrodynamic yields determined from
these explosions are in good agreement with seismic yield esti-
mates {Sykes and Ekstrom, 1989].

Seismic experiments involving the Soviet Union and the
United States have included installation of seismic stations
" within the borders of both naticns [Science, 25 August 1989].
This instrumentation program began in 1987 as a cooperative
enterprise between the Natural Resources Defense Council
(NRDC) and the Soviet Union {von Hipped, 1989]. It has since
expanded to include the Incorporated Research Institutions for
Seismoiogy (IRIS) and the Federal government [Science, 25
August 1989]. The IRIS sponsored instrumentation has been
entitled the Eurasian Seismic Studies Program (ESSP). The
program is designed to provide data for constraining the seis-
mic properties of the crust and continental lithosphere, seismic
propagation characteristics, noise properties, and differences in
seismic sources. Six broadband Global Seismic Network
(GSN) stations have been installed with a target of twenty sta-
. tions. Two regional networks are planned for Caucasus and
Kirghizia with an additional small aperture (2 km) array at
Kirghizia {IRIS Proposal, 1991-1995]. The coming years will
see much activity in the study of crust and upper mantie struc-
ture (Priestiey et al., 1988}, seismic noise (Berger et at., 1988],
seismicity [Thurber et al., 1989] and regional wave propagation
in the Soviet Union.

A set of protocols was signed at the summit meeting between
the Soviet Union and the Uniied States on June 1, 1990. These
led to consent dy the Senate of the TTBT (1974) and PNET
(1976) in October of 1990. The Treaties came into force on
December 11, 1990. The protocols establish on-site inspections
of tests as well as the use of incountry seismic stations foz
monitoring certain underground tests [Chemical and Engi-
neering News, October 8, 1990]. These protocols were dis-
cussed with Ambassador C. Paul Robinson in an interview in
Arms Control Today (July/August 1990) The responsibility
for seismic in-country monitoring went to the On-Site Inspec.
tion Agency. For explesions with anticipated yields above 3§
kilotons the U. S. has the right for on-site inspection of the test

location. For explasions that are plunned to exceed 50 kilotons,
CORRTEX measurements are possible. In addition, in<coun-
try seismic measurements are aliowed f{or these larger explo-
sions.

Under the United Nations sponsored Conference on Disar-
mament (CD), the Group of Scientific Experts (GSE) has un-
dertaken a series of experiments to investigate the exchange
and interpretation of seismograms on an international scale
{Lamb, 1988 and Tirman, 1988]. These experiments are de-
signed to investigate, develop and deploy tools necessary for
electronic data transfer and management and provide experi-
ence that might be necessary in an internationat effort to moni-
tor underground nuclear testing. DARPA has taken the US
lead in this effort with the establishment of an Experimental In-
ternational Data Center in Washington, DC. Seismic stations
that will be participating in the program are Blacksburg, VA;
Lajitas, TX; North Pole, AK; Pinon Flat Observatory, CA;
Pinedale, WY; and Berkeley, CA.

Verification

The initial task of signai detection in any verification process
was well reviewed in the OTA report. Quantification of back-
ground noise in Eastern Kazakhstan {Berger et al, 1988] and
the United States [Rodgers et al., 1987] continue in an effort to
improve the detection capabilities cf new systems. Given
(1990) reports on noise levels at the four RIS installations in
the Soviet Union. Renewed interest in high frequency signal
propagation has resulted in broadband noise charscterization
and consideration of instruments buried o: great depths
[Barstow et al.,, 1990]. As noted by Serzao (1990) detection
capabilities are dependent on signal attznuation as weil as noise
levels. Detection capabilities of existing networks were con-
ciuded to be adequate for well coupled explosions with yieids of
a few kilotons or less in USSR[OTA Report]. Smaif aperture
regional arrays have also been investigated as to their detection
capabilities as exemplified by the study at NORESS [Sereno
and Brau, 1989). Problems with detection of decoupled explo-
sions [OTA Report; Glenn and Rial, 1987] which would re-
quire more extensive in-country networks for monitoring to the
lowest yield levels were identified.

The second task in any verification operation is event loca-
tion. Work in this area has extended to the utilization of single
station threecomponent data for both event detection and
location {Magotra e: al., 1987]. Similar analysis was conducted
using a sparse array of single three-component stations in East-
em Kazakhstan {Thurber et al., 1989]. These stvdies indicate

-the strength of polarization analysis [Nakanishi and Jarpe,

1988] along with muitiple phase identification in conducting
earthquake and explosion locations. Increased reliance on
small arrays in verification has resuited in the investigation of
arrays as location tools. Bratt and Bache (1988) discuss back-
azimuth and arrival time determination using the NORESS
and FINESS arrays. Bame et al. (1990) report oa arimuth es-
limation using the NORESS regional array. Harris (1990) and
Suteau-Henson (1990) compare direction estimation from high
frequency arrays and threecomponent stations and find that
the single station estimates are more susceptible to errors in-
troduced by low signal to noise ratics. Recent work has been
reported that attempts to take explicit consideration of the two-
and threedimensional nature of the earth in producing loca-
tions [Tralli and Johuson, 1987; Nelson and Vidale, 1990}
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Discrimination studies during the past four years have fo-
cused primarily on events from the Western U. S. and the So-
viet Union. Ulilizing the four broadband stations operated
around NTS by Lawrence Livermore National Laboratory
(LLNL), Taylor et aL (1988) investigated low (1-2 Hz) and
high (6-8 Hz) frequency contributions to Py, Py, and Lg as pos-
sible earthquake/explosion discriminants. The earthquakes
were found to be richer in high frequencies than the explosions
although overburied explosions weie eariched in high frequen-
cies and often misclassified. The authors note that it is difficult
to separate the effects of a cepth dependent Q model resuiting
in stronger attenuation in the shailower explosions from a true
differcnce between explosion and earthquake sources. Chaet
(1988) also reports enriched high frequencies from Western
U.S. earthquakes compared to explosions above 10 Hz, in con-
tradiction to the claims of Evernden et al. (1986). Denny et al.
(1987) investigated the Ms/mp discriminant in the Western U.
S. and found its success was dependent on the equation used
for determining magnitude. A comprehensive discrimination
study, again with data from the LINL array, w2s reported by
Tayior et al. (1989). All discriminants suggested by Pomeroy et
al (1982) were tested in a systemalic away against a data set
censisting of 233 NTS explosions and 130 Western U.S. earth-
quakes. The explosions were recorded at rangss of 200-400 km
while the earthquakes were cbserved at ranges of 175-1300 km.
Muiti-station discrimination led to misclassification of up to 2%
of the explosions and 4% of the earthquakes, with most prob-
lems occurring for events below my 4.0. Suteau-Henson and
Bache (1988) report on a discrimination study using Pg and Lg
recorded at NORESS. They find that spectral ratios can some-
times separate expicsions from earthquakes but that in general
the spectral ratios vary as much within a class of events as they
do between classes. Baumngardt and Young (1990) report on a
discrimination study using the NORESS array and small
sources { magnitude 2-3) in the 300-500 km distance range. In
contrast to studies in the Western United States they find the
best discriminants to consist of ratios between compressional
and shear energy (Py/Sy). Al the lowest yields (1 kt), the dis.
crimination of nuclear explosions from quarty explosions may
become a problem. A number of researchers have begun to
study these sources (see source theory discussion). Baumgardt
and Ziegler (1988), Smith (1989) and Hedlin et al (1989,
1990) have suggested that spectral scalloping may be a useful
discriminant for ripple-fired quarry explosions.

Yield determination has heen one of the most active areas of
research in the past four years, with focus on application to re-
gional observations in both the U. S. and the USS.R. This
emphasis is a naturat result of the newly depioyed stations and
data that have been exchanged between the two countries. In
the case of regional observations, primary focus has been
placed upon the utilization of Lg amplitudes as a stable mea-
sure of explasion yieid. Nuttli pioneered the Lg yield work and
reported on yield estimates for explosions in E. Xazakhstan
[Nurtli, 1987] and Novaya Zemlya {Nuttli, 1988]. The Lg
method of yield estimation has been scrutinized by a number of
other researchers. Patton (1988) reported on a comprehensive
study of U. S. explosions from the NTS recorded at the LINL
broadband array around the test site. He also notes smail scat-
ter in these Ly yield estimates. Hansen et al (1990) report on
the stability of log RMS Ly 10 0.03 units for RIS, CDSN, and
NORSAR data from Shagan River explosions. Refinement of
yield estimates using my measurements has included the as-
sessment of data sensoring, clipping, and noise contamination
[McLaughlin et al., 1989, Jih and Shumway, 1989]. A number

)

of authors have made maximum likelihood magnitude esti-
maies [McLaughlin, 1988]. Scatter in mp measurements, re-
sulting from either near-scurce or aear-receiver structure,
have been analyzed and modeied [McLaughlin and Jih, 1988].
Specific attention has been applied 10 understanding the varia-
tion of magnitudes for explosions detanated in Yucca Flats at
NTS where the systematic variations in magnitude can be
linked to the basin structure [Ferguson, 1988; McLaughlin et
al, 1987]. These studies indicate a growing modeling cagabilivy
for two- and three-dimensional wave propagation and an appli-
cation of these tools to yield determination questions. Work
continues in other areas of yield determination as exemplified
by the utilization of hydrophone records ta make yieid esti-
mates [McCreery, 1987].

Source Theory

Although not strictly a seismic wave propagation problem,
one of the biggest source measurement developments in the
past four years has been the utilization of time of arrival mea-
surements in the hydrodynamic region around explosions to de-
termine yield [OTA Report] CORRTEX measurements
played an important role during the JVEs in 1988. King et al,,
1989 report on a detailed equation of state analysis that de-
scribes the coupling of energy in the hydrodynamic region. The
study focuses upon the claim that eahanced coupling can result
from small cavities, 1-3.5 mykt!3. Their numerical resuits sug-
gest that there is no enhanced coupling predicted when radia-
tion transport of energy is included is the calculations. These
types of studies can be s¢en as an initial step in accounting for
energy transport from explosions. Such data, linked to inter-
mediate stress observations, offer opportunity to study devel-
opment of the seismic source function from nuciear explosions.
Denny and Goodrnan (1990) report a re-analysis of the Salmon
and Sterling data. They argue that the intermediate stress
rgime data show a two-wave system thar vields a £ high fre-
quency reduced velocity potential decay. They also find the
Saimon-Sterting decoupling value to be 72,

In auempts to further utilize teleseismic measurements,
Murphy et al. (1989) and Murphy (1989) bave focused upon
network averaged teleseismic spectra for recovery of souree in-
formation, such as yield and burial depth. They suggest that
the network averaging process, which includes frequency de-
pendent station corrections, reduces the variances of spectra
and emphasizes source properties. The above analysis bas al-
lowed the determination of scaling relations and source depth
effects. Der et al. (1987) :eport a muiti-channet deconvolution
techinique which factors teleseismic spectra into source and re-
ceiver effects, again attempting to separate these contributions
10 isolate the source. At regional arrays Der et al (1990) sug-
gest the application of coherent processing techniques to iden-
lify interevent differences separate from intersite effects. Wal-
ter et al. (1988) investigated regional P waves at frequencies as
high as 30 Hz to identify explosion and eartbquake source dif-
ferences. They report an increase in spectral amplitude with
moment {rom earthquakes that is consistent with an {2 source
model. The explasion data they investigated showed greater
scatter than eanhguakc data but indicated a spectral decay that
was in excess of ¢, As noted by Chael (1988), this effect could
be a resuit of either source or attenuation processes.

Inversion techniques designed to characterize the expiosion
source in terms of moment tensors continue to be investigated
with emphasis on isolating isotropic and deviatoric components.
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Faiton (1988b) describes an inversion of regional fundamentat
and higher mode surface waves to determine the moment ten-
sor. He finds that a spall correction is pecessary. Johnson
(1988) reported on sccond order moment tensor inversions of
near-source data (1-11 km) from two Pahute Mesa nuclear ex-
plosions, The source was dominated by the isotropic moment
tensor although a sccondary, long-neriod contribution (0.3-0.4
Hz) was identified in the vertical dipole. This secondary source
might be attributed to aear surface spallation. Stump (1987)
found a similar secondary source contribution in the vertical
dipole of the moment tensor when inverting data from chemi-
cal explosions. In this case, acceleration measurements within
the spali zone were able 10 corroborate the spall interpretation.
In an attempt to investigate the robustness of isotropic source
estimates, Vasco and Johnson (1989) conducted an investiga-
tion of extremal solutions. Their results indicate that an
isotropic contribution of 10% or more is necessary for unique
identification in data with 10% random noise or 2% lateral het-
erogeneity. In asearch for other basis functions for the seismic
source representation, Vasco has suggested decomposing the
source into orthogonal source time functions (1989). He
[Vasco, 1990] also suggests an orthogonal decomposition of the
moment density tensor which might be applicable to sources
with finite dimensions.

As noted in the verification discussion, one future discrimina-
tion task under a Reduced Threshold Test Ban Treaty is the
discrimination of waveforms generated by large chemical explo-
sions and small nuclear expicsions. This moativation and the
more basic desire to use chemical explosions as small scale
analogs of nuclear explosions has led to a moderate amount of
work in characterizing chemical explosions as sources of seismic
waves. Stump and Reinke (1987) discuss the desizn and im-
plementation of relatively low-cost contained che nical explo-
sions for source studies. They {Stump and Reinke, 1988] go on
10 use multiple chemical explcsions to experimentally test linear
superposition. Baumgardt and Ziegler (1988) report on re-
gional observations from ripple-fired quarry expicsions that
suggest that spectral scailoping can be used as a discriminant
[Smith, 1989] for such blasts. Hedlin et al. (1989) report that
seismograms from suspected quarry explosions have energy or-
ganized in discrete, time-independent frequency bands while a
single explosion calibration event shows no such modulation.

Tectonic release is another secondary soucce accompanying
explasions which may contaminate observations {Cohee and
Lay, 1988]. The phase reversal of some Rayleigh waves gener-
ated by underground explosions from E. Kazakhstan has been
used as evidence for tectonic release. Day et al. (1987) repli-
cate these abserved phase reversals coupled with time delays on
the order of a few seconds. Their two-dimensional modets in-
clude tectonic prestress which is released during the explosion
process. Pre-stress greater than 100 bars was required to gen-
erate synthetics that matched observations.

The secondary source process known as spall, which results
from the tensile failure of near surface materials above the ex-
plosion, has continued to be investigated as a source of inter-
mediate frequency (0.1-5 Hz) regional waves, Taylor and Ran-
dail's (1989) modeling of waveforms suggest that the spall
source may have important regional contributions. Patton
(1990), in an attempt to put better constraints on the size of
the secondary spall source, has begun the investigation of data
from within the spall zone using it to develop scaling relations
for spall mass and momentum.

Wave Propagaticn and Structure

Waves from underground explosions are observed at near-
source, regional, and teleseismic distances. Regional and tele-
seismic observations have application to verification issues
while near-source observations provide the opportunity to re-
solve questions about explosion source characterization and
possibly unique separation of propagation aad source contribu-
tions. We review wave propagation studies that have devel-
oped for all three observation ranges from explosions. The re-
gional and, 10 a lesser extent, the (eleseismic observations have
received the most attention oy the research community. These
studies are motivated by a desire to produce physical models
that describe the generation and propagation of seismic energy
from the explosion to the receiver. Such a physical basis must
be developed for waves that are useu in verification tasks of
discrimination and yield determination.

The scarcity of near-source research reflects the fact that such
observations have not been seen to play a verification rote and
further, that most such data is recorded and analyzed by per-
sans responsible for underground testing. Murphy and Shah
(1988) studied near-field Rayleigh waves generated by atmo-
spheric explosions. They found that these waves were strongly
affected by the shailow shear wave structure near the explosion.
Leonard and Johnson (1987), in an attempt to refine the ve-
locity structure at Pahute Mesa, conducted one-dimensional
travel time inversions for P and S structure utilizing near-
source observations. Their philosophy was to begin the devel-
opment of simple one-dimensional models that couid be re-
vised as two- and threedimensional structural information be-
comes available. The effect of random: structure in the near-
source region and quantification of scattering effects was dis-
cussed by Stump and Reinke (1988). They argue that to quan-
lify source mode!s with near-source data it is necessary first to
separate stochastic and deterministic wave propagation effects.

Regional wave propagation studies have resuited from: (1)
the desire to monitor explosions of all sizes throughout the
world; (2) the development of regional arrays which are pro-
viding abundant regional data {Sereno et al., 1987}; (3) the ap-
parent stability of the L, phase as a measure of yield {Patton,
1988; Hansen et aL, 1990}; and (4) the recent establishment of
new regional stations in the Soviet Union [Priestiey et al.,, 1990].
The primary regional phases that have been studied include Pg,
Pq, S, Ly, and Rg. Characierization of regianal propagation
effects in the Western U.S. is one area where there has been
much work since NTS provides an abundant set of artificial
sources {Hough et al., 1989].

Chaet (1988) reports on Py observations at Nelson, NV of
NTS expiosions and nearby earthquakes. As mentioned in the
discrimination discussion, he uses these observations to illus.
trate that the earthquakes have more energy above 10 Hz than
explosions. Walter et al. (1988) atso report on regional P wave
observations from NTS. Sereno and Given (1990) descrive
oumerical models intended to repticate P, attenuation in the
crust and uppermost mantie to frequencies as high as 15 Hz
They find that a frequency independent P, spreading is a bad
assumption for data reduction. Sereno et al. (1988) have used
P and Ly observations at NORESS to invert for both attenua-
tion and source moment. Their approach altows for a quantifi-
cation of regional wave propagation effects. Vogfjord and
Langston (1990) use f-k analysis of regional seismograms (50-
300 ium) recorded at NGRESS to identify coherent phases.
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Composite seismograms are then constructed by piecing to-
gether stacked records at the phase velocities for which coher-
ent energy is identified. Wave propagation in the oceanic litho-
sphere was investigated by Sereno and Creutt (1987) wath focus
oa Pj and Sy phases. They find that the coda associated with
these ocean phases can be explained in terms of a leaky organ-
pipe mode in the sediment layer/oceanic water column.

One of the most interesting but cast understood regional
phases is Lg. The primary motivation for a physical under-
standing of the phase comes from its utilization as an estimator
of yield (Nuttti, 1987 and 1988; Patton, 1988]. Work continues
in an attempt to quantify this phase {Franket et al., 1990] and,
in particulor, understand its attenuation characteristics
[Mitchett and Hwang, 1987; Xie and Mitchet!, 1990]. A major
outstanding problem in undersianding Lg ~ e insufficient
excitation of the phase in one dimensional velocity models.
Baumgardt (1990) has reported on observational daw
supporting the blockage and scattering of the phase fuither
indicating the importance of two and three dimensional
structures on this phase. Dainty and Toksoz (1990) aiso
investigate the scattered energy in Lg as well as P phases.

Shallow expiosions and earthquakes in the Eastern U. S. have
been found to generate refatively high frequency (0.4-25 Hz)
fundamental mode Rayleigh waves (Kafka and Reiter, 1987].
Katka (1990) has suggested that these waves may be a good
depth discriminant in areas where they are observed.

Analysis and modeling of tsleseismic observations from nu-
clear explosions has explored the effect of multipathing and
scattering on these waveforms. Lay (1987 a and b), Lay and
Welc (1987), and Lynnes and Lay (1989) bave investigated
teleseismic P waves and early coda for evidence of near-source
scattering. Gupta and Blandford (1987) suggest that spectral
ratios between P and P coda can be used to characterize near-
source material properties. Gupta et al, (1990a) through a
broadband f-k analysis at the EXA array of U.S. and Soviet ex-
plosions, quantify the effects of near-receiver scattering. This
same group of workers {Gupta et al., 1990b] suggest that both
near-receiver and near-source information can be recovered
from the scattered waveforms. Cormier (1987), in a modeling
study, attempted (o determine the effects a three-dimensional
velocity model beneath NTS with scale lengths of 20-100 km
and a few percent velocity fluctuation would bave on teleseis-
mic my. He finds that such variations lead to as much as a fac-
tor of three variation in amplitudes and if considered could re-
duce the my variances by 25%. He aiso suggests that P coda
may be a more stable measure if scattering in the crust and up-
per mantle is important. McLzaughlin and Jih (19588) and
McLaughlin et al. (1987) investigated the effect of near-source
scattering on teleseismic myp through 2 ser=s of two-dimen-
sional linear-elastic, finite-difference calculations. For explo-
sions at the French Sahara Test Site the maximum effect is
+0.15 mp units. At Yucea Flats variations as large as =030
my units were modeiled. These variations can be reduced by
averaging over a network of observations. Determination cf
teleseismic receiver functions, using multiple component data,
continues in an attempt to further quantify receiver effects.
Broadband recziver functions for seismic stations in E. Kaza-
khstan were reported by Priestiey et al., (1988).

One of the newest develnpments in wave propagation has
been a number of papers beginning to quantify effects of
anisotropic media on seismic waves observed from explosions.

This work has developed out of an emphasis an anisotropic ef-
fects in the seismic exploration industry. A series of papers by
Ben-Menahem (1990) and Ben-Menahem and Sena (1990) re-
port Green'’s functions {or anisotropic media wath special con-
sideration of SH waves. Other studies of explosions in
anisotropic media have been reported by Mandal and Toksoz
(1990). They indicate that, with 3 moderate amount of
anisotropy around the expiosion, SH waves might be gener-
ated.

Future [ssues

The progress in a field over a time period such as the last four
years is motivated by important issues that are confronting a
particular area. In an attemp o pravide a glimpse into the fu-
ture of nuclear seismology, five outstanding areas of research
are idenufied. These include the development of a physical ba-
sis for regional wave propagation, the investigatior of the seis-
mic source charccterization of smail nuclear expios.ons, quan-
tification of explasion phenomenology, the exploration of
quarry and engineering explosions as seismic sources, and uti-
lization of automated signal peocessing tools.

Phvsical Basis for Regional Wave Prepacation

This topic is particularly important as smail yield expiosions
will most likely be monitored at regional distances. A physical
understanding of the processes is needed if techniques deve.-
oped in one geographical area are 10 be transported (0 a new
area. Much of the work that has beea compieted to date on re-
gional waves has been primarily experimental. This work must
be extended (o the development of physical models which can
be tested. This testing may involve extensive instrumentation,
not unlike that suggested by Passcal, i1 order to resolve impor-
tant aspects of the regional wave propagdtion. Same key ques-
tions to be addressed include: (1) How is energy distributed
among the phases Py, Py, Sy, Ly?; (2) How homogeneous or
inhomogeneous is the crust and upper mantle (1D,2D,3D)?;
(3) How do we characterize this homogeneity/inhomogeneity
experimentally?; (4) What are the source depth effects on each
of these phases?; (5) How does the regionai energy comparz ta
that cbserved locaily and tefeseismically?

Small Source Phvsics

The seismological community has spent a good deal of its ef-
forts and time characterizing large (>100 kt) nuclear explo-
sions. This focus has resulted from the 150 kt TTBT and
PNET and the good signal to noise ratios resuiting from such
events. These sources are often deeply buried (122m/ke!3). A
number of techniques exist for separating these events from the
earthquake population as well as determining yield from the
wave amplitudes (my - log(Yield) relations). Little work has
been ccmpieted in characterizing smali yield nuclear explosions
including careful resolution of such basic questions as the ap-
propriate siope for a my - log( Yie!d) relation and the effect ma-
terial properties have on such relations. As 3 result of their
shailow depth, these sources can be detonated in highly
porous, dry materials as well as in cavities offering an opportu-
nity for decoupling. The seismological community has spent lit-
tle time studying such events either experimentally or theoreti-
cally. No consideration has been given to how one might char-
acterize an explosive site before a test so that some of these ef-
fects might be anticipated and mitigated. Some of the ques-
tions that arise are: (1) What are earthquake/expiosion source
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functions at small magnitude?; (2) What coupling variations
can be expected in shatlow, weathered, dry materials?; (3) How
effective is decoupling in cavities or previously explosively dis.
turbed materials?; (4) What are the effects of source region in.
homogeneity?; (5) How do we complete geophysical/geological
site characterization to constrain explosicn coupling?

Explosion Phenomenology

Physical processes by which chemical and nuciear explosions
couple energy into the earth are not well quantifiea from first
principles. As one might expect, these processes are highly de-
pendent upon the material properties of the media of interest.
In many cases the complete data sets for resolving these cou-
pling processes are not available. Source related research
might include: (1) Quantification of chemical/nuciear source
differences; (2) Determination of the importance of tensile
failure of near-surface layers (spall); (3) Development of a
physical model for spall; (4) Determination of energy balance in
the three spatial dimensions; (5) A quantification of energy
coupling from the hydrodynamic to the linear regimes.

Quarry/Engineering Explosions

Many industrial explosions are detonated each year for pur-
poses ranging from excavation for construction to iae recovery
of subsurface resources. Each of these sources generate seis-
mic waves and must be separated from the population of nu-

clear explosions. Little work has been completed in describing
these sources as generators of regional seismic energy. Some
key questions that must be addressed: (1) What are the differ-
ent types of industrial explasions?; (2) How does each rype
generate seismic waves (P and S waves)?; (3) Do the individual
explosions interact linearly or noniinearly?; (4) Can multiple
explosions be discriminated from a single explosion?

Array Processing/Automatic Data Analvsis

Increasingty rigorous verification requirements may require
increased data processing and analysis capabilities [Bache et al.,
1990; Bratt et al.., 1990]. Automation of these tasks is aad will
remain an important area of research [Anderson, 1990; Dysart
and Pulli, 1990].

Muich work has been completed in the past four years thanks
to continuing support for basic research in nuciear seismology.
Many questions still remain, particularly thaose associated with
the physical processes of energy coupling and wave propaga-
tion. As new requirements are imposed under future treaty
scenarics, an understanding of these processes will be neces-
sary for developing refined yield determination, discrimination
and detection tools.
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FREE-FIELD AND FREE SURFACE GROUND MOTIONS FROM NUCLEAR EXPLOSIONS, THEIR SPATIAL VARIATIONS,
AND THE CONSTRAINT OF PHYSICAL SOURCE MECHANISMS

Brian W. Stump
Deparunent of Geological Sciences, Southern Methodist University, Dallas, Texas 75278

Robert E. Reinke
Geody unics Section, Phillips Laboratory, Kirtland Air Force Base, Albuquerque, New Mexico §7117-6008

Absiract. Near-source waveforms from explosions detonated at the
Nevada Test Site (NTS) are reviewed. Data are separated into four types:
free-field suong (FFS), representative of the region where material
strength dominates; free-field weak (FFV/), the region where weakly
nonlinear properties and transition from nlastic to elastic response are
important; free surface spail (FSS), where material tensile sarength is
important; and free surface elastic (FSE), where most seismic
observations begin. Data from Pahute Mesa (FS$ & FSE), Rainier Mesa
(FFW & FSE), and Yucca Flats (FSS & FSE) are specifically considered.
Each of the data types is explored as o its resolution of important
physical processes in the source region and resuitant seismic radiation.
Specific atention is paid 0 the variability of these mouons. Single and
scaled muitiple explosion peak accelerations from Pahute Mesa and Yucca
Flats show as much as a factor of 6-8 scauer with range. Large scauer in
single explosion data suggests a propagation path effect while large
amplitudes for a scaled explosion from below the water table supports a
coupling difference between explosions. Data scauter decreases at long
periods as exemplified by long period moments which have a
muitiplicative error of 1.49 for Pahute Mesa. Numerical models of body
and surface wave propagation in realistic one-dimersional Pahute Mesa
models indicate strong effects of velocity structure near the shot point for
body waves traveling to the free surface at short offset (<2 depths of
burial). Synthetic waveform difference between a site specific model and
an average model decrease with increasing source—receiver offset or
increasing period where near-source surface waves are emphasized.
Comparison of {rec-field and free surface daw from the same explasion at
Rainier Mesa supports significantly reduced scauer in free-field data.
Removal of the weathered layer as a dominant effect in the free-field daa
can explain the reduced scatter, Analysis of dawa spanning the transition
from FSS to FSE regions indicates that explosion geomeury plays a
strong role in the decay of free surface daa. These data and extended
reflectivity calculations appropriate for Pahute Mesa predict that sgong
spall zone motions com: from 3 region out 0 a free surface range just
beyond one depth of burial for explosions with standard scaled depths of

buriai.

Introduction

A physicaily bascd understanding of the nuclear explosion source
function is necessary for improving discrimination between earthquakes
and explosions as wetl as refining yield esumates for explosions, The
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physical model allows predicion and extrapolation (0 new environments
where experimentai daa may not exist [Murphy, 1977). It provides
correlation between data observed at different ranges such as near-source,
regional, and teleseismic (Taylor and Rambo, 1990). An cmpirical
anproach to problems of discrimination and yield dewermination may be
adequare for limited conditions, but is not acceptable for the wide range of
environments and distances that exist on the earth. The focus of this
study is near-source data sets and their uulity in physical source modet
resolution {Stump and Johnson. 1984: Johnson, 1988]. Emphasis will
be placed on the successes and failures in separating source and
propagaucn path effects. Near-source is loosely defined for this study as
source-receiver separations of hundreds of meters to tens of kilometers.

Explosions, unlike natural events, can be controlled. Time of
occurrence and location are determined by the experimenter, which ailows
for design of ground motion experiments whose expressed purpose is the
characterization of seismic source properties {Stunp and Reinke, 1987).
Not only can the elastic field be determined, but development of this field
from the near-source region where the material is nonlinear can be
documented. Quanufication of the moton fieid in this environment
allows the linkage of Leismic observations 10 measurements of pressure,
stress, and shock front propagatiom in the hydrodynamic, strongly
noniinear, and weakly nonlinear regions. Each mouon environment is
related to the yield of the explosion and material in which the explosion is
detonated. Companison of yield esumates made from daw within each
region is dependent upon a physical understanding of appropriate
cumulative physical processes.

Seismic discrimination and yield deteimination studies rely upon
regional and teleseismic data since most monitonng scenarios are limited
0 such data (Bache, 1982: Pomeroy et al., 1982: U.S. Congress, 1988].
Physical source constraints provided by near-source data can be used as
consistency checks against models developed from regional and
teleseismic dawa where propagauon path effects may be more severe
{Tayior and Ramba, 19901.

Near-source data sets discussed in this paper are from the Nevada Test
Site (NTS) where matenials such as loosely consolidated alluvium,
volcanc tfls and rhyolites, granites, and other sedimentary rocks can be
found. Parucular auention will be paid 1o the documentauon of free
surface and subsurface ground motions recorded from a vaniety of
explosions at NTS. These mouons will be used to consuain the
equivalent elasuc source {unction and size of the explosion. Special
auenuon wall de paid 10 the spatial variability of such motions and
resulting errors in source strength esumates,

This paper begins with a division of the near-source mation fields
around lhe explosion followed by a review of previcus wark.
Observauonal data sets from Pahute Mesa, Yucea Flats, and Rainier Mesa
are introduced and explored. Wavefield modeling and source inversion are
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presented as the observational daw are used 10 constain physical processes
around the explosion. Implications and conclusions are given as
developed from data analysis.

Near-Source Waves

Ground motion around nuclear explosions can be observed at the free
surface where insrumentation is relatvely inexpensive or at depth ({ree-
field) where the effects of the free surface are a minimum. Both free-field
(FF) and free surface (FS) data will be discussed in this paper.

For the purposes of our discussion the motion field around the
explosion is divided into five regions [Rodean, 1971, 1981]. The
sgongest motions from contained explosions are found in the free-field
hydrodynamic (FFH) region where shock waves propagate, The velocity
of this chock front is used to make yield estimates utilizing the
CORRTEX methodology {King et al., 1989]. Moving farther from the
explosion one encounters a region of sgongly nonlinear motions where
material strength dominates the response. This region is given the
nomenclature FFS (free-field strong). Pressure and siress measurements
are typically used to characterize this region. A weakly nonlinear region
is encountered as the motion field decays further. More subte materiai
properties such as the transition from pilastic 10 elastic response Lecome
imporant. For free-field dita we designate this region as FFW with the
W for weak. ‘

As the motion field interacts with the free surface, tensile failure of
near-surface layers can result in ballistic motions or spall. This motion
environment is designated as FSS (free surface spall). The spall process
extends 10 depth as the reflected tensile wave propagates back into the
material. The cost of fielding subsurface gauges is often prohibitive, so
most spall data has been taken at the free surface (Patton, 1990]. As
waves propagate (urther, they transition to purely elastic/anelastic
motions which are designated as free-surface elastic (FSE).

This paper will document motions within the FFW, FSS, and FSE
regions from NTS explosions. Each of the motion fields will be
illustrated with specific examples from Pahute Mesa (FSS & FSE),
Rainier Mesa (FFW & FSE), and Yucca Flas (FSS & FSE).

Previous Work

Free.field and free surface ground mouons and stresses have been
measured since the inception of underground testing. Free-ficld motions
(FFS & FFW) have been used (o assess the imponance of material
propertes on srong ground motions. Such assessments are particularly
important when large engineering structures are placed close to the
explosion. The tunnel shots in Rainier Mesa are an example of this rype
of test. Measurements are often associated with these structures which
might bias free-field motons. Some of the eartiest estimates of free-fieid
decay rates in alluvium. tuff, granite, and salt were summarized by
Wheeler and Presion (1968). Perret and Bass {1975] extended the dats sets
to include nuciear detonauons in dry alluvium, dry wff, wet tff, and hard
rock (gramwe, salt, dolomite, and other sedimentary rocks). These studics
focused upon attenuauon of waveforms with siant range scaled by the
cube root of explosive yield, Germain {1986) has reworked the Perret and
Bass analysis including more recent data

Applicadon of free-field data w calenlation of seismic source functions
in the form of reduced displacement potenuais for a number of materials
was made by Werth and Herbst [1963] followed by the analyuc modeling
of Haske!l {1967]. Murphy and Bennett {1979] review free-field seismic
data for alluvium, wif, dolomite, sandstone-shale, ard interbedded lava
flows.

Near-source, free surfice ground motion gauges have typically been
nlaced at ranges within 2 depths of dbunal (DOB) where recording
equipment is jocaed. The primary purpose of these gages is in assessing
equipment survivability. These gages are usually within the spail zone
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{Patton, 1990] and are useful in characterizing mations designated as FSS.
Free-ficld decay rates are not strictly applicable since these motions
involve intcraction with the free surface. Bemreyter et al. (1970}
developed a set of decay curves for free surface data. Patton [1990] has
discussed the utilization of these spail waveforms and their decay rates in
constraining the secondary seismic source from spail,

A second set of common free surface data involves measurcments
designed (o quantify effects on populated areas surrounding NTS (Hays,
1974; QO'Brien and Lahoud, 1982]. These observations and models
invoive propagation distances of wns to hundreds of kilometers. A final,
small data set exists for free surface ground motion from just cutside the
spail zone to tens of kilometers (Stump and Johnson, 1984; Johnson,
1988]. These data sets have been used to constrain the equivalent seismic
source {Helmberger and Hadley, 1981]. Such measurements are less
expensive and easier o field than free-field measurements.

This work is designed to compare and contrast the FFW, FSS, and
FFE data sets for purposes of consuraining different parts of the explosive
source function. Data sets, which have been separately studied in the
past, are investigated as an integrated set. Each contains different
information; for example FSS is dominated by interaction of the upgoing
stress wave with the free surface. An important part of this discussion is
the identification of the variability of each data set. The goal is o
quantify how each different type of rear-source data constrains the seismic
sowrce function.

Observational Dau

Data from three areas of NTS are reviewed including Pahuts Mesa,
Yucca Flats, and Rainier Mesa. In an azempt to emphasize the different
physical processes leading to these motions the data is divided into that
represented by weakly nonlinear motions in the free-field (FFW), spal!
motons at the free surface (FSS) and elastic motions from the free surface
(FSE).

Pahuie Mesa (F$5 & FSE)

Los Alamos Nationai Laboratory (LANL) routinely makes three-
component, free surface digital acceleration measurements within the spali
zone of contained nuclear explosions. A typical amay of accelsrometers
for the AMARILLO explosion with accompanying acceleration records is
given in Figure 1. Spall 2one accelerograms are characterized by an initia
compressive wave (positive accelerativn), -1 g dwell during free-fali
(ballistic motion) following tensile failure, and a large spall ciusure signal
(positive accelerauon). Dwell imes for multiple kiloton explosions are
near | s as illustrased by the AMARILLO ground zero (GZ) record with a
dwell time of 0.65 s. The spatial effects of spall are sflustrated in Figure
| where acceleration records at free surface ranges of 15 m, 258 m, and
640 m are reproduced. Spall initiation time, identified by the start of -1 g
dwell, increases with range while spail rejoin, cesignated by the impulsive
rejoin signal, decreases with range.  Dwell time decreases from 0.65 lo
0.25 s over the observational range. As a result of the temporal and
spatial finiteness of the spall secondary source, its equivalent sourcs
function is peaked in the frequency domain (Day et al., 1983; Swmp,
19851,

Free surfxe, peak velocity measurements from FSS are summarized in
Figure 2 where they are plotted against scaled fres surface range (r =
RAt!3), The data are derived through numerical integration from the
onginal accelerograms. Six nuclcar explosions (Table 1) frem Pahute
Mesa are represented in the plot. Data such as that displayed in Figure 2
can be ploted against free surface range as done in the figure or siant
range as suggested by Perret and Bass {1975] or Pauon (1990}, If
propagation path effects dominate the motion ficld, then slant range is the
more appropriate vanable. If {ree surface interaction is more imporuant,
then free swyoce range may be more appropriaie. AS source-receiver range
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Fig. 1. Three, free-surface vertical acceleration records from the nuclear
explosion AMARILLO. The slant ranges (GM4-912m, GM2-696m,
GM1-640m) and free surfxce ranges from ground zero (GM4-15m, GM2-
258m, GM6-640m) are given. The honzonwl time scaje is 2.87 8. The
initial compressive wave reaches esch successive station at greater time
while spall rejoin, indicated by the impulsive secondary signal, occurs at
earlier umes for the fanther suations, The surface geometry of the
accelerometer array is given at the bottom of the figure.

increases relative 0 source depth, the two distance measures converge.,
The data are displayed as 2 funcuion of free surface range in this case since
this form emphasizes the xYall zone which commonly extends o 2-3
DOB range (244-366 m/t!/3) on the sealed pict This representtion
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Table 1. Event Characteristics
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Event name Dute NEIS mn
BACKBEACH 80411 5.5
SHEEPSHEAD 790926 5.6
NEBBIOLO 820624 5.6
CHANCELLOR 830901 S
CYBAR 860717 7
AMARILLO 890627 49
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E

1 10 10 1000 10000

Free Surface Range (m)

Fig. 2. Peak vertcal velocity from the Pahute Mesa spall zone data
(Table 1) is ploned agsinst scaled free surfaca range. The free surface
range is scaled by the cube root of Uie explosion yield while the peak
velocity vaiues are unscaled. Power law models were it 1o the data for
fanges less than and greater than 100 mAe!/3, This free surface range
corresponds o approximaiely one scaled depth of burial, 122 mkt}/3, for
NTS explosions, -

emphasizes the szong impact geometry has on spall zone data. From GZ
10 a free swyace range of aupmximl, 1 DOB, velocity (acceleration and
displacement als0) decays litte (r~3-{3 for velocity data) followed by a
fasier decay at farther ranges (r1-22)., This cenural region with liute
spatial decay indicates that out 1 a free swface range equal o one DOB
there is lile change in siamt range. The implication of such decay
pauerns is that the central portion of the «pall zone will have nearly
consiant cscape velocities of momentum coNtuw.don (0 a free swrface
range cqual o | DOB, Beyond this range 0 the edge of te spall zone,
motions decay rapidly, thus reducing the spall conmibuuon from this area,
A second implication of this decay pattem is that suong vasiations of
asymmetries in the edge of thre tpail zone found from overhead
photography of the process may not be as important in the central region
where mouons decay litle (Waiker, 1982]). This velocity daa shows
xcager of between a factor of 3 and S for the explogions represented,
Moving outside the spall zone, 8 typical FSE ammay (or characterizing a
nuclear expiosion is given in Figure 32. The dimension of the array is on
the order of 10 km. Careful anention is paid o coverage in both range
and azimuth. Most gages are accelerometers although velocity gansducers
are tometimes used Al more disant ranges. Peak vertical accelerations
from a single explosion obscrved at a number of azimuths and ranges are
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Fig. 3. (a) A rypical free surface instrument array for characterization of
the explosion source function. The acce! s are all outside the spall

zone (FSE region) and designed to give good azimuthai coverage of the

source, (b) Peak vertical accelerations are plotted against free surface

range (unscaled) for 2 single nuclear explosion. The large scader (6-3) in

these observations with range is evident,

given in Figure 3b. Accelerations span over an order of magnitude in
amplitude and slightly fess than an order of magnitude in range, A
distinct amplitude decay with range is observed aithough it is obscured by
a factor of 6-8 scatter in peak accelentions.

The single explosion data can be compared © scaled peak accelerations
(FSE) from a number of Pahute Mesa explosions, one of which was
detonated below the water 1able (Figure 4), The same characterisiics
observed in the single cxplosion daia are replicated in the multiple
explosion data set. There is an approximate order of magnitude scatter in
peak acceleration data with the shot from below the water wble exhibiting
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Fig. 4. Peak accelerations from a number of Pahute Mesa explosions are
scaled by the cube root of yield and plotted against scaied free swface
range. All daua is from outside tne spail zone (FSE region), A large
amount of scatter (6-8) is observed in this data. ‘There is some indication
of a coupling effect as the daw from an expinsion detonated below the
water table (solid squares) plots at the upper bounds of the data,

the highest accelerations, The physical machanism for the scauer in thess
data could cither be different wave propagation effects (depth of burial,
proximity to interfaces, different source-receiver structures) or source
coupling effects. Large ampliwdes for the source below the water table
support a coupling effect. On the cther hand, large scatter in the single
explosion data (Figure 3b) suggest propagation path effects.

Scatter in observational data is frequency dependent. The
1ccelerograms used for the peak amplitude study (Figure 2b) are Founier
transformed and long period sprctral estimatzs are made and converted to
moment:

My = 4xpRa2(y )]

where p is density, R is siant range, a is compressional velocity, and
is the long period dis alocement spectral level. Since the dat is from the
free surface, a simple {acior of two is introduced into the g estimate.
Problems with this sirnple interpretation of the free surface data include
the inability to sepurate dody and surface waves in these data sets.
Isotropic moments interpreted from vertical (2), radial (R), and tansverse
(T) daw are given in Figure § (swictly speaking only Z and R should be
used), The scauer in moments (rom this single explosion is a factor of
2-3, reduced from variations in peak acceleration. The fact that 2. R, and
T moments all ollow the same spatial patemn argues that the vanistion
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Fig. 5. Seismic momems from the Pahute Mesa nuclear explosion
(Fig. 3) were determined from observations at ranges between 2.1 to
8.5km. Moments were calculated from verticai (Z), radial (R) and
transverse (T) observations. The scatier in the moment estimares is a2
factor of 2-3, reduced from the scatter in peak accelerations given in
Figs. 3b and 4.

may be a propagation effect. Similar variations are {ound for moments
estimated from near-source earthquake data (Aschuleta et al., 1982
Fletcher et al., 1984]. Following the methodology of Archuleta, average
log moments and their standard deviations are computed according o:

ns
log (M¢) = [(l/ns) 'Zn log (Moi)] @

ns 12
s dev (log mo»-[(;'-‘ T (1og Moi - log (Mo)lz] )

The multiplicative error is defined according to:
EM, = antilog {std dev (log (Mg))) “@

The average moment for the vertical data in Figure 6 is 3.8 x 102 dyme-
em with 2 muitipiicatve error of 1.49.
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Changes in frequency content with propagation distance for data
summanzed in Figure J are characierized by picking comer (requencics
from raw acceierograms. Accelerauon spectra are interpreted in terms of a
long period rise that is used in the moment estimate, an inermediate
frequency band in which accelerauon spectra are flat, foilowed by high-
frequency decay (Figure 6). A first comer frequency 18 chosen t the pont
of transiuon (rom long penod rise 10 the constant level at intermediate
frequencies. A second comer {requency is identified at the high-frequency
point where the accelerauon spectra begin 10 decay. These two comer
frequencies are ploited against source-recesver ofTsct for a single explasion
in Figure 6. The first comer frequency changes liide with range and is
estmated to be | Hz This spectral charactensuc is taken (o be the source
comer {requency which is relaied o the source elasuc radius.  The second
comer shows a systemauc decrease with range indicauve of a propagauon
path effects. Simple frequency independent atenuauon operaiors:

¢*irQa ®

suggest that a Q between 20-30 replicaies this decay with range,

These frequency domain measures show less variauon than the
amplitude information [or this pasticular explosion. The flat acceieration
specTum berween the two comer frequencies (Figure §) argues for a {~1
high-{requency sowrce mode! for this explosion. As source-receiver offset
increases, (his intermediawe high-frequency decay becomes obscured by
attenuauon effects.

Yucca Flas (FSS & FSE)

Yucca Flaws is a valley filled with alluvium at shailow depths
underizin by dry and wet mffs. The basement consists of Paleozoic ronks.
A set of FSS data from the COALORA experiment is reproduced in
Figure 7. The depth and range of the spail phenomena is constrained with
this data. Spail extends in this case 10 a free surface range of 1 DOB
while the depth of the spall zone is estimated 10 be 1,2 DOB. Spall dwell
time increases near GZ as noted for Pahute Mesa daa. Spall zone
accelerations are used (0 estimate escape velocities (after integration) of
the spalled mass. Spall volume is delineated by the spauial disoibution of
accelerograms. These data combined with the equivalent body force spail
model of Day et al. (1983] are used 10 estimate an equivalent body force
time history for the secondary sowce. The mode! predicts a peak force of
1.1 x 1036 dynes and a time duration of 0.6 s.

Peak acceleration data {rom this explosion which mark the transition
from FSS (o FSE are ploued against frec surfacs range in Figure 8. As
found for Pahute Mesa dawa, explosion genmeury conuois the gradual
decay of the data close 0 GZ followed by more rapid decays. Radial and
vertical peak motions merge. Scatter in the peak motons is between a
factor of 35 {or the Yucca Flass single explosion data. This variation is
less than the single shot Pahute Mesa acceleration scaner.

Differences in wave shapes and specwra from COALORA are
documented with observational displacements at the $49 m range
displayed in Figure 9. Peak radial and verucal displacements vary by 30%
about the mean. Radial and verucal wave shapes are very similar at the
three azimuths., These characierisucs argue for cylindrical or spherical
symmeuy in the source function. Transvesse components in comparison
are much shorter in durauon, delayed in time, and exhibit significant
fluctuations with azimuth including changes in first motion,
Displacement spectra are estmated f(rom these records (Figure 9).
Envelope functions are fit to each spectrum which includz a long period
level, comer frequency, and high-frequency decay (Tabie 2). These data
show liwe variavon in radial and vertical long peniod levels and 3 factoe of
two increase in comer (requency for te transverse component
axccompanied by reduced long pericd levels, Source speciml inerpreiation
of the above data supplemented by additional near-source gauges gives an
isotropic moment (R, Z) of 1.935 x 102! dynes<m (multiplicative error of
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Fig. 6. Comer frequency interpreation from acceleration spectra of the same data used in Fig. 5. As shown in the
inset, two comer frequencies were measured. The first represents the ransition {rom the rise in acceleration spectra at low
frequency to the flauening at intermediate {requencies. The secord comes frequency marks the transidon from the flag,
intermediate frequency region (o the decay at high frequencies. The {irst comer frequency (1 Hz) which is atmibuted o the
source is insensitive to range while the second corner decreases with range from 9 to 3 Hz, The {lat spectra between the
two camers supports & £~2 source model. The second comer frequen<y is auributed 10 anenuation,

1.36) and a deviatoric moment (T) of 3.97 x 1020 dynes.cm
(multiplicative error of 1.44). The accompanying comer frequenry
estimates are 1.82 for the isoropic spectra (1.12 multiplicative error) and
3.28 for the deviatoric specta (1.13 multiplicative error). As found for
Pahute Mesa spectral daw, comer {requencies show less varistion than
moments.

The isotropic comer {requency lies between 2 Mueller-Murphy model
prediction of 2.5 Hz for | kt and 1.7 Hz for 10 kt which is in agreement
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with the announced yield of less than 20 kt. The high frequencies decay
as £-2, like the Pahute Mesa data and the Mueller~Murphy source model.
A simple Brune’s model is used for comparative purposes to interpret
the transverse spectra in ierms of stress drop and source dimension. Thesz
estimates are applicable only for earthquake sources and may not be
strictly applied w0 tectonically driven motions triggered by the explosion.
The parameters predicted by this mode! are given for comparison. The
mean source radius is 124 m with a stress drop of 89 bars and an average
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Fig. 8. Peak verucal (solid squares) and radial (open squares) acceleration
ploued against free surface range {unscaled) for the COALCRA expiosion
At Yucca Flats. This dau like that for Pahute Mesa ie F g. 2 spans the
wransition {rom the free surface spall (FSS) o the free surface elastic
(FSE) regions.
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displacement of 33 cm. These displacements calculated from the radiated
wavefield are similar in size 10 displacements observed on fawss and
bedding planes found upon re-entering twnaels surrounding nuclear
explosions at Rainicr Mesa (Kennedy, 1984]. The equivalent elastic radii
for | and 10 kz explosions are predicied to be between 133 and 202 m.
Thedsviaxaicmrdiumhmdnbmbomdof!hcequivdmx
elastic source radius, - ’

As scismic waves propagats within Yucca Flat valley, differences
between radial, vertical, and transverse waveforms and spectra disappear,
Displacement records and spectra at the 5.16 km distancs are given in
Figure 10. The duration of ground motion has grown from 1.2 s at 549
m w nearly 20 s at 5.16 Ian. The ransverts motion is the largest of the
three components and comparable in frequency 10 the other two
components. Spectral differences found at the closest ranges and auributed
10 deviaoric/ouopic source processes have disappeared at this distance,

Rainier Mesa (FFW & FSE)

Dawa from the free-field can de used 0 constrain coupling of explosive
energy inw the linear regime. It is used in the calculation of the
repr ive i function known a3 the reduced displacement
potential (Murphy and Bennew, 1979]. As noted by Murphy (1989),
exisung free-(ieid data is often complicated by complex geological models
between explosion and receiver. Much of the existing free-fieid ground
mouon data dass is also associated with underground structures,
Instruments are pnmanly fielded to document survivability leveis for
these structures and not [ree-(ield motions necessary for seismic source
charcienzauon,

An experiment was designed to quantify the seismic source of a
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Fig. 9. Vertical (Z) and transverse (T) displacements spectra along with (he displacement waveforme from the COALCRA
explosion. The three stadons (GM7, G218, GM9) are all at a free surface range of S49 m. Peak displacements for each waveferm
are given in cm. A simple spectral model consisting of a constant long period level, high frequency decay (C7), and 2 correr

frequency (L) is fit to the spectral daa.

Rainier Mesa expiosion using free-field (FFW) and {ree surface (FSS &
FSE) gauger (Figure 113). Free-field measurements were made with
three-component accelerometers located 1o minimize geological effects as
well as document the tansition of the motion field intw the elastic
regirne. Free-surface gauges were ficlded so that comparisons between the
two datg sets .uuld be made. The radial, free-field data is reproduced in
Figure 11¢ with absolute 2mplitudes compared 10 the {ree-surface data in
Figure 11b. Amplitude dana indicates a smoothly decaying acceleration
and veiocity field which follows model predictions by Perret and Bass
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{1975] for wet wif, R=243 (zeceieration), Waveforms show an azimuthal
effect in wave shape with two acceicromseters o the NE having longer
durations than gauges w0 the NW. Dumtion of motion also increases with
range as noted by Murphy [1939]. Another measure of propagatinn
complexity is the ratio of radial (o vertica!l peak acceleration (free-field)
which is 5.1 for the closest gauge (193 m) and decreases to 1.3 for the
farthest gauge (887 m).

Comparison of free-(ield, radial, peak accelerntion {open square) and
free-surface, peak acceleration (solid square) indicates increased scauer for




Table 2. COALORA Spe:ual Interpreauon

Sauon Range jo.of 73 Slope
(m) {em-$) (H)

GM7Z 612 0.30 1.8 2
GM7R 612 0.36 21 2*
GM7T. 612 0.09 4.0 4
oMEZ 614 0.30 1.6 2
GMSBR 614 0.36 1.3 2
GMST 614 0.10 35 2*
GM9Z 612 0.34 1.8 rad
GMIT 612 0.30 33 I+
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Fig. 10. Vertcal (Z), radial (R) and transverse (T) displacements and
displacement spectra st the 5.16 km source-recaiver range for COALORA
are dispiayed. The Z and R spectra are Joitraniiy scaled by factors of 100
and 10 so that all three can be compared. Where the Z and T spectra
showed significantly different spectral levels (27 > £2T) and comer
frequency (T > fc2) at 349 m (Fig. 9), at .16 kun bows specal ievels
and cormer frequencies for all components are identical.
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free-surface data. The single source scauer in free-surface dawa is similar w0
that from Pahute Mesa. Free-field scatier 1s much reduced which might be
2 reflecuon of the (act that receivers have been moved away from the
weathered zone. At approximately 800-900 m, {ree-ficld and free surface
da merge with no facwr of two amplificauon at the {ree-surface. This
observation is oaly an appasent discrepancy since [ree surface daw
displayed in Figure 11b are gauges from outside the spall zone (tnangles
in Figure 13a) and as such represent oolique rather than normal free
swrface incident angles.

Waveficld Modcling and Inversion

F3S o FSE vansition

The transition from FSS o FSE is identified by 2 region of gradual
peak amplitude decay 10 a range near 100 mxe /3 followed by more apid
decay at greater ranges for both Pahutc Mesa (Figure 2) and Yucea Flaws
(Figure 8). These data argue that explosion geomeury has a dominant
effect on ground mouons. Aa elastic numencal modeling exercise is
undertaken for this transition region at NTS in an attempt 1o quantfy
wave propagation effects and develop an undersianding of free-surface
motion decay rates. The velocity model, HOLE, used in this exercise is
given in Figure 122 and is developed from emplacement hole datz at
Pahute Mesa (Table 3). A second average velocity model deveioped by
Leonard and Jonnson [1987], L, is given in the figure for comparison.
The explosion source is piaced at a depth of 616 m just above a poorly
welded tuff that shows reduced P wave velocity.

Full wave synthetics using the modificd reflectivity methodology
[Miller, 1985) are computed. Verucai and radial veiocity waveforms
between 0.1 and 3.0 km are reproduced in Figure 12). Waveforms are
multiplied by t! 10 balance amplitdes for viewng. Figure 13 displays
the pesk syntheuc velocities plotied as 2 funcuon of scaled range where
the explosion yield is taken (0 be 150 kt for the source depth of €16 m.
Yenical waveforms show littie decay w spproximately 100 m (scaled
range) with increased decay beyond this free surface range. Least squares
fit 0 amplitude dats result in 3 spatial decay of 015 10 a sealed range of
100 m/t!’3 while the decay rate at greater ranges is —1-30, These
theoretical results compare 1o Pahute Mesa observauons (Figure 2) that
decay a3 r0-13 and r~1-22 snd indicate that elastic wave propagation
effects which include auenuauon much the obsersation transition. Daua
and models imply that spall momentum contributions from the region
inside of 100 mv/kt!/3 range may be dominant due 1o increased spatial
decay at grealer ranges.

Spall Ballistic Model

Velocities and displacements are derived from acceleration observations
within FSS region for the Pahute Mesa daa.  Thesz measurements as
well as spall dwell time are interrelated for a gravity congolied process. A
gravity driven or ballistic model of the spall process predicts the
{ollowing relation wiil hold between peak velocity at failure and peuk
displacement

D-*-z-;. ©

Peak displacement is ploaed against velocity at failure (spall initiation) in
Figure 14, The relauonship predicted by equation 6 is designated by open
squares. Observauonal daa follow the slope of predictions bdut
displacements are a2 much as a {actor of two digger than predicuont
throughout the data set

Although large displacements may be 2 result of bias introduced in the
ingration procedure in denving these values, the connistency of large
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Fig. 11. (a) Plan view of the instrument array for a combined free-field (solid circles) and free surface (open circles and ail
triangles) ground motion experiment at Rainier Mesa, NTS. (b) Comparison of the peak radial accelerations in the free-field
{open squares) and at the free surface (solid squares). A marked increase in data scaster is noted for the free surface dawa.,
(¢) Nomalized free-field radial velocity waveforms {rom the experiment,

displ s fora ber of shots at 2 variety of motion levels argues
against this interpretation.  Alternatively, departure from a purely
graviational spall model may be explained by viewing spail as a
continuous rather than 2 simple, discontinuous process. Even though
peak velocity indicates failure, spalled material may sull receive long
period input from material beiow thus boosting displacements over those
predicied by 2 simple ballistic model. More data suppiemented with
numerical modeling is needed W investigate this point,

Velocity Model EffectsiData Scatar

Scaled acceleration and velocity daia (rom Pahute Mesa (Figure §)
show consideradle scatier. A number of authors have argued that such
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scatter in the near-source region is a result of lateral variations in the
geclogical swructure at NTS. There are swong vertical variations in
velocity in addition to lateral varistions. Figure 12a displays the velocity
log developed {rom an empiacement hole at Pahyte Mesa (HOLE) and
conurasts it with an sverage mode! developed by Leonard and Johnson
{1987) from inversion of near-source travel-lime data (LJ). The site
specific velocity mode! shows swrong low velocity zones (LVZ)
representative of poorly welded tull units, Differences in synthetics
developed from the average and site specific velocity modeis are
investigated (o determine how much dewil must de included in the
velocity modal. A set of numerical triais will be discussed using the site
specific velocity model with sources just above, in, and below a LVZ
such as that which exists below 616 m (HOLE) in Figure 122, This
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numerical experiment will help determine the 2fTect of ameenial properties
around the explosion on near- source wavefields,

A number of researchers [Vidale and Helmberger, 1987; Johnson,
1988; Stump and Johnson, 1984) have noted the importance of both body
and surface waves in near-source waveformns. Althoogh distances over
which observations are made 1n this sudy are refauvefy short (0-10 km),
the shallow source depths (200-1000 m) lead o these effects. The
modified reflectivity method [Muller, 1985] is employed in seismogram
synthesis 0 include both body and surface wave contributions. Sources
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in these cakculations have 3 constant moment with 3 sourcs time {unction
appropriate for 8 150-k1 explosion. A simple separation of dominant
body and surface wave contributions is {ound dy iow-pass (ltering the
data at 1 Hz 1o emphasize susface waves and high-pass {illenng the dasa ot
1 Hz 0 focus on body wavss. Peak velocities ars picked from syntheucs
for comparnison besween the various models,

The site specific velocity mode! (HOLE) is first investigawed with
sources above the LVZ (6§16 m), in the LVZ (68S m), and below the LYVZ
(750 m) (Figwre 122). The dody wave data (Figure 15) shows suong
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figure. On average for a given peak velocity the observed peak
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Fig. 15. Peak verical body wave velocides (€ > 1 Hz) in the FSE region
for extended reflectivicy synthetic seismograms utilizing the HOLE
velocity model (Fig. 12a) for scurce depths of 616 m (zbove a low
velocity zone, LVZ), 668 m (in LVZ) and 750 m (below LVZ). Also
included are peak venical body wave velocities ({ > 1 Hz, LJ 616 m)
generated from the average Pahute Mesa model of Leonard and Johnson
(1987).

smplification (factor of 2) for body waves directly above 2 source when
the explosion is abov:s the LVZ, For a 150-kt shot the spall zone extends
10 an approximate laeral range equal to 2 DOB which includes this regina
of enhanced amplification. For the source in or below the LVZ liwde
variation is observed. Differences between the three models disappear as
source-receiver offset increases and downgoing energy becomes more
important. Surface wave synthetics below 1 Hz show sman differences

. between the three models.

Comparison of peak body wave amplitudes for 2 616-m-deep explosion
in the average Pahute velocity mode! of Leonard and Johnson (1988] are
also given in Figure 15, Differences between the two models are less
than those observed for sources above and below a LYZ,

Momens Tensor inversions

Inverse modeling of abserved explosion waveforms offers another
method of making source estimates. Moment tensor inversions of
COALORA data (Yucca Flats) are completed in an anempt to utilize the
complete FSE data in 3 manner which gives stable source estimates in
spite of demonstrated amplitude variability. The fouowmg representation
is used in these inversions:

Un(D) = Gni (D) Mij(D M

where Un(l) are the frequency domain representation of the cbservaiions,
Gii j(f) are the Green’s functions or wave propagation effects accounted
for with extended reflectivity solutons, and M;j(f) are the componen's of
the moment tensor.

Many difTerent stations are utilized simultanecusly in these studies in
an aucmpt 10 minimize the effect of dawa seatwer. Both absolute
amplitudes and wave shapes are modcied with fits completed in the
frequency domain, Characteristic comparisons between observed and
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modeled ground motions give corvelation coe(Ticients that range from 0.7
10 0.9 in the ume domain. The moment tensor that was determuned in
this inversion is given in Figure 16. The sowrce 13 dominaied by the
isouopic component. The iniual pulse is symmetnc and is foliowed by a
secondary, long penod coninbuuon, largest on the M33 component, the
verucal dipole. The size of Uus seconcary force moment is in general
agreement with the equivalent elastic force mode! of spall developed rom
data within the spall zone (Figure 7). Off-diagonal moment tensor
elements are a factor of 5-10 smaller than diagonal elements supporung
the smail scalar deviatoric source estimates discussed earlier. Peak
isoropic moment is 7.9 x 10<Y which is nearly a {actor of 3 smaller than
sualar moments estimated from specura at 549 m. The scalar moment
interpretation of the 549 m specua assumes a simple propagauon path
effect with no way to retumn downgoing energy (0 the free surface while
inversions uulize Green's funetions which retumn downgoing energy to the
surface and Jead W reduced moment esumates.

Constrained explosion source estimates are made in an auempt (0
investigate bias from single sution measurements. The source is
assumed isotropic and a single, three-component set of observations are
inveried for the Lime history, T([), and smength, Myk, of the source:

Un(f) = G k() Myx T(D ®

Each instrument location around the explosion yields a source estimate
much like standard scalar estimate although cquation 8 allows for
inclusion of more complex propagation path effecis. A moment for each
station wag determined with this methodology for COALORA. The
average of all these single station moments is 6.8 x 1020 dynecm, close
(0 the value of full moment tensor inversions and significandy smaller
than simple scalar moment esumates, Using equations 3 and 4 0
quantify scatier in these estimates, the multiplicative error is 1.6, close
to that of the scalar moments determined from displacement specra.

Conclusions

A number of near-source data sets from expiosions have been used o
constain the explosion source function. The study has included free-fieid
data collected at shot level, free surface data from within the spall zone,
and free surface data from outside the spail zone. Daa from expiosions a
Rainier Mesa, Pahute Mesa and Yucca Flats NTS were included.

The Rainier Mesa data illustrate the increased variability of free surface

observations compared (o those made in the free-field (at shot depth).

Little free-field data (FFW) scatter was found about the spadal decay rate
predicied by Perret and Bass {1975)] for wet wifl. The free surface data
(FSC) ‘rom the same explosion had a factor of 6-8 scatter. This
observational result illustrates the impact of weathered, near-surface layers
on ground motions and indicates difficullies that might be encountered by
making source estimates from limitzd amounts of free surface data.

Gbservational data from within the spall zone (FSS) tansitioning w0
the elastic region (FSE) was analyzed for a number of Pahute Mesa
explosions. These data illustrate the strong impact sourze geometry has
on peak motions and, possibly, spall as a secondary seismic sourcs.
From ground zero, directly above the explosion, (0 a lateral free surface
range cqual to 1 DOB peak velocity dara shows litde decay, r0-13,
Beyond this range the data decays much more rapidly, 122 Simple
elastie, reflectivity calculations foe a layered Pahute Mesa structure with
appropriate Q (Table 3) replicate this decay pattemn. The daw and these
numerical results suggest that momentum within the spall zone, which is
available for a secondary seismic source, may be most affecied by spail
processes in the lateral range extending w 1 DOB (or standard continment
depths.

Observational peak acceleration and velocity dawa (rom within the FSE
region (or Pahute Mesa show a scauer as large as 2 (xctor of 6--8 for bot
a single explosion and a number of scaled expicsions. These observations
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Table 3. Velocity Modet for Hole3

Depur P Vel S Vel Density Qp Qs
(kan) (km/s) (kmy's) (gmsce)

0.000 1.00 0.58 1.70 5000 22>
0.100 220 127 210 000 2.2
0.350 3.00 1.73 220 00 12
0350 1.00 0.58 1.70 00 22X
0.400 1.00 0.58 1.7 500 27
0.450 1.00 058 L70 500 2.2
0.500 3.50 2.02 240 000 22X
0.516% 3.50 .02 2.40 000
0.630 3.50 2.02 240 5000 222
0.630 2.50 1.44 210 000 22
0.700 .50 1.44 2.10 000 2
0.700 3.52 1.99 240 1000  44.44
1.000 3.70 2.03 240 1000  44.44
2.000 437 2.29 240 1000 4444
4.000 5.25 3.03 2.40 1000 4444

3 Linear interpolation used berween depth points except in case of
repeated depths which signilics 3 disconunuity in velocity.
b Source depth.

support the conclusion from the Rainier Masa dawa that the weathered
layer at the carths surface can have significant impact on near-source
observations. There is an indication in the scaled Jats that the one shot
from betow the watwer table has higher acceicrations than the other
explosions. Synthetic near-source reflectivity calculations were
investigated for realistic plane-layered Pahute Mesa souctures.  Velocity
contrasts at depth near the explosion gave body wave amplitude
fluctuations as large as a facior of 2 directly above e expiosion. These
differences decreased with increasing source-receiver offses.  Despite
strong velocity contrasts near the sourcs the ground motion fluctuauons
did not approach the factor of 68 cbserved in the daa. The observational
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data argues that lateral variations in the velocity stucture (weathered
zone), A0t laken into account by the synthetics, may have a surong
congribution 1o the ground mations,

The scauer in the free surface data from Pahuwe Mesa is apparenuy
frequency dependent as exemplified by the determination of long-period
moment. Spectral moment estimates showed gready reduced variation for
4 single explosion, a factor of 2-3. Free-swface data document the
subility of the source comer frequency followed by a second higher
frequency comer which decreases in frequency with increasing source-
receiver offset. This second comer is auributed o ausnuation and gives
an average Q value for Pahuwe Mesa between 20 and 30. At small, near-
source ranges where the source and atienuation comers separte the data
indicates a (=2 high-frequency source model. At greater source-receiver
ranges source and altenuagon comers are difficult to separate and cloud the
f=2 source interpretauon.

Data from Yucea Flats were used o illuszate the relative deviatoric and
isotropic source contributions. Simpie specmal interprewtions of
observations at source-receiver distances of 2 km or less give deviatoric
source estimates from transverse motions that are 5-10 times smaller than
isotropic source estimates from vertical and radial motions. Trensverse
spectra interpreted as a Brune type model give a deviatoric source radius
which is at the lower bound of the equivalent elastic source radius for the
explosion. As found for the Pahute Mesa daw, spectral differences
between the radial, vertical and transvease spectra decrease with range. At
5 km all three components of motion give spectra that are identical in
shape and swrength, indicating the swong effects of scattering and
auenuaton.

Fuil wave modeling via moment tensor inversion are compared to
simple spectral interpretation of free surface, near-source data. These

. results indicate that the scalar spectral inespretation for isotropic moment
may be biased high by as much as a factor of 3. This bias is a result of
the free surface interaction and the generation of surface waves not taken
into account in the scalar moment estimates.

Data from the free-field and free surface have bezn used to constrain the
explosion source function. Contributions from the isotropic explosion,
tectonic suress reiease or driven motions and spall have been documented.
Daw from Rainier Mesa indicate the superiority of free-ficld data in
making source estimates. Spall zone motions offer opportunity for
constraining this secondary, seismic source and indicate a strong
geometical effect. At near-source distances strong wade-offs can develop
between source estimates and the effects of attenuation and scattering.
The advantage of near-source data sets is the ease at which experiments
can be designed o separate these source and propagation effects as
documented by this review.
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ABSTRACT

The importance of simple elastic (with attenuation) wave
propagation effects on near source observations (0.5-10 km) of
seismic waves generated by underground explosions is considered.
Specifically, the study is designed through a numerical exercise to
answer the question of how well the geolegical/geophysical
structure of a test site must be known in order to make good
estimates of the explosion source function. This study has
ultimate implications on the energy radiated to regional and
teleseismic distances. Modeling of these wavefields is completed
using the extended reflectivity method for plane layered geologies.
This method is utilized because of the necessity to include both
body and surface wave effects. Full wave velocity synthetics are
generated and quantified by peak amplitude and a new energy
measure which is defined as the integral of the squared velocity.
Four specific effects are quantified in the study: (1)Source-
receiver offset effects; (2)Source depth of burial effects; (3)Near
source interface effects; and (4) 'Average' vs 'site specific'
velocity medel effects. The offset effects were found to be quite
strong in these models with spatial decays of both body and
surface waves exceeding spherical and cylindrical decay
respectively. Body waves are found to decay between r1.5 and r
1.9 and surface waves between r1.3 and 1.4, Body waves with
frequencies greater than 1 Hz showed strong variations which did
not fit these power laws in the 0-2 km range. Spatial changes in
energy over the 0.5 to 10 km range were 1000-2000 for the body
waves and 75-160 for the surface waves. Sources above and below
interfaces were found to have the second strongest effect an
amplitudes. High frequency body waves exhibited factors of 4
change in amplitude as sources moved into and below a low
velocity zone. These differences disappeared as source to receiver
offsets increased. Depth of burial effects were large for sources
at 200 and 616m. These differences decreased with source to
receiver offset also. For reasonable source depth estimates it was
determined that this effect was small as long as the source
remained in a smoothly varying media. The comparison between an
average and site specific velocity model with a constant source
depth showed smali variations in peak amplitude and total energy.
The amplitude and energy variations quantified in these
calculations are smaller than the variations seen in near source
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data sets. Lateral variations in the geological structure or source
coupling effects may account for additional scatter.
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MOTIVATION

Near source ground motions from underground nuclear explosions
offer a diagnostic that can be utilized in the constraint of physical
processes in the seismic source region. These source processes
include but are not limited to the nonlinear response of the
material in which the explosion is detonated, the release of stored
tectonic stress in and around the explosion, and the interaction of
the explosive wavefield with the free surface and other interfaces.
Waveforms are affected by all of these processes as well as the
geological media through which the seismic waves propagate. In
any study attempting to either resoive the explosive source
function, discriminate the resulting wavefield from that developed
by a naturally occurring earthquake, or constrain the yield or size
of the explosion one must be able to separate the wave propagation
effects from the source itself.

The purpose of this study is to begin to quantify the role simple
near source wave propagation effects play in the observed
wavefields separate from source issues such as coupling. We shall
focus upon wave propagation at Pahute Mesa in the 0-10 km range
and quantify the variability of amplitudes that might be
experienced within the constraints of current geological and
geophysical models of this area of the Nevada Test Site. Through
this numerical exercise we would like to answer the question of
how well the geological structure must be known in order to make
good estimates of the explosion source function. A secondary but
longer term goal of this study is to investigate the effects that
this near source structure has on energy observed at regional and
teleseismic distances. This second goal is beyond the scope of the
current study.

We will first address effects of source-receiver offset in the
radiated wavefield. The purpose of this part of the study will be to
identify distance ranges in which the wavefield exhibits
substantial changes and those in which it does not. Strong
gradients in the radiated energy will translate into large
variations of amplitudes and possible sources of error in analysis.

The effect of source depth of burial will be addressed. Relative
coupling of energy into body and surface waves rmust be quantified
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before the adequacy of either or both phases as diagnostics for
source strength or character can be judged.

Pahute Mesa is characterized by rhyolitic lava, bedded tuffs, and
ash flow tuffs ranging from partially to densely welded. This
general structure leads to interfaces which can in some cases be
represented by relatively steep increases or decreases in velocity.
In view of this geclogical model we will investigate the wave
propagation effects of interfaces near explosive sources.

It is hoped that this study of the 'geometrical' effects of wave
propagation at Pahute Mesa (by 'geometrical' we mean elastic wave
propagation) will help in ascertaining the usefulness of near
source data in constraining the source physics from explosive
sources and possibly the yield of the nuclear device. In light of
this last goal a comparison of an average velocity model for Pahute
Mesa will be made against a site specific model developed through
downhole exploration studies. )

The strongest motivation for a numerical study such as this one is
the observational data itself. Figure 1 is a compendium of scaled
peak accelerations observed from a number of Pahute Mesa nuclear
explosions plotted against scaled range. There is an approximate
factor of ten scatter in peak accelerations at any given range. The
physical reason for this scatter could either be the effect of
different wave propagation (depth of burial, proximity to
interfaces, or receiver structure) or source coupling. Sources
below the water table yield the highest amplitudes at most ranges
(solid squares in Figure 1) suggesting a coupling effect. This data
can be contrasted to the variation of peak accelerations from a
single explosion given in Figure 2. Although the data density is
reduced, there is still a large amount of scatter in the data
indicative of wave propagation differences from this single source.
The scatter in the data decreases at longer periods. From the same
data as used in Figure 2 acceleration spectra were determined and
a long period spectral level chosen. This level was then converted
to moment. The average moment in this case is 3.8 x 1023 dyne-cm
with a multiplicative error of 1.49. Scatter in moment values is
reduced from that of peak accelerations (Figure 3). Even in this
data set there is an indication of local receiver effects as stations
with high moments from vertical waveforms also yield high
moments interpreted from the radial and transverse motions

29




PAHUTE MESA SCALED ACCEL

SCALED VERTICAL ACCELERATION

10000

100 .
. [ SCALED VERTICAL ACCELERATION
] B VERT ACC (WATER)
1
O
10 ]
L g
O L
T B
U n
a u'_'_] DC]
\3 E]Ej E]
5
) O 0 "
| 00
* -
1 . . —
100 1000
SCALED RANGE (m)

FIGURE 1

-~



VERTICAL ACCEL

SINGLE SHOT ACCEL

10 1 I
JB VERTICALACCEL
- |
1-
] |
1 " = n
4
u n
" N
.1‘: )
) |
.m’ - . v I—
1000 ' 10000
RANGE (m)
FIGURE 2 ,

31




SINGLE EXPLOSION MOMENTS
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(Figure 4). The multiplicative errors from the radial and
transverse data were 1.58 and 1.79 respectively.

The approach taken in this study is to bound the variability in near
source waveforms expected from: (1) Offset effects; (2) Depth of
burial effects; (3) Interface effects; and (4) 'Average’ versus 'site
specific’ geological/geophysical structure.
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METHODOLOGY AND MODELS

A number of researchers (Vidale and Helmberger, 1988; Johnson,
1989; Stump and Johnson, 1984) have noted the importance of both
body and surface waves in near source waveforms. Although the
distances over which observations are made are relatively short
(0-10 km, this study), the shallow source depths(200-1000m) lead
to these effects. It is important to develop a computational '
technique that includes both body and surface waves. Focus in the
initial part of this study will be on uffset effects, depth effects,
and interface effects all of which can be addressed with a plane
layered structure.

With the listed constraints and goals the extended reflectivity
method was chosen for seismogram synthesis (Muller, 1985). This
methodology al'ows for the determination of the complete
response of plane layered structures and includes effects of both
body and surface waves. In some instances where waveforms are
dominated by vertically propagatina energy the reflectivity method
can be extended to include separate source and receiver structures
(Kind, 1985).

The choice of appropriate geological/geophvsical model for Pahute
Mesa lies at the heart of this exercise. Two different models were
chosen in order to replicate variability in waveforms one might

. expect from -the range of data types available to a seismologist as
he approaches a new testing area. The first model was developed
from downhole logs recovered from an emplacement hole. This
model is represented by solid lines in Figures Sa and b (HOLE ).
Near surface velocities begin at 1.0 km/s increase to a depth of
approximately 350m (3.0 km/s) where a bedded tuff is enco’intered
and P velocities drop to 1.0 km/s. Below 500m a more competent
materiai is encountered and velocities rise (3.5 km/s) until 630m
where a nonwelded !uff is encountered and velocities drop again
for approximately 70 m to 2.5 km/s. This detailed velocity model
is contrasted with a relatively smcoth model (dashed lines Figures
Ga and b) developed from the linearized damped least-squares
travel-time inversion of Leonard and Johnson, 1987. Both velocity
models show a similar increase in velocity with depth but low
velocity zones identified in downhole acoustic logs are missing in
the Leonard and Johnson model. Ditferences in these models will
allow us to quantify the effect of detail structure on radiated
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wavefields and identify the importance of interfaces close to an
explosive source. At a depth scaling of 122mvkt!/3, a 150 kton
explosion would be emplaced at a depth of 648 m close to the
deeper velocity decrease in the HOLE madel.

This investigation has several shortcomings and is intended as the
start of a more exhaustive numerical exercise to quantify
prapagation effects. The most apparent problem is the plane
layered structure with similar source and receiver effects. The
separate source and receiver algorithm of Kind (1985) will allow
the quantification of some of these effects. Two and three
dimensional models which include the effects of scattering may be
calied for at a latter date. No attempt to replicate source depth
effects such as tnose proposed by Mueller and Murphy (1973) have
been included. Source coupling differences are ignored when there
is obvious data (Figure 1) that supports its importance.

A characteristic set of waveforms at 0.5 km increments from the
HOLE velocity model is given in Figures 6a-d. The numerical data -
are sampled at 32 samples/s and the waveforms are relative
velocity for a source of constant moment. In Figures 6a and b one
can identify the early arriving body waves followed by latter, o
longer period surface waves. In order to crudely separate body and S
surface waves for this model the data were high and low pass ‘
filtered at 1 Hz. The low pass filtered (4 pole) vertical
components are given in Figure 6¢ while the high pass data are
replicated in Figure 6d. In the amplitude analysis that follows
these two representations will be used to quantify the effects of
body and surface waves.
~
In order to contrast the effects of the various propagation ilodels
peak velocities were picked. Careful analysis of Figures 6a-d
reveals rapid changes in waveshapes and amplitudes, particularly
for the body waves. As a second, more stable estimate of radiated
seismic energy, the integral of squared velocity was chosen as a
measure of source strength. Since the waveforms involve both
body and surface waves, it cannot be taken as an absolute energy
estimate. The measure is defined as:

b
whf v t)dt
]
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A representative set of energy calculations as a function of time
are given in Figures 7a and b. In this case the source is at a depth
of 665m in the low velocity tuffs of model HOLE . The limit as t,
approaches infinity is taken as the measure which will be applied
to the observational data. The dispersion in the propagation path
effects can be easily identified as at 1 km the energy plateau is
reached in approximately 2 seconds while at 10 km it takes nearly
18 seconds for the final static value to be reached. These plots are
for waveforms which have been low pass filtered at 1 Hz and as
such they are dominated by surface waves. Plots have been scaled
by r! to account for cylindrical divergence in surface waves. Peak
values of energy in both radial and vertical plots exhibit smooth
decays as a function of range. This well behaved decay is
interpreted as a stable estimate of source strength with no ranges
at which there are erratic variations.

Similar energy plots tut now for high pass filtered waveforms
which emphasize the body waves are given in Figures 8a and b.
These waveforms have been scaled by r2 to replicate spherical
divergence of body waves. Dominance of body waves is illustrated
by the fact that peak energy values are reached at early times at
all range, at 1.5s for 1 km and 4s for the 10km range. Energy
values show significant variation in the 0.5 to 2.0 km range. The
radial value at the 1.0 km range is a factor of two larger than the
0.5 km value (after scaling). These wave propagation variations
indicate that for short source-receiver offsets one would expect
strong variations in the radiated wavefield from the HOLE
velocity model. A more smoothly spatial varying wavefield is
found at the greater source-receiver offsets.

Comparing the body(>1Hz) and surface(<1Hz) wave results, it is
apparernt that high frequencies or body waves exhibit strong
variations in the 0-2 km range with surface waves or long periods
showing more constant decay patterns.
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ANALYSIS

OFFSET EFFECTS: Effects of offset on amplitude and energy in a
sense quantify transition from upgoing to horizontally propagating
to turning rays on seismograms. Waveforms displayed in Figures
6a-d illustrate the dominance of body waves in the 0.5-2.5 km
range with development of a strong surface wave contribution at
more distant ranges. The body wave packet at closest ranges has a
duration of 1-2s while it extends to 4s at 10 km. Surface waves in
contrast extend beyond 16s at the 10 km range for the HOLE

(Figure 5) velocity model. As discussed previously, energy
estimates support a similar picture in terms of ground motion
duration with surface waves dispersing energy over a window
nearly four times the duration of that from the body waves at 10
km.

Peak velocity estimates as a function of offset for the HOLE
velocity model are summarized in Figures 9a and b (>1Hz) and
Figures 10a and b(<1Hz) while equivalent energy plots are given in
Figures 11 and 12. These plots include data from sources at a
variety of depths which will be discussed in detail latter. For
purposes of quantifying offset effects numerical data for a source
at 616m (solid squares in all plots) will be discussed as a
characteristic data set.

High pass filtered velocity data have been scaled by r! to account
for body wave decay while low pass filtered data have been scaled
bv r0.5 to correct for surface decay. Similarly energy plots are
scaled by r2 for high pass filtered data and r! for low pass filtered
data.

Both vertical{Z) and radial(R) high pass filtered velocities show
strong geometrical effects surpassing standard r! elastic decay.
Beyond 1 km vertical velocities decay as r1.5 while radial
velocities decay more quickly at r1.8, These are elastic effects
introduced by the layered velocity structure reproduced in Figure 5.
The decay in amplitudes is not a smooth function as suggested by
the simple decay laws but a good deal of complexity is introduced
by geological structure with focusing and defocusing. Any one peak
amplitude estimate can diverge from the simple decay laws by 50-
100%.
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Long period peak amplitudes (Figures 10a and b) which are
dominated by surface wave contributions also show spatial decays
in excess of simple r0-5 elastic half space results. .Beyond 1-2 km
decay rates are r1.3 for vertical surface waves and r-1-4 for radial
motions. Scatter about these decay laws is much less than that
observed for body waves. As indicated in the figures, variation of
any one measurement from the decay law is at most 10-20%. This
result indicates the more cunsistent nature of long periods from
the HOLE structure.

Energy estimates for both high pass (Figures 11a and b) and low
pass (Figures 12a and b) filtered data are more smoothly varying as
a function of offset than the peak amplitudes. This conclusion is
particularly true for body wave energy above 1 Hz. For both high
and low pass filtered data there is a change in decay rate at
approximately 2 km. Beyond this range data decays at a constant
rate. At shorter ranges data decays in some instances and
increases in others. There are significant variations in energy
estimates at distance ranges of less than three depths of burial.
This result was found in the time series displayed in Figures 8a
and b.

DEPTH OF BURIAL EFFECTS: Source depth effects are best
illustrated using the smoothly varying velocity model of Legnard
and Johnson (Figures 5a and b). Since peak amplitude resuits
showed significant station to station variability and energy
estimates utilizing the entire waveform are more consistent
between individual stations, depth of burial results will be
quantified with the integral of velocity squared. Frequency effects
were determined by high and low pass filtering of the data at 1 Hz.

Major depth changes were considered with sources at 200m, 400m,
and 616m. low pass filtered vertical and radial peak energy
estimates are reproduced in Figures 13a and b while high pass
filtered data are given in Figures 14a and-b. Shallow sources yield
larger energy estimates at the free surface as determined from the
time integral of ground velocity squared. As much as a factor of
ten increase in energy existed for a source buried at 200m
compared to the one at 616m. Differences in energy estimates
decreased with offset, reaching values close to 2 at 10km. 7hese
source energy differences can be compared to the geometrical
decay of energy over the observation range of 0.5 to 10 km. For
high frequencies the energy differences (0.5 to 10 km) are between
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1000-2000 while for the low frequencies they are between 75-
160. In both the high and low pass data sets the spatial decay is
between 1 and 2 orders of magnitude greater than the energy
differences at a constant range for sources at 200,400 and 616m
depths These 'energy' values are for the integral of velocity
squared. Taking the square root of results gives numbers
comparable to velocity estimates given earlier. Variations
between the 400 and 616m sources in the low pass data then
become 1.4 at 0.5 km and 1.3 at 10 km.

Errors in depth estimation should be much smaller than variaticns
introduced in these numerical trials. It is concluded that errors in
waveforms introduced through depth errors are small. In contrast
spatial decay of these effects is strong enough that accurate
spatial locations of receivers is important. Data in the 5-10 km
range exhibit the smallest variation with source depth. Data below
1 Hz were found to give more stable estimates.

INTERFACE EFFECTS: The third goal of this numerical exercise was
to quantify effects near source interfaces have on radiated seismic
energy. The HOLE velocity model was chosen to explore this
variation. As indicated in Figure 5, there is an approximate 30%
decrease in P velocity at 630m depth extending to 700m. This
depth range is close to the scaled depth for a 150 kton explosion.
The velocity decrease is representative of velocity changes found
at Pahute Mesa of the the Nevada Test Site. They are
representative of variations introduced by the amount of welding
in the tuffs and transitions to rhyolitic lavas. In order to quantify
these geological effects on seismic radiation a set of synthetic
calculations were completed with sources at 616m (above low
velocity zone), 665m (in low velocity zone), and 750m (below low
velocity zone). Waveforms for the 616m source have been
reproduced in Figures 6a and b. Radial and vertical velocity
records for the 665m source are in Figures 15a and b while those
for the 750m source are in Figures 16a and b. Comparison of these
three sets of time series identifies a dramatic decrease in
amplitudes for the 665 and 750m sources relative to that at 616m.
This decrease in amplitude for the two deeper sources is greatest
at closest offsets and is balanced at farther ranges by slower
spatial decay rates for deeper sources.

These conclusions can be *further illustrated by comparing peak
velocities. Figures 9a and b reproduce the peak amplitudes from
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the high pass filtered data (>1Hz) which are dominated by body
waves. Over the 0.5-3km range, the 616m source yields peak
amplitudes that are a factor of two or more greater than those for
the two deeper sources. Although there is a great deal of scatter
in these peak amplitude estimates, data from all three depths of
burial merge near 10 km.

Energy estimates were made for the same high pass filtered data
as well as for a source at 200m DOB in the HOLE velocity
structure. Comparisons of these estimates are given in Figures
11a and b. As with peak velocity data, energy estimates indicate a
wide difference for data from above (616 and 200m) and below(6865
and 750m) the interface at the shortest offsets. This difference
decreases with range. The major effect in the near source
waveforms occurs as the source moves below the first interface of
the low velocity zone. The 665m source which is in the low
velocity zone gives results which are nearly identical to those for
the source at 750m which is completely below the low velocity
zone.

Long period(>1Hz) peak amplitude data are given in Figures 10 a and
b. Differences between sources above and below the interface
exhibited by the body waves are greatly reduced for near source
long period (<1Hz) surface waves. There is a 20% difference
between peak amplitudes for all three source depths. Long period
energy estimates are reproduced in Figures 12a and b along with
estimates for the 200 m source. There is less than a factor of 2
difference in total energy for the three source depths with this
difference again decreasing with range. At 10km this energy
difference is a factor of 1.8 for the vertical motions ana 1.2 for
the radial. In units of velocity this reduces to factors of 1.3 and
1.1 respectively. These small differences are contrasted by the
large differences already discussed for the 200m DOB suurce.

Interface effects are strongest in high frequency body waves. In
all cases the effect of moving a source above or below an interface
near the scaled depth for a 150 kton explosion decreases with
range. The smallest variations in surface seismic raciation are
found for long period motions (<1Hz) which are dominated by
surface waves. At 10 km range the square root of the integral of
squared velocity is found to vary by a factor of 1.3-1.1 as sources
are moved 2bove and below a realistic low velocity zone near shot
depth.

67




VELOCITY MODEL COMPARISONS: The final issue that was addresseu
in these synthetic tests was the importance of a site specific
velocity model (such as that developed from a downhole log at the
test site) in contrast to an average model for a test site. In order
to quantify this discussion synthetic velocity records were
developed for the 'average' Leonard and Johnson velocity model and
the 'site specific’ HOLE ~ velocity log. Sources for this final
compariscn were placed at a depth of 616m. Vertical and radial
synthetics were high pass filtered at 1Hz (Figures 17a and b) and
low pass filtered at 1 Hz (Figures 18a and b) for comparison. Peak
velocity differences in these models are remarkably small. The
biggest differences occurs at the smallest offsets Radial data in
Figure 17b for the two velocity mocdels nearly match one another
beyond the 3 km range. The one difference from this general trend
is in the low frequency radial data where the two velocity models
lead to a diverging set of curves with increasing range.

Of the effects considered which include source-receiver offset,
source depth, proximity to an interface, and average/site specific
velocity model, the velocity model seems to have the least effect
on peak amplitudes for the target depth of 616m.
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CONCLUSIONS/RECOMMENDATIONS

A program designed to quantify geometrical effects of near source
seismic wave propagation has begun. Analysis is motivated by

observational data from Pahute Mesa of the Nevada Test Site and as

a result velocity models developed in this study are applicable to
this area. Extended reflectivity modeling is used to synthesize
seismograms from plane layered structures in the 0.5 - 10.0 km
range. Calculations show strong contributions from body and
surface waves over this near source region. Surface waves are
particularly strong because of shallow burial depths (200-750m).

Data were crudely separated into body and surface wave
contributions using high and low pass filters centered at 1 Hz. A
general observation is that body waves show stronger amplitude
fluctuations than surface waves when peak velocities are
considered. In order to develop a more stable estimate of source
strength from these observations the time integral of the squared
velocity was introduced as a new waveform measure. Preliminary
analysis of this function(roughly called an energy measure) with
the synthetic data indicates that it is a more robust estimate of
source strength.

Four specific questions were addressed in this initial waveform
modeling exercise using the measures discussed. These questions
dealt with the quantification of the following effects: (1)Source-
receiver offset; (2)Proximity of interfaces to the source; (3)
Source depth of burial; and (4)'Average’ vs 'Site Specific' velacity
models.

The effect of offset on the radiated wavefield was found to be the
strongest at harizontal distances of 0 to 3 depths of burial. The P
waves (as quantified by data above 1 Hz) were most variable over
this range. Adjacent stations separated by only 0.5 km were found
to change in amplitude by a factor of two. These changes were
seen as both velocity increases and decreases. At greater
distances body waves decayed according to a power law which
always exceeded simple geometrical spreading. Radial velocity
decayed as r1.9 while vertical velocities decayed as r1.5.
Surface wave peak amplitudes also showed some variation in
amplitudes at close source to receiver offsets. At ranges greater
than 1-2 km surface waves fit power law decay patterns. These
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decays exceeded cylindrical spreading with values of r1.4 for
vertical components and r-1-3 for radial components. Variations in
individual surface wave observations from this decay were 10-
20%, much smaller than that observed for body waves. Energy
estimates (integral of the square of velocity) exhibited
dramatically reduced scatter from station to station when
compared to peak amplitude estimates. '

Source proximity to an interface was replicated with a series of
sources at depths of 616, 665 and 750 m in the HOLE velocity
model (Figure 5). The 616m source is above a low velacity zone,
the 665m source is in the low velocity zone, and the 750m source
is below the zone. Strong differences in the body waves generated
by the source above the low velocity zone and those in and below
the zone were observed. Over the 0.5 to 3.0 km range, the 616m
source yielded body waves above 1 Hz thai were a factor of two to
four larger than those for either of the two deeper sources.
Differences between the data from the three source depths
decreased with increasing offset. Long period waveforms
represented by surface wave contributions were much less
affected by source depth with differences in the range of 20%
between individual peak amplitudes for the three source depths.

Source depth effects were quantified by considering sources at
200, 400, and 616m. Energy estimates indicated that as much as a
factor of ten increase in surface energy for the 200m source
compared to the 616m source. These differences were greatest at
short source-receiver offsets and decreased to a factor of 2 at 10
km. Source depth effects were 1 to 2 orders of magnitude less
than the change in energy due solely to geometrical spreading over
the 0.5 to 10 km range. Variations between the 400 and 616m
sources were even less. The conclusion drawn from these trials
was that for reasonable constraints on source depth variations in
radiated energy will be small at large (3-10km) offsets for the
velocity model considered.

The final set of trials focused on two sets of synthetics, one from
an average Pahute Mesa velocity structure and the second from a
specific model deveioped with downhole information. Sources
were placed at 616m in both structures. Differences between
synthetics for the two models were small compared to other
effects identified in these trials. Again the biggest differences
occurred at small offsets.
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These trials have identified that peak velocity estimates in the
near source region may exhibit strong lateral variations at close
offsets and high frequencies which are dominated by body waves.
These differences degrade when greater offsets or longer periods
(surface waves) are considered. The integral of squared velocity is
found to be a stable source estimate. These new criteria may be
useful in analyzing observational data sets. Effects of interfaces
and low velocity layers were found to be strongest for body waves
at short offsets. Finally, with reasonable estimates of source
depth this error should not be dominant in observational data as
long as the source is not near an interface.

Purely geometrical wave propagation effects have been identified
in thece numerical exercises with no consideration of coupling
effects. Strong effects, as big as a factor of 4, have been found for
high frequency body waves at short offscts. ‘Reduced effects are
found for longer period surface waves at great source to receiver
offsets. These faciors are less than the factor of 10 found in the
observational data set. Additional scatter must be introduced by
lateral variations in the geological structure and coupling effects
from explosion to explosion. The fact that scatter in peak
amplitude data does not decay with range as suggested by these
numerical trials also calls for one of these other mechanisms.

Many things have not been considered by these trials. Our next step
is to complete ray tracing in the structure to come to a better
understanding of the reasons for the large variations in body waves
at short offsets. The stability of long period, long offset data
motivates a new analysis of t! 2 observational data reproduced in
Figures 1-4. The reduced scatter in long period moment estimates
may be a reflection of physical effects explored in these trials.

Implementation of energy estimation to the observational data set
iS now warranted.

Consideration of separate source and receiver structures on near
source waveforms must also be completed. This modeling is the
first step in investigating lateral variations in propagation path.
We intend to begin this analysis with the method of Kind (1985).
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Abstract
Near-source data from the nudlear explosion Coalora detonated at Yucca Flats,
Nevada Test Site are utilized to constrain the seismic source function. The
equivalent seismic source is interpreted in terms of physical processes in the
source region with the aid of data from within the explosion’s nonlinear
region. The isotropic, deviatoric, and cylindrical spall contributions are
separated and quantified. Standard spectral interpretations of the radiated
wavefield for source resolution are contrasted against complete waveform
modeling with moment tensor determination. Individual waveform spectra
(source-receiver offsets < 2 km) can be interpreted in terms of an isotropic
source model which is in agreement with a Mueller-Murphy model,
including f 2 high frequency decay and source corner frequency of 1.8 Hz.
Moment tensor inversion produces an isotropic source strength of 8x1020
dyne cm while scalar moments from the spectral interpretation are a factor of
2.5 larger. This difference is attributed to the application of simple
propagation path corrections in the spectral interpretation. The deviatoric
component of the moment tensor is a factor of 5-10 times smaller than the
isotropic component. Deviatoric source radius, as estimated from the spectral
data, is 124 m, smaller than the equivalent elastic source radius which is
bounded between 133-202 m. Stress drop estimated with the Brune source
model is 84 bars with an average slip of 33 an. The spall source contribution
is longer period and delayed in time from the initial explosion. Its
contribution to the diagonal elements of the moment tensor is dominant on
the Mz, component at least a factor of 3 larger than the Myy and Muxx
components. Spall source strength from waveform inversion is within a
factor of 2 of forward spall models developed from acceleration data within
the spall zone but is longer in duration than the forward model, reflecting the
effect of a quasi-point source assumption in the forward models. Comglex
propagation effects dominate the data beyond 2 k. This complexity is
exemplified by wavetrains at 5.1 km that extend to beyond 20 s in duration
and similarity of radial, vertical, and transverse acceleration spectra in
contrast to short waveform durations and strong spectra!l dif‘erances between
transverse and radial-vertical spectra at distances less than 2 km. These
propagation path effects suggest that source biases can develop at ranges as
close as 2-5 km. "
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Introduction

Seismic source studies of underground explosions are motivated by the need
to separate physical processes that generate seismic waves at near-source,
regional, and teleseismic distances. These physical processes include but are
not limited to direct coupling of the spherical explosion, repartitioning of
energy near the free surface by tensile failure and driven motions along
planes of weakness, and tectonic stress release. Application of such physically
based models to seismic data is necessary for a complete understanding of
disaimination issues and yield determination for the purposes of nuclear test
ban treaty verification. A physically based model of the source provides the
methodology to extrapolate from one geological environment to another and
therefore can be tested against new data sets.

The simplest characterization of the seismic source consists of a spherically
symmetric or isotropic equivalent elastic source function. A variety of such
models have been developed with different parameterizations and
constrained by not only near-source but regional and teleseismic data
(Haskell, 1967; Mueller and Murphy, 1971; von Seggern and Blandford, 1972;
Wallace and Burger, 1987). These characterizations have been extended to
chemical explosions (Stump and Reinke, 1987; Stump, 1987).

Additional phenomena accompany the detonation of an underground
explosion. One of these secondary processes is near-surface-layer tensile
failure, spall(Eisler and Chilton, 1964; Eisler et al, 1966). As the initial
spherical compressive wave from the explosion encounters the free surface, it
reflects as a tensile wave propagating away from tha free surface. This tensile
wave may fail near-surface layers. Momentum trapped in the layer results in
the failed material following a ballistic trajectory. This nonlinear process may
be responsible for repartitioning part of the explosion energy as seen in the
radiated seismic wavefield. The importance of this process as a source of
seismic waves was addressed by Viecelli (1973). He argued that spall had a
sigrificant contribution to surface waves at 10-20 km. Day et al (1983)
presented a spall model which conserved momentum and found that the
process had no contribution to 20 s surface wavsas at teleseismic distances.
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Stump (1985) argued from data within the spall zone that the process made a
significant contribution to near-source surface waves from chemical
explosions although at a much shorter period (.1-1 s) than Day's surface wave
analysis. Patton (1990) has analyzed near-source observations in the spall
zone at Pahute Mesa, NTS in order to develop scaling relations for spall mass
and momentum. Day and McLaughlin (1991) show the equivalence of point
force and moment tensor representations of the equivalent spall source
model which could be developed from such measurements. Other authors
have argued that the spall secondary source can have important contributions
to regional waves (Patton, 1988; Taylor and Randall, 1989) and teleseismic P
waves (Schlittenhardt, 1991).

Transverse shear motions and Love waves have been observed from all types
of explosions (Kisslinger et al, 1961; Ohta, Y. and A. Kubotera, 1968; Aki and
Tsai, 1972; Wallace et al, 1985; Burger et al, 1986). Transverse motions have
been attributed to mode conversions and scattering (Gupta and Blandford,
1983), tectonic strain release (Aki and Tsai, 1972; Wallace et al, 1985; Burger et
al, 1986), or driven motion along planes of weakness (Bache et al, 1979).
Quantification of these complex propagation effects and deviatoric source
contributions are important for verification applications as they make the
explosions look more earthquake-like and may bias seismic yield estimates.

Trade-offs between the seismic source (it's strength and physical
characterization) and propagation path effects are possible in any study of the
equivalent linear source representation. The focus of this study is on near-
source data (< 6 km) where propagation path effects can be minimized. Even
at these close ranges a number of authors have presented evidence for
propagation path complications. McLaughlin et al (1983) utilizing closely
spaced arrays found a degradation in coherence above 5 Hz for observations at
6 km from nuclear explosions. Vilale and Helmberger(1987) give evidence
for two dimensional structural effects on near-source waveforms from
nuclear explosions at the Nevada Test Site (INTS).

The seismic experiment on the Coalora event (Yucca Flats, NTS) which we

report was designed to quantify both the deviatoric and isotropic parts of the
equivalent elastic nuclear source in partiaily saturated tuffs and alluvium,
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primary materials in which the United States tests nuclear devices (US, Dept
of Energy, 1987). Several investigators have studied near-source ground
motion from explosions in these materials (Werth and Herbst, 1962; Perret
and Bass, 1976). The Yucca Flats test site was chosen because of the vast
quantity of geological and gecphysical site characterization information.
Ferguson et al (1988) studied the basin structure under Yucca Flats with high
resolution seismic reflection and gravity data. The geologic structure close to
the experiment is well constrained by many downhole geological and
geophysical measurements (Figure 2). As a result, structural effects can be
taken into account close to the source (< 2 km).
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Experimenta] Design

The Coalora experiment had an announced yield of "less than 20 kilotons
(kt)" (US Dept of Energy, 1987). The working point (WP) depth of the
explosion was 274 m in Yucca Flats (Figure 1). A great variety of geological
and geophysical information was available to constrain the wave propagation
model. Figure 2 summarizes these data which include the surface expression
of Yucca Fault, location of a seismic reflection survey, downhole acoustic logs,
and locations of available geologic cross sections such as that developed
around the Coalora emplacement hole (Figure 1).

The Yucca Flats structure summarized in the inset of Figure 1 is based upon
the seismic reflection survey and inversion of available gravity data
(Ferguson et al, 1988). The model consists of layers of alluvium, tuff, wet tuff,
and Paleozoic sedimentary rocks. Paleozoics are near the surface on either
side of the 10 km wide valley. At the center of the valley, where the shot was
detonated, depth to the Paleozoics is 1 km. The Coalora cross section in
Figure 1 gives more shot region detail. Major geologic characteristics include
Yucca fault with a maximum 150 m of displacement within 300 m of the
working point, interbedded tuffs, and 500 m water table. Large velocity and
density contrasts exist within the interbedded tuffs. A downhole acoustic log
333 m NW of Coalora (Figure 3a) indicates near-surface velodty of 1.5 km/s
with a positive gradient to 2.0 km/s at 400 m . Below 400m, the vitrified
Rainier Mesa tuff reaches a velocity of 3.0-3.5 km/s. This particular log does
not penetrate below this material. A second log, U3la, (Figure 3b), 1.5 km N of
Coalora, shows similar effects. At this location, two vitrified tuff units, the
Ammonia Tanks between 210-275 m and the Rainier Mesa between 335-40u
m, are apparent. -
The instrumentation array within two depths of burial of the Coalora ground
zero is illustrated in Figure 4. These gages are used to constrain the depth and
range of spall and imp.ove resolution of spall contributions to near-source
waveforms. Included in this array are two downhole packages in the
emplacement hole for the purposes of constraining the depth of spall. The
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the Coalora explosion. The general Yucca Flats velodity model as determined

Figure 1: Geological cross section passing through the emplacement hole for
by Ferguson et al, 1988 is given in figures lower left hand corner.
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Figure 2: Map summarizing geological information available for constraining
structure in and around the Coalora test site. The SMU cross section is based
upon a reflection survey, stars represent geologic cross sections based upon
emplacement or exploratory holes, and DHAL are dry hole acoustic logs.
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abundance of data at different azimuths and ranges from the source provides
opportunity for improved resolution of the deviatoric source contribution.
All 13 dose-in accelerometers were hardwired to a central recording site. Data
were recorded on high speed analog tape recorders and digitized post-test.

The second part of the instrumentation array consisted of three-component
force-balance accelerometers with digital event recorders placed between 0.86
and 5.10 km (Figure 5). A total of 20, three-component stations were installed.

\ The data were sampled at 200 samples per second. Data words were each 12
bits.

T = two accelerometer arrays were designed to provide data over a range of
.. 7uths and distances such that contributions from the spherical explosion,
thz cvlindrical spall, and the deviatoric source components could be
separately resolved.
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Observational Data

Vertical accelerograms from within the spall zone are reproduced in Figure 6.
Records are characterized by arrival of the compressive wave, minus-one-g-
dwell during free-fall, and impulsive rejoin. The closest downhole gauge at a
depth of 114 m shows evidence of multiple spall while the most distant free-
surface gauge that showed a spall signature was at a horizontal range of 274 m
(a radial distance equal to one depth of burial). Spall extends to just beyond
one depth of burial in the Coalora experiment. Two delineations of the total
spall zone are given by the solid and dashed lines in Figure 6. Limited data
existed for defining the depth of spall directing below ground zero (GZ) and
no data existed for spall depth beyond GZ. The depth of spall below GZ was
placed conservatively just below the deepest gage that spalled. The boundary
of the spall zone at other distances was taken in its simplest form as a linear
line connecting the deepest spalled gage and the first free surface range where
spall was not observed. Based on more complete spall data sets from
chemical explosions (Stump, 1985), spall zone shape is found to be more bowl
like, thus the more extensive dashed line model. The exact shape of the spall
zone is dependent upon the material properties around the explosion, source
depth and size. Due to a lack of complete azimuthal coverage in the spall
zone the process was assumed cylindrically symmetric. Records from
geophones at a horizontal distance of 93 m and four azimuths separated by
90° yielded arrival times which were identical within 3 ms. This scatter is
within measurement error and so supports at least an initially cylindrical
pulse from the explosion. These gages were clipped after the first arrival and
cannot be used to estimate symmetry from latter arriving phases.

Observational data within two depths of burial are summarized in Figure 7.
Vertical (Z), radial (R), and transverse (T) displacement waveforms at three
549 m range stations are displayed. Displacements result from twice
integrating the accelerograms. Waveshapes for the radial and vertical
displacements at the different azimuths are very similar although peak
amplitudes vary by 30% about the mean. Relative to the vertical and radial,
transverse displacements are shorter in duration, exhibit larger variations in
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amplitude, and change first motion as a function of azimutli. Large
amplitude, relatively simple transverse motions are observed at ranges equal
to two depths of burial. Displacement spectra were estimated for the vertical
and transverse records at the 549 m range (Figure 8). Envelope functicns
were fit to each spectrum with a long period level, corner frequency, and high
frequency decay. Transverse spectra (549m range) exhibit higher corner
frequendes, more rapid decay cf high frequendes, and lower long period
levels than the vertical spectra. These spectral parameters will be used as
source model constraints.

Accelerograms recorded at more distant ranges (0.86-5.10 km) are summarized
in Figures 9a(Z), 9b(R), 9<(I). Four representative ranges (0.86, 1.66, 3.38, and
5.10 km) have been chosen from the 20 instruments fielded. The effect of the
two- and three-dimensional structure of Yucca Flats (Figure 1) becomes
apparent in these waveforms. At 5.10 km range, near the valley edge, all
three components of motion exhibit a complex wave train with duration of
over 20 s. Displacement records and spectra for the 5.10 km data are given in
Figure 10. Unlike the simple waveforms at 549 m with obvious spectrai
differences between vertical and transverse components, all three
components at this range have nearly identical spectral shapes and
amplitudes. The resulting source corner frequency one would interpret from
the data is reduced from that observed at the closer ranges, espedally on the
transverse components. The 5.10 km waveforms and spectra are evidence
that more distant observations are strongly influenced by complex geological
structure underneath Yucca Flats. Simple spéctral source interpretations
would be severely biased at this more distant data.

The effect of the valley structure around Coalora was quantified with two and
three dimensional finite element calculations by Wojdk and Vaugn (1984).
Results of these calculations show asymmetries in the radiated wavefield
beyond 1-2 km. Transverse motions in these calculations attributable to
diffraction by the Yucca Fault were 20-30% the size of radial and vertical
motions. Since the main purpose of this study is to constrain the physical
parameters of the seismic source function, primary emphasis will be placed
on observational data well away from boundaries of the valley. Modeling
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Figure 8: Spectral estimates from vertical(Z) and transverse(T) waveforms in
Figure 7. Original time series were windowed with a 10% cosine taper. A
simple spectral model consisting of a constant long period level, a high

frequency decay (f M), and a comer frequency (f J was fit to the data. Light line
in each spectrum is this model with arrow representative of £
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Figure 9a,b,c: Vertical(a), radial(b), and transverse(c) accelerograms spanning
the 0.86-5.10 km range.
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COALORA DISPLACEMENTS
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Figure 10: Vertical(Z), radial(R), and transverse(T) displacements and
displacement spectra from data at 5.16 km range. Z and R spectra have been
arbitrarily scaled by factors of 100 and 10 so that all three could be compared

on a single plot.
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and interpretation will be restricted to observations within 2 km of the
explosion.
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Standard Temporal and Spectral Source Interpretations

The simplest interpretation of near-source seismic data involves utilization
of spectral measures such as long period level for seismic moment and corner
frequency for source dimension. In order to test these measures with the
Coalora data set, spectra such as those displayed in FigLre 8 were used to
estimate long period spectral level, corner frequency, and high frequency
decay (Table 1). Radial and vertical components were assumed to be
dominated by the isotropic source component. Transverse motions were
assigned to the deviatoric source. Based on the valley size beneath Yucca
Flats, increasing waveform complexity with range, growing homogeneity of
RTZ spectra with range, and 2/3D simulations of Wojcik and Vaugn (1984)
source analysis was limited to data within 2200 m of the explosion working
point. Moment estimates for isotropic and deviatoric source contribution are
given in Figure 11:

M = 4xpRa?Q, (1a)

Mp = 4npRE’Q, (1b)

Density (p) was taken from emplacement hole data at shot depth as 1.8
gm/cm?3, compressional velodty (a) as 1.9 km/s, and shear velodity (B) as 1.16
km/s which implies a Poisson's ratio (v) of 0.2. Q, is long period
displacement spectral level. The high shear velodty was chosen so that
deviatoric moments would be an upper bound relative to isoiropic moments.
Following the methodology of Archuieta et al. (1987) average log moments
and their standard deviations were computed according to:

log (Mo) = [(1/ns) ), log M)l
ml (2a)

std dev (log (Mo)) = (1) 3" flog Mo - log Myl
ns-1 5 (2b)
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Table 1a: Deviatoric Estimates

Station Range DC £ Slope Moment

(m) (cm-s) ?Hz) (dyne-cm)
GM2T 274 037 34 3 3.6x10%0
GM4T 365 03¢ 33 3t 4.4x10%0
GM6T 389 032 35 3 4.3x10%0
GM7T 612 009 40 4 2.0x1020
GMST 614 010 35 gt 2.1x1020
GMIT 612 030 35 3* 6.4x1020
GMI10T 307 049 35 3 5.3x1020
GMIIT 495 02¢ 37 3* 4.3x10%0
SI1T 893 010 35 4 3.1x10%0
S3T 940 0.10 28 3 3.3x10%20
S5T 1692 0.07 34 4 4.2x1020
57T 1663 006 26 2F 3.8x1020
8T 1722 010 30 4 6.1x10%0
S11T 2117 010 22 3 7.5x1020
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Table 1b: Isotropic Estimates

Station Range DC £, Slope Moment
(m) (em-s) (Hz) (dyne-cm)
GM7Z 612 030 18 .2 2.8x1021
GM7R 612 036 21 2t 3.4x10°1
GMSZ 614 030 16 2 2.8x1022
GMSR 614 03 18 2 3.4x102!
GM9Z 612 034 18 2% 3.2x10%1
CM11Z 495 034 20 2 2.6x10°1
GMIIR 495 090 14 2 6.9x10°1
S1Z 893 020 19 2 2.8x1021
SIR 893 038 16 2* 5.3x10°1
S3Z 940 024 20 3t 3.5x1021
S3R 940 040 20 3 5.8x1022
S5Z 1692 021 14 2 5.5x10%2
S5R 1662 020 17 2t 5.3x10%1
- s7Z 1663 0.16 16 2f 4.1x10%1
S7R 1663 026 17 2* 6.7x10%1
S8Z 1722 011 17 2t 2.9x10%?
S11Z 2117 012 19 3 3.6x10°1
S1IR 2117 010 21 3 3.3x10%}
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Figure 11: Isotropic(radial and vertical) and deviatoric(transverse) moment
estimates for Coalora.
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Mean isotropic and deviatoric logarithmic moments from observational data

were 21.29 (standard deviation of mean 0.14) and 20.60 (s.d.m. 0.16)
respectively. These estimates for Mj(isotropic) and M, ,(deviatoric) moments

are 1.95 x 102! and 3.97 x 10%° dyne-an. The isotropic scalar moment is a
factor 4.91 larger than the deviatoric scalar moment. The multiplicative error
term is defined according to:

EM, = antilog [std dev (log {M,))] 3)

The multiplicative error term for the isotropic and deviatoric moments are
1.36 and 1.44. The standard deviations (std dev) of the two means are nearly
equal.

Corner frequendes were estimated by fxttmg an envelope function to the data
(Figure 8). These corner frequendes are displayed in Figure 12 as a function of
source-receiver separation. Transverse corner frequencies are significantly
larger than radial or vertical estimates at close range. This difference
decreases with increasing range. The slow decay of the transverse corner
relative to the more constant radial/vertical values may reflect the
importance of the attenuation model in interpreting high frequency source
corners beyond 1200-1400 m. The lower isotropic corner frequency appears
unaffected to 2200 m. Mean isotropic corner frequency is 1.82 Hz with a
multiplicative error term of 1.12. Mean deviatoric corner frequency is 3.28 Hz
with a multiplicative error term of 1.13.

In order to interpret the data Mueller-Murphy source models were calculated
for detonations of 1, 10, and 100 kt in alluviwn. A scaled depth of 122

m/ k1’3 was used. Velodty and density structure was chosen appropriate for
the Coalora site and consistent with values used to interpret the scalar
moments. Envelop functions were fit to the Mueller-Murphy source
spectrum to replicate analysis applied to the observations. High frequency
decay in Mueller-Murphy source model is close to that found in the R/Z data,
f2 (Table 1a). The observed isotropic corner frequency of 1.82 falls between
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Figure 12: Corner frequency estimates from radial, vertical, and transverse
displacement spectra of Coalora explosion.
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model values of 2.5 Hz for 1 kt and 1.7 Hz for 10 kt, consistent with the
announced yield of “less than 20 kt."

Spall is a secondary souce process that occurs near the free surface.
Accelerometer data from within the spall zone (Figure 6) were used to
develop an equivaler:it body force mode! for this process. The model
represents spall as a set of vertical point forces that conserve momentum (Day
et al, 1983) which can be shown to be equivalent to the standard moment
tensor representation (Day and McLaughlin, 1991). Escape velodty of near
surface material is constrained by integrals of the accelerograms while total
spall mass (mT) is estimated from the data (Figure 6). Bounds placed on the
spall process were discussed in the earlier observational data section. Spall
mass estimates (solid and dashed lines, Figure 6) for this explosion were 1.2-
4.4x1010 kg. Following Stump (1985), temporal and spatial finiteness of the
spall zone is replicated with a source rise time, Tsg. Initiation time of the
failure process across the test bed is used as an estimate of the secondary
source tise time. Physically this rise time reflects the fact that spall initiation
does not occur simultaneously over the ei::ire test bed but is dependent upon
tensile strength of the material, geometry of the explosion, and propagation
velocity of the media. In addition to spall rise time , an average spall dwell
time, Ts, is needed in the three vertical forces that make up the total
equivalent seismic source. This value is also estimated from the spall zone
data. With these parameters the three vertical forces that represent (1) spall
initiaion, (2) material relaxation, and (3) rejoin beccze:

£ ) = [(QUE. 608 4 308 o vy (H(Y - Hit - Tsp))]

TR Th Tk (4a)
[ e .15, 1933) - (D) - H(t - TSR)))} ]
Tir TdR T ,
f2()=-mrg +{H(t-Tsp) - H(t - T9))
(1 _(6(t -To 18- T4 | 10t 75)3)}
. TR Tér TR
: - (H(t - Ts) - H(t - Ts - Tsp)) J wp)




30t -Te) _60(t-Ts)® | 30(t-Ts)

_ ng TgR TgR
f0 = -H(t-Ts - Teg); (4c)

mt Vo (H(t - Ts)

Spall rise time for Coalora was taken as 300ms. Dwell time varied across the
test bed, a value of 300 m:s with a consistent escape velocity of 1.47 m/s was
chosen. The approximate equivalence of spall rise time and dwell time has
been observed in chemical explosion tests (Stump, 1985). The smoothness of
the time function decreases the high frequency spall signal. A lower bound
source contribution was calculated by assuming a spall mass of 1.2x1010 kg.
The resulting source time function and its spectrum are given in Figure 13.
The time domain results emphasize the initial downward force due to
material failure (1), the upward relaxation of the unspalled body (2), and the
downward force associated with spall rejoin (3). The model predicts a peak
force of 1.1x1018 dynes and a ime duration of approximately 0.6 s. The
peaked spectrum results in little contribution from spall at the long periods or
high frequendes, but strong effects around the dominate period of 0.6 s. This
'dominant’ period is below the characteristic corner frequency of the
explosion model (1.7-2.5 Hz) but close enough in frequency to bias corner
frequency or long period spectral levels if it is strong. The peaked nature of
the secondary source could in some cases be misinterpreted in terms of
explosion overshoot. The time integral of the spall force model gives a
maximum value of 7.2x10!% dyne-cm which will be used latter to compare to
the time derivative of the moment tensor determined by inversion of the
near-source data.

Full use of transverse waveforms and spectra at the closest ranges (<2200m) is
dependent upon a deviatoric source model. One possible representation is
that attributed to Brune (1970) in which a shear stress is applied
instantaneously to the fault surface and the resulting displacement field
determined. Strictly speaking this model is only appropriate for earthquake
sources. One could imagine that this shear stress is a result of the initial
compressive waves from the source being resolved along planes of weakness
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Figure 6: Vertical section displaying accelerograms from downhole and
surface gages within two depths of burial which constrain the spall zone.
Solid circles represent vertical accelerometer records that show characteristic
-1 g dwell indicative of spall. Solid and heavy dashed lines are bounds on the
depth of the spall zone.
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Figure 19: Moment rate (Mij) and moment (Mij) tensors from an inversion of
the Coalora observational data.
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or bedding planes in the geological material surrounding the explosion. For
such a deviatoric source model the shear wave (T) spectrum can be
interpreted in terms of moment, stress drop, fault radius, and average slip.
Application of this model to the Coalora transverse spectral data (Figure 8 and
Table 1a) results in the source properties given in Table 2. Corner frequency
decreases with increasing range beyond about 1 km (Figure 12). Since the
Brune model interpretation assumes the spectral corner frequency is
characteristic of the source, data within 1 km of the explosion were used in
the deviatoric source analysis. Source radii estimated from these data range
from 110-144 m (124 m mean, 885 standard deviation of the mean -s.d.m).
Stress drops varied from 47-149 bars (89 bars mean, 34 s.d.m). Average
displacements on the fault were 18-56 an (33 cm mean, 12 s.d.m). Source
displacements calculated from the radiated wavefield are similar in size to
displacements on faults and bedding planes found upon re-entering tunnels
surrounding nuclear explosions at Rainier Mesa (Kennedy, 1984).

Using Coalora shot medium properties, equivalent elastic radii for a 1 and 10
kt explosion were calculated to be 133 m and 202 m respectively. The average
deviatoric source radius from this study, 124 m, falls inside the equivalent
elastic radii. Bache et al (1979) studied regional records (131-368 km) from the
nuclear explosions Mighty Epic and Diablo Hawk at Rainier Mesa, NTS to
constrain block motions. They estimated deviatoric moments for the two
shots to be 1.3x10%1 dyne-an and 2.6x10%1 dyne-am respectively. Since corner
frequendes could not be unambiguously determined by Bache et al. (1979),
trade-offs existed for the range of possible source parameters. Source radii
between 168-385 m coupled with displacemer:ts between 11-46 an and stress
drops of 20-120 bars bounded the possibilities. Equivalent elastic radii for the
two events were estimated at 160 m. Deviatoric source radii in Bache's
analysis appear to be larger than elastic radii although these estimates are not
directly obtained from spectral data. Motions along faults and bedding planes
were measured following the Mighty Epic and Diablo Hawk tests
(Kennedy,1984). Fault motions from Mighty Epic were between 0.24 m and
1.68 m at ranges of 74-124 m. The radius which encompasses these
displacements is slightly less than the elastic radius as found for the Coalora
experiment. These displacements represent motions on isolated planes



Station

GM2
GM4
GMs
GM7
GMs8
GM9
GM10
GM11
S1

S3

S5

S7

S8
S11

Range
(m)

274
365
389
612
614
612
307
495
850
900
1670
1640
1700
2100

Table 2: Brune Model

Radius  Stress Drop
(m) (bars)

127 76

131 87

123 100

110 66

123 49

123 149

123 124

117 120

123 70

144 47

149 62

144 51

144 87

172 54

1

" Displacement
(cm)

29
34
37
21
18
56
46
42
26
20
28
22
38
28




-

which when summed would yield the Coalora near-source transverse
observations.
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Waveform Modeling and Inversion

Synthetic Green's functions for Yucca Flats around the Coalora explosion
were developed so that waveform modeling for source determination could
be completed. Geological and geophysical structure data utilized in these
calculations were presented in the experimental section. The velodity-depth
model is given in Figure 14. A linear velodity gradient in the top 0.3 km is
followed by a jump in the P and S velodity at the vitrified tuffs. A slight jump
in P velocity at the water table (500 m) is followed by a positive velocity
gradient to the Paleozoics where another large step in velodity is recorded. A
simple attenuation model was assumed with QP equal to 100 and Qs equal to
44. Although important, little information exists for constraining shear wave
velocities. Poisson's ratio was taken as 0.25. Synthetics were calculated
utilizing the extended reflectivity methodology (Muller, 1985) so that the
effects of both body and surface waves could be included. Green's functions

for a pure explosion source are displayed in Figure 15 along with sbservations
at 411/850 m (solid line-radial, dotted line-vertical).

Rather than attempt a trial and error waveform matching procedure, Green's
functions were used in a constrained inversion of observational data. The
first trial assumed that the waveforms could be modeled with just an

isotropic source. In this case the only unknown is the source strength and its
time/frequency function:

where Un are the radial and vertical motions, Gnk K are the Green's
i4
functions of the isotropic source, Mkk are the absolute source strength, and

T(f) is the source spectral shape. In the constrained inversions the source
strength (M) and shape (T(f)) are determined by matrix inversion given a
set of Green's functions (Gag k) and observational data (Uy). This procedure
can be applied to single or multiple source observations. Figure 16 is the
resulting source spectrum and time functions from application of this
procedure to one set of vertical and radial waveforms (transverse unfit
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Figure 14: Velocity model developed for Coalora explosion in Yucca Flats.
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0.549 km

0.850 km

COMPARISON OF ISOTROPIC SOURCE
SYNTHETICS AND OBSERVED VELOGITY

OBSERVATIONS

0

Figure 15: Isotropic Green's functions for velocity model in Figure 16 and
selected observations in the 411-850 m range. Radial components are
designated by solid lines while vertical components are dotted lines.
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because of isotropic assumption) from the Coalora explosion at a range of 411

m. Isotropic moments determined by this procedure for all single station data

between 411 and 2100 m are given in Figure 17. The mean isotropic moment

estimate is 6.9x10%0 dyne-cm, smaller than the scalar source estimates since

Green's functions used in the inversion focus more energy to the free surface

than the simple propagation path corrections used in scalar source

interpretation. Although the constrained isotropic moments have a factor of ?
4 scatter, they indicate no systetnatic increase or decrease in moment with
range. This result indicates that propagation path effects within this range
were properly taken into account in a relative way.

These constrained inversions may be biased if spall or deviatoric source
contributions are important. Full moment tensor inversions were conducted
to assess these secondary source contributions:

In this case all six elements of the moment tensor, Mj; are determined at each

frequency value given the matrix of Green's functions, Gm-,,', and the

observational data, Uy, in the frequency domain. The observations within 2

km of the explosion working point were used in these inversions, a total of T
eleven, three-component observations. The basis for this data choice was

discussed earlier.

Summary of one source inversion is given in Figure 18, where observed and
calculated vertical, radial, and transverse velocity records are reproduced.
One measure of the adequacy of the source inversion is how well the
resulting source predicts the observations. Correlation coefficients for
individual records range from 0.71 to 0.94. Transverse motion= are as well
modeled as vertical and radial components.

A second criteria in judging the inversions is the size of the condition
number (ratio of largest to smallest eigenvalue) of the Gp;j matrix as a
function of frequency. These values give a measure of resolution of model
parameters by the data. The condition numbers are between 10 and 20 across
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the entire frequency band for the array. Experience with synthetic inversions
with realistic noise indicate that these values are more than acceptable.

The time derivative of the moment tensor and its integral for the Coalora
source inversion are given in Figure 19. The source is dominated by diagonal
elements of the moment tensor. The initial pulse is symmetric and is
followed by a secondary long period contribution, largest on the M4
component, the vertical dipole. This secondary source found on the diagonal
elements of the moment tensor is consistent with the spall forward model
discussed earlier. As Day and McLaughlin (1991) show, the moment tensor
representation of the spall source function is proportional to the doubly
integrated body force representation of spall scaled by a2/h, where a is the P
velocity (1.9 km/s) and h is the source depth (27411) assumed in the moment
tensor inversions. The integral of the body foice spall model developed
earlier (7.15x10!4 dyne-s) can be compared to the strength of the secondary
long period arrival on the M;; component of the moment rate tensor in
Figure 19. The source strength of this secondary pulse from the moment
tensor inversion is 1.7x102! dyne-cm/s which compares to the forward spall
model estimate of 9.4x1020 dyne-am/s. The spall forward model assumed the
lower bound of spall mass (1.2 - 4.4x1010 kg)so with an intermediate mass
estimate the forward model from the spall zo.ie data and the inverse model
from moment tensor inversion would be in very close agreement for spall
source strength. The secondary spall pulse in Figure 19 is 1.5 s in duration
which is a factor of two longer than the forward spall model. This increased
duration may reflect the approximate way in which spall spatial finiteness is
taken into account in the forward model.

Off-diagunal elements of the moment tensor are a factor of 5-10 smaller than
the diagonal elements supporting the small deviatoric scalar moments
deternined earlier. Separation of the deviatoric components of the moment
tensor is complicated by the apparent spall contribution. No attempt was
made at further analysis of the deviatoric component.
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The peak in the diagonal elements of the moment tensor is 7.9x1020 dyne-cm.

This moment estimate compares with the mean scalar value of 1.95x10%! and
the average constrained value of 6.9x1020,
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Implications

The Coalora experiment offered the opportunity to constrain important
source processes contributing to near-source ground motion from a nuclear
explosion. Data identified important contributions from the isotropic source,
spall, and other deviatoric sources. The instrumental array included gages
from within the spall zonz out to ranges comparable to the scale of the major
geological feature, Yucca Flats. Detailed site characterization data from
throughout the valley were available for constrairing propagation path
effects. At ranges of 2 km or less the waveforms were simple with distinct
difference: between the radial/vertical (R/Z) and transverse (T) motions. As
propagation distance increased, all three components of motion (RTZ)
became similar in appearance in both the time and frequency domains. At 5.1
km range ground motions had durations in excess of 20 s with similar corner
frequences and long period levels for all (RTZ) components. Three
dimensional wave propagation calculations for the site indicate that the
Yucca Flats two and three dimensional structure become important at ranges
beyond 2 km. Strong similarity in spectra and long duration of motion at 5.1
km are attributed to attenuation and scattering effects within the basin
underlying Yucca Flats. Effects of attenuation on the deviatoric source can be
seen as a decrease in apparent corner frequency for transverse spectra with
range. Source studies were constrained to data within 2100 m of the source.
Use of more distunt data could result in a biased source estimate at Yucca
Flats.

The isotropic part of the source dominates moment tencor inversions with a
total source strength near 8 x 1020 dyne-cm. Observed isotropic corner
frequencies (1.8 Hz) fall within the bounds of plausible values predicted by a
Mueller-Murphy source model (1 kt - 2.5 Hz; 10 kt - 1.7 Hz). High frequency
decay of £2 is observed also in support of the Mueller-Murphy source model.
Scalar source estimates from observed spectra are approximately 2.5 times
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larger than complete mcment tensor estimates. This difference is attributable
to the different way the two estimates treat downgoing energy and surface
waves with the scalar moments being biased high. The multiplicative error
factor for the scalar isotropic moment was 1.36 representative of the spatial
variabiiity of the seismic energy at these near-source distances.

The deviatoric source has higher corner frequendes although the absolute
moment is 5-10 times smaller than the isotropic. Simple Brune type models
lead to an equivalent source radius of 124 m which is slightly smaller than
the elastic radius, a moderate stress drop of 89 bars, and an average
displacement of 33 cm. The source radius and average slip are comparable to
observations in the tunnels of Rainier Mesa following explosions. These
near-source observations when not dominated by attenuation or scattering
effects give a consistent characterization of the deviatoric source contribution.
In the case of data from Yucca Flats these estimates may become biased when
data beyond 2 km are used because of scattering and attenuation effects.

Forward calculations of the size of the spall contribution are comparable to a
late time, longer period arrival seen in the moment tensor. This source
contribution is dominant on the M, component and agrees with similar
results for chemical explosions (Stump, 1987). The spall source strength
determined from forward models constrained by spall zone data and moment
tensor inversions are consistant with one another. The duration of the spall
contribution from the inversions is longer than that determined by the
forward model and may reflect the approximate way in which source
finiteness is taken into account. The fact that the spall source function is
delayed in ime and longer period in duration than the spherically symmetric
explosion function means that it could lead to a biased estimate of the
explosion source time function if not taken into account. Its close proximity
in time to the explosion time function means that it could be interpreted as
overshoot in the source time function. Isotropic source deconvolutions of

the Coalora data (Figure 16) do indicate significant overshoot in the source
time function.

Constrained isotropic source inversions offer opportunity for single station
explosion source estimates. Applying this procedure to data spanning a wide
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range of distances, we illustrated that there is no trend in moment (with
respect to data scatter) over the range, 549 - 2200m. This observation argues
that attenuation has been properly taken into account over these distances.

The Coalora experiment ‘llustrates the importance of combining motion
measurements from within the source region (spall zone) and outside it so
that a complete unambiguous picture of the equivalent seismic source can be
interpreted. Such studies could provide the basis for developing physically
supported scaling relations for each of the individual source contributions.
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SUMMARY

A series of controlled seismic experiments perfonned in a limestone quarry demonstrate
the utility of high precision electronic detonators in studying source characteristics of multiple
explosive arrays. At near-source ranges (§0~130 m), where source dimensions are on the same
order as source-receiver distances, the influence of the difference in travel path length among |
individual explosions on the seismograms is significant. Focusing of the seismic energy is
observed as a function of station location with respect to the source array and is attributed to the

extended source length (68-94 m) and firing time of the source (380~544 ms).

We examine two methods for modeling ripple-fired explosions at near-source ranges

'using the principles of superpositioning. The first method is based primarily on acquisition of an

adequate single shot signal and requires well—constrained shot times. Amplitude variations
which result from travel path differences are not modeled, which restricts use of this technique for
pgrposcs of blast vibration reduction to larger distances (>2-3 source dimensions) where the
spatial finiteness effects of the source begin to diminish. For near-source distances (< 2 source
dimensions), we successfully model multiple~source seismograms by convolving a synthetic
seismic source signal fof a single explosion with individual half-space Green's functions
calculated for each explosion in the array. Our single-source model for a cylindrically-shaped
siﬁglc charge (borehole length of 17.5 m and diameter of 90 mm) of 68 kg consisfs of a modified
Mueller—Murphy approximation which utilizes source parameter estimates taken from chemical
explosion study results. Model parameters include a final cavity radius of 0.25 m and an elastic

radius of 18 m. The final model is obtained by convolving the simulated single—source time series
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with half-space Green's functions calculated for several source depths and superposed to

spproximate the spatial extent of the borehole. The relative amplitude and phase characteristics

of the observed single—-source signal at the same distance (80.6 m) are reproduced by this mode.

Multiple-source synthetic seismograms contain individual Green’s functions for each
source~receiver distance but utilize identical sources for the explosiye array. Focusing effectsare -
shown tc be due to the effect of propagation path differences between individual explosions in.
agreement with the results of Anderson and Stump (1989) in simulating multiple-source
seismograms. Good fits to the measured production shot amplitude spcc;ra are obtained with the
synthetic spectra. Spectrai peaks are well matched due to precision of the firing times which were
controlled by electronic detonators. Our example of delay time variances for 32 ms production
shot (Appendix) argues for better constraint of firing times for controlled seismic experiments.

Such constraint requires a 1% erxor or less in cap firing times which can be realized by the use of

firing systems with an order of magnitude increase in precision compared to pyrotechnic

detonators.

INTRODUCTION

The present study focuses on the generation and propagationr of seismic waves from
multiple explosion arrays. We analyze scmnﬁc data collected from three production biasts and a
single explosion in a limestone quarry to assess the influence of an explosive source extended in
space and time on the seismic wavefield. We also explore the efficacy of ’anar superpositioning

techniques and equivaient source models for chemical explosions.
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Previously, seismological studies of ripple-fired explosions were limited and dispers |
somewhat unevenly in the literature. Interest in recent years has increased mainly due to the
necessity of discriminating large commercial blasts from small nuclear explosions. Several
recent studies have addressed the discrimination problem at regional distances (Baumgardt and

Ziegler, 1988; Hedlin et al, 1989; and Su et al, 1991), although in most cases with limited

knowledge of or constraints on the seismic source used in deriving the proposed discriminants.

Smith (1989) examined spectral characteristics of multiple~delay, multiple~row explosions and
identified a significant tradeoff between attenuation due to scattering and source characteristics

at regional distances.

Anderson and Stump (1989) present results of modeling near-source seismograms

‘recorded from multiple-row, multiple~delay production shots in a granite quamy in

Massach;xscns. Individual Green’s functions for each source~receiver distance in the array were
calculated and convolved with 2 simulated singls—source. Extended source time duration
(temporal finiteness) and propagation path differences due to extended source spatial dimensions
(spatial finiteness) were well reproduced despite alimited knowledge of the actual firing times or
constraints for the single—source model. Hinzen (1988) used superpositioning with weighted
amplitudes to model a series of five explosions fired in a single row. The recorded seismograms
from a single explosion fired separately from the row shot but located next to the multiple array
were used for the superpositioning. By using an in situ single shot, the seismic response of the
individual sources and extended time duration of the multiple explosions were well modeled,
although amplitude differences due propagation path differences from the extended source

dimensions were not reproduced. It was thought that amplitude variations could be attributed to
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coupling differences between individual charges. Some studies have indicated that nonlinear,
dynamic source effects may be observable in the elastic region (Minster and Day, 1986).
Huwever, experimental confirmation of superpositioning for two charges fired simultaneously
with spatial separations of different lengths (Stump and Reinke, 1988) argues against dynami-.

interaction of the sources being observable in far~field seismic data.

As noted by Hinzen (1988), knowledge of the exact firing times is essential to any study of
ripple~fired explosions. The data in the present study are unique in that firing times are controlled
with electronic detonators. ’i'he electronic firing system reduces scatter in firiag times and allows
precise measurement of actual detonation times. This provides us the opportunity to test and
compare observed production shot seismograms to time series calculated from two

| superpositioning methods: (1) empirical superpositioning with an in situ single shot, and

1

(2) linear superpositioning with calculated source and travel path functions.

Additionally, the single shot data provides constraints on our single-source model. As
discussed by Herrmann et al (1989), there is a need for refinement of source models for
small-yield chemical explosions. We examine the Mueller-Murphy (Mueller and Murphy,
1971) source model with parameter estimation adjusted for our quarry explosions. Scaling of
source parameters for small chcmi.cal explosiuns at depth using the Mueller-Murphy model is
explored in detail by Grant (1988) using both a forward modeling approach and moment tensor
inversions. We pay particular attention in the synthetic calculations to modeling the single
explosion in the forward case and thereby extend the work of Anderson and Stump (1989) in

modeling the temporal and spatial finiteness of the multiple explosion seismograms.
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DESCRIPTION OF EXPERIMENTS

Blast Design

The experiments consisted of three multiple explosion§ (production shots) and one in situ
single shot fired in a limestone quarry in northern Italy. Figure 1 shows the plan of the quarry
bench and shot locations for three production shots (SV13, SV15 and SVI6) and the single shot
(SV14) examined in the present study. Each production shot was fired in a single row at
neighboring parts of the 15 mhighwall. The firing direction for each production siiot is indicated
by the arrows in front of the highwall in Figure 1. The single shot, SV14 was also located on the
quarty bench and recorded at simular distances to the production shot experiments. Shot SV13
produced 14.4 kilotons (kt) of material with a total charge weight of 1.26 tons (t) of explosives,

SVIS produced 16.0 kt with 1.35 t, and SVI6 produced 20.7 kt with 1.75 1.

The single shot, SVI4, consisted of 68 kg of explosives including 11 kg of high energy
explosives in the bottom of the hole and 57 kg of ammonium nitrate fuel o (ANFO). The
explosives were initiated from the top of the hole. The charges wers stemmed with 3 m of drill
cuttings. The borehole was drilled at an inclination of 30” to the vertical with a borehole leng:h of
17.5 m, diameter of 90 mm, and burden of S m. Loading of the boreholes for the production shots
was identical to the single shut for mest but not all cases. Forexample, 16 outof 20 holes for SVIS
were loaded as described for SVI4. The other four holes contained high energy mixtures in the
middle of the charge column instead of at the bottom. However, total charge weights per hoie
were kept constant at 68 kg for ali production shots considered here. A crosscut view of the

typical borehole is shown in Figure 2 in addition to a plan view of SVI15 and SVi5. The 20
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boreholes for SVIS had spacing and burden of 4 m and 5 m, respectively, for atotal array length of
76 m. A constant delay time of 20 ms was used which gives a total desired firing time of 380 ms.
Actual shot tines for SVIS were not recorded. For the 26-hole array, SVI§, borehole spacing and
burden were the same as for SVIS except for holes 22-26 where the quarry wall tums. Delay
intervals for SVI6 altenated between 18 and 27 ms for a total desired firing time of 540 ms
(Figure 2). Actual shottimes recorded for SVI6 (Table 1) vary from desired firing times by values
ranging from 0.02% to 1.5%. Shot times for SV13 (not shown in Figure 2), with 18 holes (burden
and spacing at 4 and 5 m, respectively) and a constant 32 ms delay (544 ms total desired firing
time), were also recorded with a maximum deviation from desired times of 1.4%. This small

variation between desired and actual firing times was achieved by the use of electronic

detonators.

Seismic Station | . | D \ cquisiti

Station locations for each production shot formed a stretched semicircle around the row of
explosions. The distance betwecq each of these stations and the closest borehole was 30 m.
Stations A through E, as shown in Figure 1, are considered in this study. Station A was located
80 m behind the last borehole (hole 18) of SYI3 (measured perpendicular to the explosive array),
while stations B and C were positioned 80 m behind the first and last boreholes of SV15,
respectively . Station D was located 80 m behind the first borehole of SV16, and station E was
positioned 80.6 m distance from the single shot, SVI4. Each station consisted of a
three-component 4.5 Hz geophone with 62% critical damping. All stations were calibiuted with
a shaking table. Signals were digitally recorded with a central recording system utilizing 64
channels. The data were sampled at the rate of 15.625K samples per second with a dynamic range
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of 12 bits including polariry. Length of the recorded signal was 1 s for the production shot and

s for the single shot experiment. The recording system is described in derail by Hinzen (198%),

Eiring System

The production shots were initiated by a computer driven electronic firing system. This
system offers a maximum of 60 time steps of which 18, 20, and 26 have beenused in SV13,SVIS,
and SV16. The detonators contain an integrated circuit which interacts with the blast computer.
Each detonator is programmed at the factory for one of the possible time steps. In the field, the
time length of the delay step is preset at the blast computer to values between 1 and 100 ms. This
preset delay time multiplied by the time step of the detonator gives the absolute firing time. By
dropping time steps in the row of the detonators, unequal delay time intervals, as were used for

"SVI16, can be realized. A detailed description of the firing system is given by Hinzen et al (1987).
EXPERIMENTAL DATA

Figure 3 shows velocity seismograms from stations A~D for the SVI3, SVIS, and SVI6.
The x and y components are the two perpendicular horizontal components where the x direction is
parallel to the explosive array (Figure 1). The z component is vertical. All seismograms are
normalized to maximurn trace amplitudes, indicated in mm/s at the end of each seismogram. The
firing direction for SVI5 and SV16 recedes from stations B and D and for SVI3 and SVI5 comes

closer to stations A and C (Figure 1).

The time duration of the seismic record is proportional to the total duration of the sources.
Duration of the seismograms is approximately 1.2-1.3 times the total firing time at stations B and
D and 1.3-1.4 for stations A and C. Except for the initial compressive wave pulse, individual
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signal characteristics of a single source are obscured in the multiple source seismograms. The
most notable feature is the constructive and destructive interference of seismic energy as seenin
the seismograms due to the multiple explosions. Seismic energy peaks in the beginning of the
seismogram for stations B and D and at the end for stations A and C. This is clear from the
cumulative seismic trace energy, shown below each set of station seismograms (Figure 3). The
dashed lines connect the first arrival of seismic energy with the point where 98% of the total

energy per trace is reached. Cumulative trace energy at time I-At is measured by the quantity

Ecum:

Ecum (D) = 33 Vi (1)

i =l jml

where Vj; is ground velocity inmmy/s. The index i runs from | to the total number of samples and j

represents the two horizontal and one vert.ica.l components of the recording. If a constant amount
of seismic energy arrives as a function of time, the cumulative energy would follow the dashed
lines. The convex curvature of the cumulative energy for stations B and D illustrates that the
energy amriving from SVIS5 and SVI6, respectively, is greater at the beginning and decreases
gradually as the shot detonation moves farther away from the station with time. The ¢nergy curve
forms a concave shape for statioﬁs A and C, where the arriving energy increases with time as the
detonating charges progress closer to the stations.

SUPERPOSITIONING
Empirical Model Caleulati

Our first approach is to reproduce the production shot seismograms in the time domain

using the hybrid modeling technique of Hinzen (1988). This empirical modeling method consists
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of linear superpositioning of an observed single-source seismogram with appropriate delay times
to reproduce a multiple shot seismogram. This method is frequently utilized to reduce ground
vibrations due to blasting (Crenwelege, 1991; Hinzen and Reamer, 1991). Propagation effects
and source properties are contained in the recorded signal from a single explosion used to
synthesize production blasts at the same or a nearby location. The optimal synthetic production
blast signal is calculated by varying firing time s;qucnccs until seismic vibrations are adequately
reduced (usually in the frequency range between § and 20 Hz). The method requires precise
knowledge of the firing times. Linear interaction of seismic waves from neighboring explosions
and identical seismic source functions are assumed. Since the single shot contains only the
propagation effects along a single source-receiver path, differences in propagation due to the
actual path are not modeled directly; however, differences in path length are included by the
.addition of an assumed compressional wave travel time. In the tine domain, this can be

expressed as a series of convolutions given by:

n
Vixt) = S(x't') ® Gx,t;x,t") ® X a; 8(t-t;) 2)
i=]
where, V(x.t) =  particle velocity
Gix,t; x" t"®S(x't") = representation of measured sersmic signal
X =  spatial coordinates of station
x’ = spatial coordinates of source
a3 = weighted amplitudes
t = delay and travel times, and
n = total number of explosions.

For this experiment, the measured single-source seismogram at station E (inset in Figure 4)
isconvolved with atime--delayed sequence of unit impulses. Each time delay includes firing time

of the shot and travel time (with an assumed P-wave velocity of 4.5 kim/s) from source toreceiver.
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The impulse series simulates the temporal extent of the multiple~source array. Results of the
linear superpositioning for station B of SV15 and station A of SVI3 (Figure 4) show that total
source duration is well matched by the linearly superposed seismograms. However, simple linear
superpositioning, as shown in the upper traces in Figure 4, does not adequately reproduce the
amplitudes observed in the measured data. Variations in amplitude can be modeled directly only
if the firing times are well known, as is the case for this experiment. Individual amplitude values
from the observations are modeled by weighting the amplitudes of the linearly~superposed
seismograms at the appropriate delay times to agrée with the amplitudes of the observed multiple
source event (weighting factors are determined directly from the measured production shot
seismograms). The resulting velocity seismograms (bottom traces in Figure 4) match the
observational data quite well dernonstrating the effectiveness of this superpositioning technique
if shot times are well constrained. This technique can be a useful tool for blast vibration
reductions; however, the method does not provide us with any physical understanding of the
mechanism for interference effects observed ki the production shot sc'ismograms. As noted by
others (Smith, 1989; Anderson and Stump, 1989), spatial finiteness of the production shot array
and temporal finiteness due to time dc!ay blasting combine to produce a seismogram extended in
time (proportional to total source firing time) and exhibiting characteristics of destructive and
constructive wave interference. The rest of this paper will be devoted to understanding the nature

of these interference effects, as observed at near-source distances.
hegretical Model Calculation:

We attribute the observed amplitude variations in the production shot seismograms to
differences in propagation path among individual explosions in the array. Our primary
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motivation is to quan@ the contributions to the multiple shot seismograms from the seismic
source and propagation path. We therefore simulate the production shot signals using a forward
modeling approach. We calculate individual Green's functions for each shot of the array
following the method of Anderson and Stump (1989). Each Green's function is convolved with a
single—source time function and linearly superposed with the appropriate delay times to

reproduce the multiple shot seismograms. This modeling approach is represented by:

n

VXt = Z Sxut) ® G(x,t;xt) ® 8(t-t;) 3)
i=1

where,V(x,t) = seismic particle velocity

Gi(x,t;x4,t') = individual Green's functions
S(xy,t’) = single-source model
X = spatial coordinates of station
Xy = spatial coordinates of sources
t; = delay times, and
n = the total number of explosions.

As in the empirical modeling approach, each individual shot of the multiple array is

assumed to have an identical source function. An elastic half-space with a compressional wave

. velocity £ 4.5 km/s is assumed for the Green'’s function as a first—order approximation to the
quarry stnucture estimated from average P-wave arrival times for tne measured data. Density is

assumed tc be 2600 kg/m3, areasonable value for the competent limestone inthis area. Individual

Green’s functions are calculated using the method of Johnson (1974) for each source-receiver

distance in ‘he array configuration. Figure 5 shows radizl and vertical component Green'’s

functions convolved with the single—source mods! calculated for station D. The details of the

single source model calculations will be fully discus+ed in the next section. Here we only wish to

illustrate that the change in Green’s function from the first to last explosion is not dramatic
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(Figure 5), but is significant when considered in addition to the delay times between shots. The
source—receiver distance increases from 80 to 126.7 m between the first and last explosion in the
SVI6 array (26 holes). P and SV-Rayleigh waves are clearly separated at these distances. The
amplitude ratio of P to SV—Raylcigh peaks is 0.22 and 0.18 for the vertical and 0.78 and 0.72 for

the radial component at the shortest and largest distance, respectively.

The single source is estimated from a parametric seismic model for explosions originally
derived for simulating the seismic response of contained nuclear explosions (Mueller and
Murphy, 1971). The model proceeds at the "boundary” between elastic and non—¢lastic response
in a continuum to the application of a spherically—-symmetric pressure function. The utility of the

model, whose basic principles were first derived by Sharpe (1942), resides in the

- parameterization of the solution in terms of "measurable characteristics” and including the effect

of source depth (Mueller and Murphy, 1971). Stump (1985) and Grant (1988) have successfully
used this method to model small chemical explosions (114.6 and 2.3 kg) at depth in alluvium.
Details of the mathematical derivations of the semi-analytical model will not be reproduced here
as they are well documented m the literature (Mueller and Murphy, 1971; Stump, 1985; Grant,
1988). Calculation of the model in the frequency domain is given by the following equation,

rej ¢ p(w)
Y(w) = @

4 (0,2 - Pe? + 10,0)

where, Y(w) = far-field displacement potential (units of volume)
rgq = elastic radius
¢ = compressional wave velocity
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i = shearmodulus

€
(]

angular frequency
@, = theoretical comer frequency
B = A+2u)dp (A, p are Lame's constants)
p(w)

frequency domain pressure function.

The pressure function as specified as in Stump (1985) and in Mueller and Murphy (1971)
represents a step pulse in time with an exponential decay and is parameterized by peak prcssurc,.
static pressure, and a decay constant (proportional to w,). Estimation of the model parameters
elastic radius, peak pressure and static pressure bears further discussion. Grant (1988) narrows
the acceptable parameter range by imposing constraints on the material properties, particularly
the shear wave velocity. However, in the present study, we have a limited knowledge of the
material properties in our area, and we must constrain the range of reasonable values for the

‘pressure function and elastic radius parameters using a different approach.

Static pressures are calculated according to the proportionality relation from Mueller and

Murphy (1971) for competent rock,

e \3
=4 <
Po = 4p3p (5) )
where, P; = static pressure
it = shear modulus
ro = final cavity radius
feg = elastic radius.

Explicit in this calculation are the paramneters for final cavity radius and elastic radius. We

attempt to determine reasonable constraints for these values in our model calculations by using

results from other chemical explosion studies.
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First we consider that cavity radius for chemical explosions scales differently than for
nuclear explosions. Grant (1988) scaled cavity radius for 2.27 kg explosions by altering the
medium-~dependent proportionality constant (k) relating cavity radius (r) in meters to yield (YY)

in kilotons and depth of burial (h) in meters given by :

o=k o —om o (6)

Using reasonable values for compressional velocity (4.5 kmy/s), density (2600 kg/m3), and shear
modulus (7.8 x 1019 N/m?) for the limestone in the quarry, and a proportionality constant, k, of 25
derived using arelation foxf nuclear explosions (Mueller and Murphy, 1971), equation (4) predicts
cavity radius values for the 68 kg single explosion in our study of between 1.4 to 1.2 m (between 3
. and 17.5 m depth). However, based on both theoretical and experimental studies of chemical
explosioqs in various media, most predictions for cavity radius are from 2 to 12 times the original
borehole radius (Chiappetta et al, 1987) producing a range of values between 0.1 and 0.6 meters

for an initial cavity radius of 0.05 m.

Elastic radius is often but not always defined as the "boundary” around the explosion
beyond which the material behaves elastically (Mueller and Murphy, 1971; Sharpe, 1942). For
chemical explosions, it can also be related to the region of fracture growth and damage to the
material surrounding the borehole (Kutter and Fairhurst, 1971) and is a more transitional
measure. There cxist’many published relationships between explosive yield and elastic
radius/damage zones (e.g., Atchison and Toumay, 1959; D’Andrea 2t al, 1970; Siskind and
Fumanti, 1974) for chemical explosions in hard rock from studies which sample small explosive

yields (0.002 to 4 kg). The range of elastic radii predicted by these relations falls between 0.5 and
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5.3 m for the single 68 kg char; ¢ in this study. Another frequently used estimator for elastic
radius is the transition zone observed in amplitude decay rates as a function of scaled range.
Using the decay rate curves for nuclear explosions in hard rock, the range of scaled elastic radius
predicted for 68 kg is between 4 and 8 m (Perret and Bass, 1975). Based on peak velocity
amplitude decay rates for chemical explosions (mainly production blasts) in hard rock, an initial
estimate for the elastic radius is between 16-18 m (Ambraseys and Hendron, 1968).

Interestingly, this measure coincides with the length of the borehole (17.5 m).

One possible interpretation of the variability in predicted elastic radius values is that a
cylindrically-shaped charge scales differently than a charge of spherical shape, elastic radius
being constrained by the length of the borehole in the cylindrical case. This is supported

" experimentally by the different scaling relationships for spherical and cylindrical charges
necessary for determining the radius of damage for explosions in plexiglass and hard rock (Kutter
and Fairhurst, 1971). Many Bureau of Mines studies were also carried cut with cylindrical
charges. Nicholls and Duvall (1966) present results which support a volumetric rather than
charge weight relationship to the damage zone. Siskind and Fumanti (1974) also allude to a "rule |

of thumb” relation of between 1 and 2 times the length of the charge column.

When values for cavity radius obtained from the nuclear explosion relations are substituted
in equation (5), static pressures are 1-2 orders of magnitude greater than peak pressures
calculated from the overburden relation given by Mueller and Murphy (1971),

P, = 1.5 pgh. )
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where, Pp = peak pressure
p = density
g = acceleration due to gravity
h = overburden depth.

Reasonable static pressure values are obtained from equation (§) using cavity radius values
(0.1-0.6 m) based on the chemical explosion study results. We depend on the results of the model

calculations to better constrain the elastic radius values.

A suite of theoretical sources in the frequency domain are first calculated using
equation (4), differentiated, Fourier synthesized, and finally convolved with the calculated
Green’s function at 80 m to produce velocity seismograms. Reasonable approximations to the
observed single source seismogram at station E are obtained by varying cavity radius from 0.05 to

' 0.3 m (16 times the borehole radius) and elastic radius from 10-20 m. As a first approximation,
the source functions are calculated assuming an overburden depth of 8 m and a Green'’s function

depth of 8 m (near the middle of the borehole).

Two criteria used in adjusting the modél parameters are peak amplitude, as measured in the
time domain, and comer f;'cqﬁency, as measurad from the velocity spectra. While not the only
criteria used in the model selection, these two measures are important because they can be
directly estimated from and compared between the observed and calculated seismograms.
. Comer frequency is inversely proportional to elastic radius (Mueller and Murphy, 1971) and is
used as a constraint on this model parameter. We estimate corner frequency directly from the data
by finding the change in slope at the peak spectral amplitude level. This is consistent with a
parametric spectral model for explosions which postulates a static long-period displacement
amplitude below the comer frequency and a high frequency spectral decay above the comer
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(Reamer and Stump, 1992). We feel that the comer frequencies estimated in this way ur=

consistent to within +2 Hz.

The second criterium, peak amplitude, is a more delicate parameter to adjust. As shown in
equation 5, as cavity radius increases and elastic radius remains constant, static pressure increases
(and overshoot decreases). Peak amplitude also increases as the source time function receives a
bigger contribution from the static pressure while peak pressure remains the same. In the
frequency domain, the effect is an increascd long-period amplitude level (proportonal to the
increase in static pressure). Retumning again to equation §, if elastic radius increases and cavity
radius remains constant, static pressure decreases (and overshoot increases). In this case, the
source time function peak amplitudes are increased due to the increased overshoot. In our first

| series of tests, we experiment with combinations of elastic and cavity radius values to determine
their cffcclzt on peak amplitude and comer frequency in the resulting time series (Table 2). We
conclude that differences between calculated and observed peak amplitudes and comer
frequencies are too large, even though synthetic waveforms and spectral shapes are in fair

agreement with the observations.

For the second series of tests, refinement of model parameters is necessary. If elastic radius
and cavity radius are kept constant (constant static pressure ), peak amplitude can still be adjusted
by varying the overburden depth, thereby adjusting the peak pressure (equation 7). Since the
boreholes were stemmed 'with drill curtings from the surface to 3 m depth and the charges were
initiated from the top of the charge column, an overburden of 3 m seems a logical choice.
However, after scme experimentation, we found that an overburdan depth of 5 m produced better
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peak amplirude results. A physical justification for this result may be found by reviewing the
explosive process. A detonation or shock front formns behind the explosive reaction as it
propagates through the borehole, and a (measurable) detonation pressure builds directly behind

the detonation front. For cylindrical explosions, peak borehole pressure can be expressed as a

percentage of the explosive detonation pressure although variations can be quite high for ANFO

(30-70%) (Chiappetta et al, 1987). A partial explanation for the difference in explosive versus
borehole pressure may be that some of the explosive (shock) energy is channeled into fracturing

the quarry face, thefcby decreasing the effective source strength.

The cylindrical shape of the charge column (14.5 m length) also creates a dilemma for the
Green'’s function calculations which require a single source depth. After testing several source
" depths, we obtain the best results for the single-shot seismograms by linearly superposing the
Green'’s functions at different depins. Individual Green's functions arc calculated at depths of 3,
5,7,9,11,13,15and 17 m. A downhole detonation velocity of 4300 my/s is assumed, giving atctal
detonation time of 3 ms from the top to the bottom of the hole. Inour second set of tests, selected
source models are convolved with the Green's functions and linearly superposed with the
appropriate downhole detonation time. The seismic moment of the synthetic source is
"distributed” over the source depths by normalizing the linearly-superposed seismogram by the
number of source depths (8) used in the superpositioning. Table 3 gives parameters and results of
the second set of models using the superposed Green's functions. Variations in peak amplitude
and corner frequency are small compared to the first model tests. Based on comparison to the
peak amplitude and comer frequency estimated from the observed seismogram at station E (top

traces in Figure 6), as well as some other criteria (discussion follows). we chose a "best fit” model
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fromthis series of tests (indicated in bold in Table 3) with a final cavity radius of 0.25 m (5.0 times

the original borehole radius of 0.05 m) and an elastic radius of 18 m (Figure 6).

The radial and vertical component observed seismograms at station E (Figure 6) consist
mainly of a compressional wave pulse (15 ms period) followed by the SV-Rayleigh wave
(2025 ms dominant period). The major phases and relative peak amplitudes between radial and
vertical components are well modeled by the synthetics (bottom traces in Figure 6). Rato of
vertical to radial peak amplitudes is 1.05 for the observed seismograms and 1.09 for the
synthetics. For the radial observed seismograms, the peak amplitude of the Rayleigh wave is
slightly larger than the P~wave pulse due to the exiended source depth. We are able to match this

relative amplitude only by using the superposed (downhole) Green's functions.

Misfit between the calculated and observed vertical seismograms is seen in the first
downw:rd swing of the P wave cycle followed by a phase slightly smaller in amplitude. On the
hodogam plots (shown at right in Figure 6), it is clear that this phase is oriented at approximately
90° 1.y the primary P wave pulse and probably represents the initial SV pulse arriving from the
source. The phase can be seenon the particle motion plot of the abserved datato be slightly open,
possibly due to the arrival of the free face tensile reflection (at approximately 2 ms) which would
have the effect of deepening the first downward swing of the P wave phase on the n iial
component. Inatrue cylindrical source model, both P and SV energy are generated at the source
(Heelan, 1953); however, we are only approximating a cylindrical source with the superposed,
half space Green's functions and so are unable to adcquatcly' reproduce either the relative

amplitudes between the P and SV phases or the quarry face reflection.

148



Choice of our final ﬁmdcl is also constrained by the spectral response of the measured data.
However, the low frequency spectral response (below the comer frequency) is primarily
controlled by the cavity radius (Grant, 1988), and our final parameter adjustments were made to
match both the low frequency response and the corner frcqucxii:y (controlled by elasiic radius) of
the observations. High frequency response is automatically controlled by our choice of source
function and is the same for all model calculations. Figure 7 compares amplitude spectra of the
observed and synthetic seismograms. The spectral shape and amplitudes are in good agreement
from the comer frequencies at 40 Hz (vertical) and 45 Hz (radial) to the hi.gh frequency limit at
400 Hz. The synthetic seismograms from our final model give the best fit to the observations at
and below the comer frequency for both components. The radial component of the synthetic data
contains less Jow frequency energy between 6 and 35 Hz than the observed data (maximum factor
of four amplitude difference at 28 Hz). Between 10 and 30 Hz, the vertical observed amplitudes

are almost a factor of two times higher than the synthetics.
Multigle=S Synthetic Sei , Calculati

For the explosion source model utilized in the present study, we calculate only two
components of motion, radial and vertical. The observed data were recorded as three—component
seismograms and contain a considerable amount of transverse energy. In addition, the production
shot seismograms, which are oriented as shown in Figure 2, cannot be rotated into a true "radial”
or "transverse” direction due to the spatial extent of the source array. Therefore, it should be noted
for the superpositioning results that follow, a basic difference exists in that for each Green's
function+source convolution, the orientation is radial with respect to the source whereas in the

cbservations, only the borehole closest to the station is recorded in the radial sense. We refer to
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the y component of the observed production shot seismograms as the "equivalent” of the radia,

component.

For shot SV16, we calculated eight Green's functions at the different depths (the same as for
the single shot model) for each source-receiver distance in the array (a total of 208 Green's |
functions). For each component at each distance, the Green's functions are first convolved with
our source model (pararmeters given in Table 2) and then linearly superposed with the assumed
downhole detonation time. Then the synthetic seismograms for each source—receiver location
are superposed with the actual delay times recorded for SVI6. The results for the radial and
vertical components of station D are shown in Figure 10. Scismograms; are all plotted relfative to
the same scale. The first 0.16 s of the observed radial seismogram contains 18 ms delay intervals

’complicatcd by the fact that the firing order for the first four shots was not linear sequential
(Figure ’.;). This first 0.16 s wave packet is distinct in both the observed and synthetic
seismograms from the next 0.32 s where the delay intervals alternate between 18 and 27 ms. The
last five shots (on the seismograms from 0.50-0.64 s) also alternate between 18 and 27 ms delays,
but the holes were located 5 m perpendicular discance (y direction) farther from the station in
addition to the increasing horizontal separation. The additional distance manifests in the

observed and synthetic seismograms as a reduced-amplitude wave packet.

For comparison, at the top of Figure 8 we show the superposed, measured single shot
(SMSS) signal for SVI6 using the seismograrn from SVI4 measured at station E. Note that
although the first 0.16 s wave packet can be observed in the SIVSS, the focusing effect seen inthe
observed and synthetic seismograms is a5t reproduced here. For the vertical component, the

150



attenuation of amplitudes in the observed seismogram is more pronounced than in the synthetic
although the interference effects of all three wave packets are qualitatively reproduced. Again,
focusing effacts are not reproduced by the SMSS. The ratio of peak radial to peak vertical

amplitudes for the measured data is 1.1, for the synthetics 1.4, and 1.4 for the SMSS signal.

Superpositioning results are shown for the vertical component of stations B and C for shot
SVI5 in Figure 9. Since we did not have a single shot signal located on the same quarry wall as
SVIS, we used the SVI4 single shot source model for the synthetics and 'the SMSS. We gbtained
the best results for the synthetics by convolving the single-source model with the Green’s

functions at 11 m depth for each source~receiver distance, rather than using the Green’s functions

~at all depths. This result may be attributable to propagation path differe.ces at the different

benches; it can be seen from Figure 1 that the two shots are located on benchzs perpendicular to
each other. Slight differences in the source model due to inhomogeneities ir: the source region
differences in source coupling also cannot be ruled out. Amplitudes are plotted to the same scale
for all seismograms except the station C measured seismogram. Due to high=r noise levels, this
signal was low-pass filtered to 200 Hz. Also, we utilize only desired firing times with constant
delay intervals of 20 ms for the superpositioning, since actual firing times were not recorded.
Firing direction is away from station B and towards station C; the focusing effect of firing
direction is seen in both the measured and synthetic seismograms. Peak amplitudes for station B
agree well for the vertical component although, as for station D of SVI6, relative amplitudes are
not accurately reproduced. Atstation C, the seismogram shape of the synthetic signal compares
well to the measured data even though absolute ampiitudes do not agree.
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Better results could be obtained with a more detailed propagation path model; however, for
a first—order approximation, the half-space assumption works surprisingly well. Reusonable
comparisons are obtained for SV1i5 and SVIG for two main reasons: (1) good similarity of the
seismmic source function between the measured single shot and the individual explosions of the
multiple array, and (2) accuracy of the delay times which, inthe case of SVIS, allows ustouse the
desired firing times in our superpositioning model. We illustrate this last point by examining a
spectral domain equivalent representation of our multiple—source seismograms given by (after

Blair, 1988):

A(f) = S(f){[élai cos(2m t )] 2 * [Za; sin(2m t;£)] 2 }m ®)

where, A(f) = amplitude spectral values

S(f) = source function (constant for each shot)
amplitude weighting term (different for each shot)
ti = delay time

2
[

n = the total number of explosions
f = frequency.

We introduce this representation to-illustrate the temporal variations as observed in the
velocity spectra due to time delay blasting. Peaks in the spectra correspond to the harmonic
frequencies associated with each delay and occur in multiples up to the Nyquist frequency.
Spectral smearing occurs due to slight changes in the source-receiver distances (propagation
path effect) which also enhances high—frequency damping of the amplitudes (Smith, 1989).
Measured and superposed spectra of the vertical component of staticn B (SVIS) and the radial
component of station D (SVI6) (Figure 10) exhibit the scalloping pattem associated with the

delay time firing pattern. For SVI5, the first peak at 50 Hz corresponding to the constant 20 ms
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delay interval is quite clear for the measured, synthetic and SMSS spectra. Peaks at 100, 150, 200,
250 and 300 Hz are all observable in the measured data although the peak at 150 Hz is split. The
harmonics due to ripple~firing dominate the production shot spectra so that source spectral

characteristics of the individual explosions cannot be easily discerned.

For SVI6, the firing pattern is complicated because of altemnating 18 and 27 ms delays. In
addition, the first four shots were not fired in the row order causing slight shifts in the
source~receiver offsets in addition to the 18 ms delays. What is seen in both the measured and
superposed spéctra is asmall first peak at 22 Hz corresponding to a 45 ms delay time, which is just
the sum of the two alternating delays. A second smaller peak at 34 Hz corresponds to the first
27 ms harmonic. The second harmonic of the combincd delay times is at 44 Hz followed by the

“first harmonic of the 18 ms delay at 56 Hz. The higher order harmonics of the combined delay can
be picked to about 200 Hz in the synthetic and SMSS although the peaks are smeared in the

measured data. Higher order harmonics of the 18 and 27 ms delays, although present, cannot be

discerned in the measured spectra.

DISCUSSION

We have successfully modeled the temporal and spatial variations due to ripyle—-f'ued
explosions as measured in seismic data acquired at near-source ranges. The single-source model
was calculated using the analytic Mueller—-Murphy (1971) explosion model with parameters
constrained by results from cnemical explosion studies. We tested models for a single cylindrical
charge of 68 kg ANFO in limestone with borehole length of 17.5 m and diameter of 90 mm

measured at 80 m distance by varying cavity radius between 0.05 and 0.3 m and elastic radius
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between 10 and 20 m. ‘fhc best—fit model is obtained with a final cavity radius of 0.25 in, ar.
elastic radius of 18 m, and an overburden depth for the peak pressure function of 5 m. In orderto
match relative amplitudes between the P and Rayleigh wave phases of the observed data, it is
necessary to linearly superpose the seismic response of Green's functions calculated at different

depths to simulate the spatial extent (14.5 m) of the cylindrical source.

As shown here, temporal and spatial finiteness effects of ripple-fired blasting at 80 m
distance are well modeled with linear superpositioning using a calculated source and Green’s
functions when constraints can be imposed on both the propagation medium and the seismic
source models. However, even in the near—source region (80 m), the method requires accurate
firing times (1% or less error). Ithas yetto be conclusively shown that ripple—fire effects of blasts
. with small delay times (< 40 ms) can provide a consistent, singular discrimination criterium for
quarry blasts at regional distances, especially when one considers that the effects of blasting cap
finng time inaccuracies (see Appendix) are convolved with artenuation and local site effects.
More work is needed with explosions employing both large and small delay times in controlled
experimental settings to gain a better\understanding of the interaction of propagation effects and

delay time variations at near-regional and regional distances.
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APPENDIX

CAP SCATTER AND SEISMIC SPECTRAL RESPONSE

The combination of attenuation mechanisms and firing-time scatter can obscure the
spectral harmonics associated with ripple firing. Smith (1989) observed no spectral signature at
regional distances for small-delay (17 ms) overburden blasts. Spectral harmonics at regional
distances can also originate due to propagaiion effects, either at the source or che receiver
(Suteau—-Henson and Bache, 1988; Hedlin et al, 1989). We want to isolate one element affecting
the spectral modulation, cap scatter effects. Cap scatter is here defined as a percentage of the
desired firing time and represents the deviation between desired and actual firing time. Firing

time deviation has the same effect as spatial finiteness of the explosive anay, namely, smearing of

- the spectral modulation pattern. Modification of equation (8) to include a random variation in

delay times results in:

n n 12
A = S(B{ [Ela; cos(2n(t; +1;) £)]2 * [iz’.'.lai sin2n(t; + 1) £)] 2} (AL
where, 1, = noise value for each delay time.

Scatter in the delay times is not a simple noise term added to the seismic data but is inherent to the
time series and corresponding amplitude spectra.  Pattern recognition methods such as
homomorphic deconvolution cannot, therefore, ""see” the regular scalloping pattem produced by

ripple-fired blasting if the delay time variations become too large.

* To quantify the influence of cap scatter on the seismic spectra, we have calculated a unit
amplitude impulse series representing the desired firing sequence observed at station B for SVI3
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(32 ms delay). Geological structure in this case is assumed to be homogeneous and isotropic with
travel times between individual charges and the seismic station added to the delay times with an
assumed compressional wave speed of 4.5 kiny/s. The impulse response series and corresponding
amplitude spectra for SVI3 is shown in the bottom trace of F igd}c Al. The spectra of the impulse
series for the exact times show the first peak at 31.25 Hz, corresponding to the inverse of the delay

times (32 ms) and higher harmonics occurring at multiples of the fundamental frequency.

Cap scatter is added to the desired firing times using normally distributed random values
with maximum variance levels of 1%, 2%, 4% and 6% of the desired firing times (Figure Al).
The increasing amount of cap scatter disturbs the scalloping pattern of the spectra. With 1% delay
time variations, the maximum possible deviation between desired and actual firing time is +0.32
.ms for time step 1 and +5.44 ms for time step 17. Even at this low no.isc level, the regular
scalloping structure of the spectra is smeared for frequencies higher than 100 Hz. With 2%
maximum cap scatter, only the first peak at 7..25 can be clearly correlated with the spectrum for
exact firing times. For poisc levels of */% and 6%, the ripple stmicture is completely destroyed.
Troughs appear at frequencies where peaks are observed in the spectra for exact firing times. For
example, alarge spectral peak appears at the 1%, 2%, and 4% noise level at about 20 Hz. Asthese
results indicate, even a small value of 1% noise added to the firing times disturbs the spectral
modulation from the single-row production shots. Usually cap manufacturers do not give
detailed information about the scatter of cap firing times. Some studies have shown that average
cap scatter values of 4% are fairly representative (Blair, 1988) and variances as high as 20% of the

desired firing times can be realized (Reamer et al, 1989). -
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Table 1. Comparison of Desired and Actual F iring Times for SVI6

Time Desired Firing Actual Firing Percent
St Time (ms) Time (ms) Dit

0 0 0.0 0.0
1 18 17.73 . 1.5
2 36 35.84 04
3 34 54.02 0.0
4 72 71.87 0.2
5 90 89.98 0.0
6 117 116.93 0.0
7 135 134.85 0.1
8 162 162.30 02
9 180 180.45 0.2
10 207 207.55 03
11 25 225.73 0.3
12 252 252.86 03
13 270 270.91 0.3
14 297 291.79 0.3
15 315 315.58 0.2
16 342 342.78 0.2
17 360 360.62 0.2
18 387 387.90 0.2
19 405 406.40 0.3
20 432 43290 0.2
21 450 451.20 0.3
22 477 476.91 0.0
23 495 495.08 0.0
24 522 317.50 09
25 540 536.05 0.7
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FIGURE CAPTIONS

Figure 1. Three production shots, SVI3 and SVI5 and SVI6, were fired at neighboring parts of
the 15 m highwall of the quarry. Single shot SVI4 (open circle) was located close to the 21st
borehole of the SVI6 array. There were 18, 20 and 26 individual explosions for shots SVI3, SVIS
and SVI6, respectively. Seismic stations A~E as shown here were located on the quarry bench.
Station A corresponds to SV13; stations B and C correspond to SVIJ; station D corresponds to
SVI6; and station E corresponds to SVI4.

Figure2. Theplanviews for SVI5and SVI6 are shown inthe upper part of the figure. A constant
delay time of 20 ms was chosen for SVIS. Delay times for SVI6 altemated between 18 and 27
ms. Spacing and burden were 4 and 5 m, respectively for both SVI5 and SVI6 for total array
lengths of 76 and 94 m. Burden and spacing for the last five boreholes of the SVI6 shots are
irregular as the array turns a "comer” of the highwall. The crosscut view at the bottom of the
figure shows the typical hole loading, borehole inclination of 30 degrees to the vertical, borehole
length of 17.5 m, and diameter of 90 ram for the production shots and the single shot, SVI4.

Figure 3. Measured three—component velocity seismograms are plotted at the top of the figure
for firing direction away from the station (Station B of SVIS and station D of SVI6).

-Seismograms from stations C (SVIS) and station A (SVI3) are plotted in the lower part of the

figure and represent the signal recorded from firing in a direction toward the seismic station. The
two perpendicular horizontal components are x and y, where x is parallel to the explosive array;
z is the vertical component. Seismograms are normalized to the maximum, given in mmy/s at the
end of each trace. Curves pfottcd below the seismograms are the normalized cumulative seismic
trace energy. The straight dashed lines connect the first arrivals with the 98% energy level.

Figure 4. Vertical component velocity seismograms of shot SVI3 (right) and SVI5 (left) at
station A and B, respectively. The upper traces (a) consist of the linearly superposed single-shot
signal from shot SVI4 with a time—delayed series of unit amplitudes. The middle traces (b) are
the recorded seismograms from the production shots. The lower traces (c) are the weighted
amplitude results. Weighting factors are estimated .lirectly from measured production shot
amplitudes at the cumulative delay times. The measured single-shot signal is shown as inset (d)
at the same time scale as the production shots.

Figure 5. Half space Green's functions from eight depths convolved with the single source time
function and linearly superposed with a total of 3 ms downhole detonation time were calculated
for travel paths from SV16 to station D. The distance increases from 80 to 126.7 m from the first
to the 26th hole. Every second time series is plotted here. The sections on the left and right are

the vertical and radial components, respectively with amplitudes plotted respective to the
maximum in mm/s (scale shown).
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Fi-ure 6. Measured (a) and calculated (b) seismograms of the single shot, SVI4 at 80.6 m
diseance (station E). The radial and vertical seismograms on the left and right side, respectively,
are: plotted to the same scale, given at left, and the maximum amplitudes are plotted above each
tra.e. Hodograms in the radial/vertical plane are shown at the right of the figure.

Figuie 7. Velocity spectra of the measured (at station E) (thick lines) and calculated (thin lines)
singls shot signal, SVI4. Spectral amplitudes in mmy/s/Hz are shown. Both measured and
calcuiated signals are filtered with a low—pass, 2 pole Butterworth filter at 400 Hz.

Figure 8. Superpositioning results are shown for the vertical and radial component seismograms
from EVI6 at station D. The upper traces (a) are the superposed measured single shot (SMES)
sigrals (SVI4). The middle traces (b) are the observed production shot seismograms. The lower
traces (c) are obtained by convolving the source time function with the Green’s functions
calculated for each shot-receiver distance and linearly superposing the resulting seisnograms
with alternating 18 and 27 ms delay times.

Figure 9. Superpositioning results are shown for the vertical component seismograms from
SVI5 at stations B and C. The upper traces (a) are the superposed measured single shot (SMSS)
signals (SVI4). The middle traces (b) are the observed production shot seismograms. The lower

_traces (c) are obtained by convolving the source time function with the Green’s functions

calculated for each shot-receiver distance and linearly superposing the resulting seismograms
with altemating 20 ms delay times.

Figure 10. The spectral amplitudes of the vertical component at station B for SVIS (left) and
radial component at station D for SVI6 (right) are plotted in the middle of the figure for the
measured production shot seismograms. Spectra of the corresponding calculated, superposed
seismograms and the SMSS signals are given in the upper and lower traces, respectively, and are
shifted upwaids by two decades for easier viewing.

Figure Al. The unit impulses on the lower right of the figure are superposed and delayed in time
by 32 ms including the delays for travel times for compressicnal waves (4.5 km/s) in a whole
space. In the upper four traces, nommally—distributed random numbers are added to the firing
times with maximum variance levels from 1% to 6% of the desired firing times. The
corresponding amplitude spectra are plotted in the left diagram on a log-log scale from 5 to
400 Hz. All amplitudes are normalized to the maximum.
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Los Alamos

Los Alamos National Laboraicry
Los Alamos, New Mexico 87545

April 10, 1992

Dear Recipient:

Enclosed is a report enditled "Physical models of spall zone ground motons and the
determination of spatial decay rates" by B.W. Stump and T.A. Weaver prepared for the
Source Region Program at Los Alamos National Laboratory. The report discusses results
from a preliminary study designed to document relationships between physical processes in
the spall zone around explosions and the radiated seismic waves. This is important for
developing realistic spall models that can be used to predict effects on far-field verification
signals. A simple physical mode! for spall is proposed the includes free-field attenuation
(decay) of the wavefield coupled with free-surface interactions. The model suggests that
spall data should be plotted against free-surface range and interpreted in terms of two decay
rates. The decay of dara at close rangss (out to about 100 m/kt!/3) is controlled by free-
surface effects while data beyond is dominated by the free-field interaction. It is illustrated
that decay rates (used in quantificaton of spall momentum) can be biased if an improper
physical model is used. The work contained in the report was funded by the Source
Region Program at the Los Alamos Nadonal Laboratory for the DOE Office of Arms
Control and Nonproliferadon and DARPA, F19628-89-K-0025, as monitored by the
Phillips Laboratory. This report is being distributed to researchers at the DOE laboratories
and other government agenries and universides.




ABSTRACT

Spall, the tensile failure of near-surface layers, which is observed above
contained explosions, has been identified as a possible secondary seismic
source contributing to teleseismic and regional signals. The relative
importance of this secondary source can be constrained it the motion field in
the spall zone is characterized. Spall zone motions from nuclear explosions
detonated above the water table at Pahute Mesa are analyzed to develop these
models. Acceleration, velocity, displacement, and dwell time measurements are
made from gauges placed direcily above the explosion, most often at the free
surface. Decay of peak motions are strongly affected by the free surface with
little change in amplitude out to a free surface range of 100 m/kt!/3 followed
by rapid decay beyond. Free surface interactions are assessed with first-order
elastic spherical wave calculations that match observed peak velocity decays.
These results indicate that the spall zone motions may be strongly affected by
the scaled depth of burial of the explosion. Spall zone velocities, displacements
and dwell times are compared for consistency with a gravitational model. The
data is in agreement with the functional form of theoretical models although
observed displacements may be as much as a factor of two to four greater than
the model predicts for observed velocities and dwell times. These differences
may reflect the continuous nature of the spall process and/or the role of
material strength in these phenomena.
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