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ABSTRACT
Schooner, a nuclear cratering detonation, provides experimental
verificatien of scaiing theory which shows that so far as genera-
tion of seismic motions is concerned, a cratering detonation can
be considered as a cqntained detohation buried at a relatively

shallow depth.

Comparison of the seismic.data obseryed froﬁ Schooner and
other cratering and contained detonations at NeQada Test Site
shows several basic differences ie.éhe characferistics of tﬁe
ground motion. The shallew depth of burial of the cratering
detonation causes fhe seismic energy efficieney to be significantly
diminished relative to that of ae equivalent yield contained det—
onetion. The spectral composifion of the ground motion generated
by a cratering detonation is characterized by a lowei amplitude
levei and a shift to the low freduency’end of the spectrum, The
gerieral deficiency of high frequencies causes the peak vector
particle velocities and accelerations to be lower than mean values
prediefed on the basis of experience with equivalent yield con-
tained detonations.A The peak Qector particle velocity correlates
almost exclusively with the surface wave mode time window for
cratering detonations. '~ The level of peak vector particle accelera—

tion and velocity recorded from a cratering detonation at instrument

-viii-




siteS'IOCated on alluvium is significantly reduced, relative to
that of equivalent yield contained detonations, as a consequence
of the lower seismic ‘energy efficiency and the reduced high fre-

quénCy‘spectral composition.

The Schooner detonation provides data which will be useful
in the prediction and analysis of future nuclear.cratering det-

onations.

-ix-



CHAPTER 1

INTRODUCT ION

1.1 GENERAL BACKGROUND

As parf of the confidﬁiné Plowshare Progr;m, Projeét Schoéner
was a nﬁcleaf crate;ing.experiménf coﬂducted by theé Atomic Energy
Commissioﬁ to develop excavation technology ‘through peaceful uses
.oflnuclear explosives. Extension of this technology iS‘essentiai
'fo the.planhingﬁof such proposed nuclear excévation as a sea level
canal acfoss the American'Iéthmus. Five previous cratering eveﬁts
at the Nevada Test Site (see Figure 1-1) ‘are listéd in chronologi-
cal ordet.below, along with‘a brief description of their respéc—
five environments.

e Danny Boy took place in the basalt baprock forming Buck-

board Mesa, Area 18, NTS

'@ Sedan was a relatively large-yield event in the thick
alluvium of Yucca Flat, Area 10, NTS-

S Palanquin was detonated in a rhyolitic flow on Pahute
Mesa, Area 20, NTS ‘ : :

e Cabriolet was about 3,000 feet from Palanquln and shared
the same environment

e Buggy I was a row-charge event féaturing 5 simultaneous
and equally spaced detonatlons in the basalt caprock of
Chukar Mesa, Area 30, NTIS'
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Figure 1-1.

Area Map of Nevada Test Site Showing'the Location of
Schooner Relative to Five Other Nuclear Cratering’
Detonations and Four Nuclear Contained Detonations
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Other nuclear and high explosive cratering experiments
have been conducted, but because of their specialized nature,

‘they are not incorporated‘in this study.

1.2 SCHOONER EVENT-ENVIRONMENT AND TECHNICAL DATA

The Schooner experimeht consisted of the detonation of 5
mihimum-fission nuclear‘device with a yield of 31+4 kilotons.
The explosion took place at a depth of 355 feet in a 1ayered.tuf-
facéous médiumvof Area 20, Nevéda Test Site, on December»S,A1968;
‘at 0800:00.149.6 (PST), 1600:00;149.6 (GMT). The emplacement
hole was U20uiaf geodetic coordinates:

Longitude W 116°33' 57.1419"
Latitude N 37°20' 36.3187"

and Nevada State Coordinates (Central Zone):

‘N 944,010,009
E 529,300.50

In thié'érea of Pahute Mesa{ relativgly flat-iying ash-flow
tuffs of Tertiary age crop out at the'surface and-displayla thick-
ness greater than 450 feet at the Séhdoner site; The surface
topography is relativeiy flat with surface ground zero at an
elevation 6fA5562;4 feet MSL. The nearest faglt occurs about
l2,bOO feet from the qrater° The water table is at a depth of
épp:oximately 1,300 feet in Pahute Mesa drill hole No. 2
(Figﬁre 1-2) Whiqh;is located some 860 feet northwest of fhe

Schooner site.
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Site, Pahute Mesa, Nevada



The crater resulting from the Schooner experiment was char-

acterized by the following dimensions and volumes (Tewes, 1969):

1)

2)

.3)

4)

5)

6)

-

Maximum depth of apparent

- Radius of apparent‘crater (R

a)

crater (Da)....,ﬁ.,......;...

Average apparent crater lip

CreSt helght (Hal)n..u.o.-occ

‘Radius of apparent lip crest

(Rg])eeececscoceecssonsnannanns

Radius of outer boundary of

continuous ejecta (Rgp)ecees.

Lip volume, apparent (Val)..o.

Crater volume, apparent (Va),,

.. 129.8 moters ,.426_.'ft‘.‘
.o 63.4 meters - A208.ft.
ee 13,4 meters - 44vft.
.. i47.é meters ' 483 ft,

539 meterSyf 1768 ft.

. 2,099,000 cubic meters

2,745,330 cubic yards

1,745,000 cubic meters

2,282,870 cubic yards

1.3 RESPONSIBILITY OF ERC IN PROJECT SCHOONER

Environmental Research Corporation, under contract to the

Nevada Operations Office of the U. S. Atomic Energy Commission,

is responsible to the Office of Effects Evaluation for providing

ground motion evaluations of selected nuclear events. Our re-

sponsibility in Project Schooner was to pfovide the Office of

Effects Evaluation with the following:

1. An instrumentation plan designéd to document ground
motions, utilizing available instruments.



2. Predictions of dground motion at each proposed instrument
station for instrument calibration. :

3. Processed seismic data (corrected seismograms, Band-Pass
Filter (BPF) spectra, etc.).

4. Post-shot analysis of Schooner seismic data to determine
relationship to predictions and data from other crater-
ing experiments. '

1.4 OBJECTIVES OF THIS REPORT

The objectives of this report are summarized as follows:

e To determine the amplitude and frequency characteristics
of ground motion from the cratering event Schooner.

° To relate these results to the development of reliable
techniques for predicting the ground motions fromcratering
events,utilizingtheoreticalandempiricalscalingconcepts.

Analyses relatéd to these objectives are presenﬁed in detail

in the chapters which follow. Chabtef 2 contains descripfions

of the instrumentation employed for the Schooner experiment and

é discussion of the processed data utilized in the analysis. Peak
' ground motions are discussed in Chapter 3, and are compared with
predicted values ana data from paét ératerihg events. The fre-
quency content of seismic‘Waves from Schooner is investigated and
compared with seismic data from the Cabriolet cratering event at
common stations. Theoretical scaling of amplitude-spectra‘to sim;
ulate the effect of depth of burial for cratering and éontained

nuclear detonations is applied and analyzed.



In Chapter 4-the amplitude and frequency.éharacteristics of.
elastic wave types generated by Schooner are determined and com-

pared with similar data from other events.

Reasonable estimates of tﬁe radiated #eiémic energies from
cratering and contained events are determined by procedﬁres set
forth in Chapter 5. Also the seismic efficiency of the Schooner
event is analyzed and compéred with the efficiency dete;mined‘
from contained events. *

The basic conclusions of the various analyses are summarized

in Chapter 6.




CHAPTER 2

DATA ACQUISITION AND PROCESS ING

2.1 INSTRUMENTATION

The instrumentation plan for Schooner was designed with the
following objectives in mind:

1. To obtain seismic data at points of interest .to document

‘ the ground motion characteristics of Schooner.

2. To provide data for direct comparison of Schooner ground
motions with ground motions from other cratering and con-
tained events.

3. To generate a representative seismic data sample to use
for predicting the ground motion characteristics of
future cratering events. '

The U.S. Coast and Geodetic Special Projects Party (USC&GS)
deployed the 17 velocity instruments which recorded the Schooner
event (see Figure 2-1). ©Of these'17 velocity meters, 14 were
L-7's and 3 were NC-21's (King, 1969). These instruméents recorded

three ofthogonal components - of particle velocity on magnetic tape.

Seismic data recorded with the NC-21 velocity meters were
processed and corrected for frequency response by ERC. Only the
data recorded with the NC-21 veloéity meters required a correction:.

for frequency response (Table 2-1 shows the frequency range of
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Table 2-1. FREQUENCY RANGE OF RECORDED GROUND MOTION DATA -

‘ Frequency Range (Hz)
Instrument : Frequency Range (Hz) - of Ground Motion after
Type of Instrument Response - Instrument Correction
Low High Low High
"NC-21 1.0 45% 0.4 45*
L-7%% | 0.1 ’ 34xxx 0.1 Barxx

- *¥Varies with filter setting

T
¥ e .
~y -t . -

*¥No instrumentation correction applied; filtering applied to eliminate noise
outside frequency range of interest

***Limited to 34 Hertz by tape speed




ground motion data recorded by each instrument). Afso, particle
acceleration and displacement seismograms were derived from the

velobity data by differentiation and integration with respect to time.

Locations of the Schooner instrument'stations are shown on.
Figure 2-1 and a summary of station environments, instrument type,

and distances is listed in Table 2-2.

2.2 PEAK VECTOR GROUND MOTIONS

'Peak values of particle accéleration, velocity and displace-
meﬁt were determined for ‘each compbnent; ~In addition, the'peak
value of tﬁe resultant vector was obtained to determine the ab-
solute va1ue of particle_motion recorded at each'station. ‘The
resultant vector magnitude is caléulated by analyzing simultane-
ousiy the‘th;eebcomponenfs of motion as”a function of time. The-
pe ak resultant vector'is the largest instantaneous valuéAof‘the
square root of the sum of the squares of the amplitudes of the

three components.

PM(t) = VZp(12 + Ry (12 + T (1)2
where
PM = peak résultant vector
va(t) = value of vertical Compénent
Rp‘t).= value of radial component
Tp(t) ; value of tr;nsverse‘component



TABLE 2-2.

SUMMARY OF SCHOONER INSTRUMENT STATIONS

YIELDING RECORDS PROCESSED BY ERC

Station. Abé::i?::;on Eﬁi;:;i;Znt Inii;:?ent szjg:;e

: _ _(km)
Area 12 Camp 2. Hard Rock ‘L—f .39.3
Beatty BHR Hard Rock L-7 51.2
Beatty #2 BAL Alluviﬁm L-7 51.7
ETS-2 ET2 Alluvium L-7 161.1
E -MAD E-MAD Alluvium L7 63.9
cP-1 © CP-1 Hard Rock L-7 64.4
NRDS Admin. Bldg. NRD Alluviu@ L-7 67.6
Tonopah Church TCH Hard Rock NC-21 99.4
Tonopah Motel TMT Alluvium | NC-21 99.2
Indian Springs ° SE-2 Thin Alluvium L-7 . 119.3
Alamo ALA Alluvium L-7 124.0
Alamo AHR Hard Rock L-7 124.0
Squires Park SQP AlTuvium L-7 .181.8
SE-6 SE-6 Alluvium L-7, NC-21  187.3
Frenchman Mountain 462 Hara Rock L-7 | 189.7
Kingman, Arizona KAR Hard Rock L-7 340.0




The reéorded peak values of each of the three components
of velocity ana tﬁé peak particle velbcity’Qector are tabulafed
in Tables 2-3 and 2-4 for alluvium and hard rock statioﬁs respec-
tively. Afrival times and the period of the peak particle velocity
are élso_given in these tables. Values of the,derived peak\vector
particlé éccelei;tioﬁs,and displacements are given in Tables é-s

“and 2-6. The symbol notation used in the tables is as follows:

Instruments

L-7 Mark Products Velocity Meter

NC-21 National Geophysical Company Velocity Meter

ComEonents

Z = vertical
R = radial
T = transverse

V = resultant vector

Peak Arrival Times
Arrival times are from shot time except when givenvin paren-

theses which indicates time after first motion.



TABLE 2-3.

PEAK SURFACE VELOCITY RECORDED AT STATIONS ON

ALLUVIUM
FIRST PEAK TIME
STATION/ . COMPONENT DISTANCE - ARRIVAL VELOCITY OF PERIOD
INSTRUMENT (km) TIME (cm/sec) PEAK (sec)
: (sec) ] (sec)
Beatty z 51.7 9.95. 4.06x10-2 33.95 1.10
(L-7) R 9.95 6.03x10'§ 48.27 1.56
T . 9.95 3.58x107° 29.98 1.45
\Y © 6.84x10"2 48.33 --
\ETS-2 z 61.1 11.55 4.96x1072 26.23 1.55
(L-7) R 11.55 5.32x10"2 25.08  0.66
T 11.55 7.61x1072 42.12 1.70
v ' 8.14x1072 42.13 --
E-MAD z 1 63.9  12.65  4.55x10"2 49.48.  1.45
- (L-7) R 12.65 4.76x10"2 29.20 1.28
T 12.65 6.97x10"2  50.17 1.92
\ 8.37x10"2 45.35 --
NRDS z 67:5 13.35 5.88x1072 53.88 1.45
_Adm. Bldg. R 13.35 1.01x10"~ 29.23 0.82
(L-7) T 13.35 6t85x10'i 29.00 0.73
\ 1.05x10"% 29.28 --
Tonopah z 99.2 . 9.68x1073 (47.22) 1.77
Motel R -- 1.47x10"2 (15.24) 0.53
(NC-21) T -- 2.14x1072 (19.79). . 0.53
» v 2.30x107° (19.86) --
Alamo z 124.0  22.65 1.22%10"2 23.85  0.70
(L-7) R 22.65 2.26x10"2 58,13 0.82
T 22.65 2.57x1072 43.43 0.65
Y 3.28x10"2 41.20 = --
Squires z 181.8 - 33.05 1.64x10-2 77.25. 1.12
Park R "~ 33.05 3.00x10~§ 63.95 2.42
(L-7) T 33.05 4.32x107% 64.99 1.74
: v 4.34x10"2 65.07 --
SE-6 z 187.3 -- 2.64x1072 (92.58) 1.42
(L-7) N/S -- 5.59x1072 (64.08) . 2.15
E/W -- 5.10x10"2 (34.08) 1.15
Y 7.02x1072 (40.90) -
SE-6 z 187.3 - 1.16x1072 (39.12) 1.73
(NC-21) N/S ‘ -- -- -- -
E/W - 2.05x1072 (33.90) 1.33
v 2.16x10°° (33.95) -
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TABLE 2-4. PEAK SURFACE VELOCITY RECORDED AT STATIONS ON
. . : HARD ROCK .
. FIRST PEAK TIME
STATION/  COMPONENT DISTANCE ARRIVAL VELOCITY OF ©°  PERIOD.
. INSTRUMENT (km) TIME (cm/sec) PEAK (sec)
' (sec) (sec) '
2 z 39.3 10.35  3.33x10-2 51.12 1.48
(L-7) R : 10.35 4.54x10°2 33,81 1.75
' T 10.35  3.80x1072 26.02 1.48
' 5.06x1072- 32.80 --
Beatty z 51.2 -- 3.19x1072 (38.02) 1.63
(L-7) R -- 4.30x1072 (37.48) 1.60
T -- 2.95x1072 (34.57) 1.43.
\Y 4.72x1072 (37.47) --
cP-1 oz . 64.4 - 14.31 2.57x10"2 36.94  .1.30
(L-7) R 14.31  3.61x1072 43.96 1.53
T 14.31 3.81x1072 46.05  2.47
v 4.51x1072  46.06 -
Tonopah z 99.4 -- 1.10x1072 (48.15) 2.15
Church R -- 1.38x1072 (15.23) 0.75
(NC-21) -. T -- 2.04x10-2 (19.80) 0.58
: Y 2.13x107% (19.83) --
SE-2 'z 119.3 20.75. 8.17x10"3 22.29 0.56
(L-7) R 20.75 1.07x1072 75.27 1.70
T 20.75 °9.03x1073 46.02 0.87
v . 1.14x10°2 75.29 --
Alamo z 124.0 22.95 1.50x10-2 23.78 0.76
" (L-7) R 22.95 2.03x1072 41 .20 1.22
T 22.95 2.35x1072 56.35 1.18
\% 2.49%x10°2 55.66 - --
462 z 189.7 31.85 5.25x1073 66.26 1.44
(L-7) R 31.85 3.50x1073 66.46 1.33
T 31.85 6.00x10"3 63.46 1.08
\Y 6.88x10"3 63.55 --
Kingman z 340.0 57.65 1.93x10"3 137.52 3.07
(Arizona) R 57.65 1.39x1073 128.88 1.95
(L-7) T 57.65  1.26x107> 110.72  1.27
v 2 -




TABLE 2-5. DERIVED PEAK ACCELERATION AND DISPLACEMENT
AT STATIONS ON HARD ROCK '

STATION/ "COMPONENT ___ DISTANCE PEAK PEAK
INSTRUMENT - (km) ACCELERATION (g) DISPLACEMENT (cm)
2 z 39.3" - 8.88x107>
(L-7) R -- 1.48x10'§

T - 7.92x10"
v 1.83x10°2
Beatty z 51.2 -- 8.21x10">
(L-7) R -- ’ 1.11x10'§
T - 7.24x10"
v - 1.21x10"
-4 -3
CP-1 z 64.4 1.05x107% 6.86x10"
(L-7) R 1.30x107% 9.62x1073
T 1.27x107% 1.40x107>
v 1.47x10" 1.56x10
Tonopah z 99.4 9,69x10'i 3.36x10’§
Church R 1.42x10" 2.85x%10"
(NC-21) T 1.78x10::. 3.36x1072
v 1.87%10 4.14x10
SE-2- . z 119.3 1.07x1074 2.15x1073
(L-7) R : 1.10x10"4 3.36x10"§
T 9.31x10" 3.06%x10"
v 1.19%10” 3.61x1073
-4 -3
Al amo z 124..0 1.27x10 2.20x10 7.
(L-7) R 1.56x10"4 3.96x10" >
T 1.81x10"4 5.00x1073
v 2.19x10" 5.97x1073
462 z 18 03 -3
9.7 2.96x10 1.44x10
(L-7) R 2.56x10" 1.06x1073
T 3.28x10" 1.50x1073
v 3.92x10" 1.62x10"

. o ‘ ' -5 ' -4
Kingman, z 340.0 1.24%x10 4.95x10
Arizona R 9.15x107° 4.20x1074
(L-7) T 9.42x10°% 3.75x10"%

: v 1. 7

.80%10°
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TABLE 2-6. DERIVED PEAK ACCELERATION AND DISPLACEMENT
‘AT STATIONS ON ALLUVIUM

STATION/ COMPONENT ___ DISTANCE “PEAK PEAK .
INSTRUMENT | - (km)  ACCELERATION (g) DISPLACEMENT (cm)
Beatty z 51.7 -- 9.05%10"3
(L-7) R | -- 1.56x1072

T -- 8.52x10"3

v . -- 1.72x1072

: -4 -2

ETS-2 z 61.1 5.30x10" 1.25%1077

(L-7) R 6.91x107% 1.23x1075
T 5.41x10" 1.93x10

v 7.61x104 2.16x1072

E-MAD z 63.9 -- 1.08x107°

(L-7) R -- 1.;3x10'§
T -- 1.93x10

v -- 2.18x1072

. 4 _2‘

NRDS z 67.5 4.69x10 1.47x10
Adm. Bldg. R ' 6.83x10~ 4 2.02x10"

(L-7) T 4.79x10" 1.33x1072

v 7.21x107 %/ 2.26x1072

. -4 -3

Tonopah z 99.2 1 41x1Q_4 3.55x10 3
Motel R 2.60x10 2.66x10"

(NC-21) T 2.69x10" 3.60x10'§
‘ \% 2.83x10" 4,22x10°

-4 -3
Alamo z 124.0 1.18x10" 2.40x10

(L-7) R 2.33x1074 5.16x10'§
T 3.20x10" 4.80x10°

v 3.52x10"° 5.64x1o'3

o -4 : -3
Squires z 181.8 1.04x10 3.83x10

Park 'R 1.80x10°4 9.34x10"3

(L-7) . T, 2.13x107% 1.18x1072

\Y 2.20x10 1.19x10°

(Continued on following page)
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TABLE 2-6. DERIVED PEAK ACCELERATION AND DISPLACEMENT
AT STATIONS ON ALLUVIUM

Y

" (Continued)
STATION/ ‘COMPONENT DISTANCE - PEAK PEAK

'INSTRUMENT ' (km) ACCELERATION (g) DISPLACEMENT (cm)

-4 -3

SE-6 z 187.3 1.62x10 6.67x1077

(L-7) . N/S 3.90x10"4 1.69x1072

E/W 2.89x10’4 1.28x10‘2

\Y/ 4.,11x10" 1.72x10"

' v =D -3~
SE-6 z 187.3 5.70x10" 2.44x10
(NC-21)- N/S : -- --

. -4 -3
E/W 1.12x10 5.20x10




2.3 BAND-PASS FILTER SPECTRA

Band-pass filtering of a seismogram is a technique developed
to analyze the peak particle velocity recorded from nuclear events
as a function of frequency. The three components of particle
velocity of a seismogram are individually passed through twelve
narrow band-pass filters to obtain information relating to the
frequency content of the seismic signal. The peak amplitude of
the output from each filter is plotted as a function of the
center frequency of the filter and the points are connected,

giving a continuous curve called the BPF spectrum.

Band-pass filter spectra from the Schooner event are shown
on Figures 2-2 through 2-5. Superpos=d on each graph is the mean
BPF spectrum typically measured at that distance from a contained
NTS event of the yield of Schooner. The mean BPF spectrum shown
is based on frequency, yield and distance dependent regression
equations derived from band-pass filter data observed from 20 under-
ground nuclear detonations at Nevada Test Site. The data sample
contains approximately 2,400 spectral amplitudes over the frequency
range 0.4 = 11.3 Hz. The distance and yield rarniges of the data
are 40 - 200 km and 16 kt (yield of Rex) - 825 kt (yield of Greeley),
respectively. Thus, the BPF spectrum defined by these equations
represents a good approximation of the average spectral composi-

tion observed from contained Nevada Test Site detonations,
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CHAPTER 3

ANALYSIS OF SCHOONER DATA

3.1 PEAK AMPLITUDE DATA

Multiple regression analyses, utilizing a large quantity of
peak amplitude data recorded from 99 contained nuclear events
detonated on the Nevada Test Site, have resulted in statistically
based regression equations (Murphy and Lahoud, 1969). These
équations are currently being used to predict the mean peak re-
sultant vector ground motions expected from nuclear tests. A
corresponding data sample is not yet available for cratering
events. Although only 1limited cratering data are available, it
is now established (Klepinger and Mueller, 1969 and Chapters 4
and 5 of this report) that the amplitude and spectral character-
istics of ground motions from cratering events, as well as seismic

efficiency, are quite different from that of contained events.

In an effort to define these differences, Klepinger and
Mueller (1969) performed a regression analysis on the pe;k ampli-
tude data sample from the Cabriolet, Palanquin, Sedan, and Danny
Boy cratering events. The results of this analysis, and the

analysis for contained events discussed above, are compared with

Schoeoner results on Figures 3-1 through 3-6. These figures show
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Schooner peak resultant vector particle motions recorded at

alluvium and hard rock sites as. a function of station distance.

Superposed on these data points are the predicted values of

peak particle motions made on the basis of the 99 event data sam-

ple and the cratering event data sample. Thevfollowing observa-

tions are made on the basis of these data:

' Schooner peak vector particle motions recorded at both

hard rock and alluvium sites exhibit lower amplitudes
than the particle motions predicted on the basis of
contained events (with the exception of SE-6). This
is consistent with previous experlence (Kleplnger and
Mueller, 1969).

Previous experience (Klepinger and Mueller, 1969)
indicates a tendency for ground motions generated by
cratering events to attenuate faster at hard rock
stations than corresponding ground motions from con-
tained events. However, peak vector particle velocities
from Schooner - (Figure 3-2) appear to decay at about the
same rate predicted on the basis of an equlvalent yield

contained event,

Predictions of peak motion based on equivalent yield:con-
tained events appear to be conservative estimates of the
ground motion levels expected for cratering events. Ad-
ditional cratering event data are required, however, to

establish. a sound statistical and physical basis for pre-

dicting cratering event peak particle ground motions. -

3.2 AMPLITUDE-FREQUENCY DATA

The objectlves of this sectlon are twofold: 1) to examine

the frequency content of the ground motion resulting from craterlng

and contained nuclear detonations in orxrder to determine any sig-

nificant and consistent patterns existing between the two types of




expiosions, and 2) to evaluate the observations within a self-
consistent theory on the scaling of the amplitude spectra of
undergroﬁnd ekplosions. To.accomplisﬁ these objéctives, péram—
eteré influéncing the seismié signals muét be minimized such
that compérisons of the amplitude spectré are effectively com-
parisons‘of the sources. Therefore, it is necessary to eliminate,
as far as possible;‘tiansmission path variables, statioﬁ site

variables, and source media effects.

The contained'nuclear detonations Knickerbocker,-Duryea'and

Rex, were detonated within the immediate locality (10 km) of

Schooner (Figure 1-1). These contained detonations were executed
in rhyolite. Common stations instrumented for these detonations
are given in Table 3-1. Comparisons of BPF at these common

stations for the various events, scaled to the Cabriolet yield
of 2.3 kt, should therefore, indicate any general pattern exist-

ing between cratering and contained shots.

Scaliﬁg of the-Band—Pass Filter (BPF) spectrum, which is an
approximation of the Fourier amplitude spectrum,;is-normally ac -
complished by épplying frequénCy-dependent yieid sééliﬁg‘exponents.
These exponents'are statistically Aerived from a large number of
underground explosions, the major portion of which afe bﬁ£ied at

a set scaled depth of 350 to 450 (scaled depth is the ratio, depth
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TABLE 3-1.

SLANT DISTANCES OF COMMON STATIONS -

EVENT

. STATION . : ~ T — .

: Schooner Cabriolet .Knickerbocker Duryea Rex
SE-6 187.3 km | 182.0 km 175.0 km. 170.0 km | 173.0 km
Alamo 124 .0 km 123.0 km- 120.0 km
Tonopah Church 99,4 km 111.0 km "112.0 km 116.0 km 112.0 km
Tonopah Motel 99.2 km | 111.0 km 112.0 km 116.0 km 112.0 km
CpP-1 64.4 km . 57.0 km

48.0 km




6f burial/cube root of yiéld). Therefore, the empirical scéling
méy be considered, as a fair approximétion,‘to be scaling at a
set scaled depth; although, it haé been found theoretically that
the yield,exponents.aré also yieldAand_depth dependent (Mueller,
1969) Schooner, Knickerbocker,'Duryea and Rex BPF speétra were
scaled to 2.3 kt (Cabriolet yield) by Qse of the statistical ex-
ponents described above. Each spectrum is then appropriately -
lécaled to the Cabriolet depth of bﬁriala. Knickerﬁocker and
Duryea are buried at a normal scaled depth while Rex is slightly

overburied.‘ The depth of burial for Cabriolet is 171 feet.

Comparisons of the BPF spectra from cratering and contained
exploéions (Klepinger and Mueller; 1969 and Figures 2-2 through
2-5) indicate that the 1eve1.and fréquency content are different.
The spectra from the cratering'eventé are generally somewhat
“lower in magnitude and the dominant energy content is shifted‘td
lower frequencies. The observation that the spectra‘are differ-
ent is not an unexpected result,'sinpe ératering and contained
events are explicitly different. Tﬁé fuﬁdamentalkéuestions are
in what respects aré they different and how can this be formulated
into a quanfitative theory. The answérs réquire a consideration.
of the elasfig wave production.mechanism and;the parameters in-

fluencing this mechanism,




A theqry,using‘the solution of a spheriéally symmetric fo;cingA
function acting in'énAinfinite homogeneous mediumAhas been deyeloped
into a gépergl scaling law of the ampyitude spectrum for underground
'explosions (Muellef; 1969). The analytic'development takes

into- account soqrcékparameteré such as medium type and device depth of
Eurial° For a particular medium, the élastic radii of two events

of arbitrary yield and depth of burial vary as

o 1 1/3 ‘
21\ . (P2 & "1 (3-1)
az/ " \h1/ Wa | o

wheré_al‘and a, are thevelgstic radii; i.e., the radii where the
material behaves eiastipally,.hl and ho afe the depths of burial,
and W; and W,- are the yields of eQentsil and 2, respectively,
The parameter n is the distance exponent of the shock pressure
(or velocity) in the iﬁelastic regionf Also, the seisﬁic
efficiency defined as the proportiop of‘initial energy

(E) reaching the radiatiqn zone of the elastic region;(b = E/MW),

for a particular medium, scales as

2-3/n | .
e (h_1> (3-2)
) ,



for arbitra£y yields and depths of bgriai. The‘scaling o£ the
:elastic r;dii, alone, determines the relative shape of the ampli-
tude spectra, whereas the elastic radii in cdnjunction with the
depths of burial determine the level of the spectra. for the
rhyolite énd tuff (Schooner) media in which these events were

detonéted, n was taken to be 2.4, the value observed for granite.

(Pérret, 1963) .

The BPF amplitude‘spectfa of échooner, Cabriolet, éqd the
average spect;a of the contained detonations, Knickerbocker,
Duryéa'apd Réx, (scéled to the Capriolet yield and‘depth of
burial by the theoretical scaling law)  at the distant stétions
SE;6,v?onopah Church, Tonopah Motel and Alamo .are shown in Figures
3-7 to 3-10. Also shown-is the average of the empiricaily scaled
spectra for the contained detonations. This average sbectrum
corresponds to the spectrum of a normal 2:3 kt contained detona-
tion. In all cases thé‘theoretically scaled ‘spectra from the
three contained events lig closer tO'the-Sdhooner and'Cabriblet
sbectra than the empirical curves; in some cases the agreement

is excellent.

Two basic conclusions follow. First, as far as the seismic
motion is concerned, the nuclear cratering detonations Schooner

and Cabriolet may be considered as contained explosions buried

N
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at relatively:shallow‘depths'of burial using présently availéb}e
theoretical techniques. The felationships between seismié ef-
ficiency, elaétic radii and depths of.burial (BQuatiéns 3-1 and
3-2) adequately account for the differédpes.in émplifﬁde spectra
between the-containgd_events and the crafering evehfs. Physically,
this suggests that most of the énergy that goes into the forma-
tioﬁ of elastic waves is coupled into thé.ground before the fire-
ball breaks the surface with a subsequent suddeﬁ release of energy
to the atmosphefe. This deécription'is physically sound, for the
‘shock wave which is‘thelprecufsor to the elastic waves is liberated
info the ground at the end of the vapbfization phasé. (The vapor-
ization caVity is.of the order of 'a few meters for a one kiloton
shot.) Thus, most of the energy géing‘into the elastic,feéion

is independent of the cavity expansion after the vaporizaticn
phase. Thus, as far-as the elastic region is concerned, a crater-
ing;event may”be‘cédsideréd to be a contained event buried at a
relatively shailpw depth, with depth of burial controlling the

seismic efficiency.

I3

The second conclusion is that for two events of the same yield
in the same medium, the dominant spectral amplitude of the event
with the shallower depth of burial occurs at lower frequencies.

This is evident from Equation (3-1) where the elastic radii scale .

SV}
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inversely to the ratio of depths of burial for equivalent yield

and

‘il _ (12_) 1/n | BEEE)

and the frequency of the dominant energyApoftion of thelamﬁlitude
specfrum varies inversly with a. Thus at smaller depths of burial,
the’emplitude epectrum is shifted to lower frequencies. ;Th}s charec—
teristic may be noted in the SPectra for Schooner and Cabriolet, the
two detonations with the shallow depth ef buriel. The ﬁain observa-
tioplis that'the high frequency content of craterihg events is |
considerably'redﬁced relative to that of contained events while
_ fhe low freqﬁency content is only slightly reduced. This physieal
reéult prebably has,an'influence on the characteristics of the
peak ground motions observed from cratering éetonatione. In par-
ticule:, it appears that the correlafion of peak ground motions
and elastic wave types might be affected differeqtly for CIatef-
iné ahd contained detonations aue to the differences ie the ampli-
tﬁde'Spectrum. Also, the reéultant amelification of high fre-
queﬁcy'body waves (Davis and Murphy, 1§67) by low velocity surfaee
layers should be affected; although, the basic physical effect of
'the'léyefed system should be independeht of a change ftoﬁ a nuclear
cratering‘detonation input energy soﬁrce to a nueleer contained

detonation input energy source..

3-19




Chapter 4 will describe some of the characteristics of the
correlation of the peak ground motion and elastic wave types

generated by the Schooner detonation.



CHAPTEﬁ 4
‘AMPLITUDE AND FREQUENCY CHARACTERiéTICS OF
ELASTIC WAVE TYPES '

The primary objective of this dhapter ié to determine the
correlation of the amplitude and frequency characteristics of the
ground motion generated by Schooner with eiastic wave mode win-
dows (P, S, and surface) and té compare the correlation with results
obfained from similar analysis of other c;atering and contained

events.

4.1 IDENTIFICATIOﬁ OF ELASTIC WAVE TYPE WINDOWS‘

Figures 4—1.and'4—2 illustrate typical particle velocity
seiémograms recorded at Beatfy (HR) , Nevada and Frenchman Moun-
-tq}n, Nevéda from the Schooner detonation. The radial-vertical
component product waveform is diSplayéd as the bottom trace on
éach seismogram. Inséection of the séiémoéram and the coﬁponenf
prﬁduct waveform permits the P, SV, and Rayleigh.wéves to be iden-

tified (Sutton et al., 1967).

Figure 4-3 illustrates the first arrival time as a function
Qf distance from the.energy source for three nuclear detonations -
Schooner, Cabriolet (cratering detonations), and‘Bénham (contained
detonation ). These are located dn.Fiéure‘l—l. Cabriolet and

Benham travel time data were added because the three detonation
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péints are fairly close togethér and the Schooner data sample

alone is inadequate for analysis.

The first arrivél times”éan be.approgimated fairly closely
- by twoAstraight line segments. The first, in the distaqce interval
0-144 km, indicates avpropggation velocity for Pg, the direct wave,
. 0f 5.9 km/sec. The second; in the disfance interval 144-400 km is
based on limited daté but suggests a bropagation velocity of.about
7.7 km/sec for Pn, the P wave critically refracted from the Moho-
rovicic discontinuity. Data such ésAthis and - the th velocity
values are typical of the results éf othe£ investigators such as
Diment, et al. (1961), Stuart, et al. (1964), 'and Hill, et al. (1967)
obtgiqed at the Nevada Test Site (NTS). These valués of velocity and
the vaiue of 144 km for the critical distancé indiéate a NTS crustal

-model with a thiqkness of 26.2 km.

On the basis of travel time data and the radial-vertical com-
- ponent product waveforms, the time history of a typicél seismogrém
can be divided into three time windows:

1. A P wave window (beginhing-with the first arrival and
extending to the first'S wave arrival). '

2. A S wave window (beginning at the first S wave arrival;
i.e., at a time about 1.7 times the first arrival time,
and extending to the onset of the surface wave train).

3. A surface wave window (beginning with the onset of the

long period surface wave to the end of significant motion
on the seismogram). - - oo :




These wave mode .time windows are necessarily generalized
and vary in length and complexity accqrding to factors.such as:
1) the distancé of the statioﬁ from the source, 2) the geologic
léyering at'thé recordiné site, and 3) the many comple# geological
and geophysical parameters of the earth's crust which impress their
signature upon: the prvopagati‘ng’ waves. The P wave,“.c‘ime window, for example,
clontai.ns at least the di’reét wave, the wave critically refr'acted‘from the
Mohorovicic (M) discontinuity and the réfleétiénvfrom the M dis- \
continuityimxanorderwhichdependsuponthesource—to—stationdis-
tance relative to the M discontinuity.

4.2 . CORREIATION OF PEAK: PARTICLE VELOCITY AND EILASTIC WAVE MODE
TIME WINDOWS

Each of the partiqle veloqity seismograms recorded from.
schodner waé analyzed to determine the correlation between the
peak vector and the peak horiéontal particle veloéity.with wa ve
mode time window. Table 4-1 1isfs,the results of tﬁis analysis.
Both the peak veétor and the peak horizontal ﬁafticle velocity
correlate with'thé éurface wave mode time‘window at gll échooner
statioﬁsexceptFfenchmanMountahuandAlamo..Thepeakhorizontalvelécity

values occur most often on the transverse component of the seismo-

gram.

The peak vector and the peak horizontal particle velocity

observed at seismograph stations which recorded the Cabriolet -




RECORDING

DISTANCE

WAVE MODE WINDOW WHERE

WAVE MODE WINDOW AND COM-

TIME WINDOW -~

SCHOONER EVENT

STATION PEAK VECTOR PARTICLE 'PONENI WHERE PEAK HORIZONTAL
STATION (km) GEOLOGY VELOCITY OCCURS PARTICLE VELOCITY OCCURS
P Wave | S Wave | Surface P Wave | S Wave | Surface

Wave Wave
2 39.3 Rock X 1 X(R)
Beattyi 51.2 Rock X X(R)
cP-1 64.4 - Rock X X(T)
Tonopah Church 99.4 Rock X X(T)
SE-2 119.3 Rock. X X(R)
Frenchman Mountain| 189.7 Rock X X(T)
Kingman (Arizona) 340.0 Rock X X(ﬁ)
Beatty 51.7 Alluvium X X(T)
ETS-2 61.1 Alluvium X X(T)
E-MAD 63.9 Alluvium X X(T)
NRDS (Admin. Bldg.). 67.6 Alluvium X X(R)
Tonopah Motel 99.2 Alluvium X X(T)
Alamo - 124.0 | Alluvium X X(T)
Squires Park 181.8 | Alluvium X X(T)
SE-6 187.3 Alluvium X X(N/S)
TABLE 4—1; CORRELATION OF PEAK HORIZONTAL AND PEAK VECTOR PARTICLE VELOCITY WITH WAVE MODE




detonation, a 2.3 kt nuclear cratering experiment, were identified
and correlated with the'thrée wave mode time windows. Thé results
'aie given iﬁ Table 4-2. As observed for Schooner,'both the peak
vector aﬁd the peak horizontgl particle velocities éorrelafe

primarily with the surface .wave mode time window.

Peak wvector and horizontal particle velocity values were
determined on seismograms recorded from Benham, a i,lOC kt con-
tained nucleai-detonation, in order to correlate the peak barticle
velpcity and wave mode time windbws for ; contained -event. Thel
results are shown in Table 4-3. In‘this case; the peak particle
velocities recorded at several stations (Beatty,'Tonopah, and
NRDS stations) correlate with the P wave time window instead of
the surface wave fime'window. 1At other étations, the peak pafticle
velocities correlate with the surface wave time Qindow, as noted

for Schooner and Cabriolet.

Insufficient data are available at this time to establish a
physical basis for the corrélation between peak particle vélocit&
. and the surface wave mode time window for cratering events. Perhaps
the basic difference in the amplitude spectrum of cratering and
cohtained events (i.e., the shiff of tﬁe dominant energy to thé
low frequéncy.end of the specfrum'for dratering events) enhances

the surface wave generation mechanism more for cratering detonations



WAVE MODE WINDOW WHERE

WAVE MODE WINDOW AND COMPONENT

RECORDING DISTANCE STATION PEAK VECTOR PARTICLE WHERE PEAK HORIZONTAL PARTICLE
STAT ION (km) GEOLOGY VELOCITY OCCURS . VELOCITY OCCURS
: P Wave | S Wave| Surface P Wave S Wave Surface
: Wave ' Wave
cP-1 ' 57.0 "Rock X X(T)
SE-1 81.0 Rock X X(R)
Tonopah Church 111.0 Rock X X(T)
Q-25 82.5 Alluvium X X(R)
Tonopah Motel 111.0 Alluvium X X(T)
Alamo 123.0 Alluvium X X(T)
SE-5 1 163.0 Alluvium - X X(R)
SE-6 ; 182.0 | Alluvium | X (N/S)
TABLEm 4-2, CORRELATION OF PEAK HORIZONI‘AL AND PEAK VECTOR PARTICLE VELOCITY WITH WAVE MODE TIME .

WINDOW --

CABR IOLET EVENT




01-%

WAVE MODE WINDOW WHERE

TABLE 4-3.

WINDOW -- BENHAM' EVENT

' . ' WAVE MODE WINDOW AND COMPONENT
RECORDING DISTANCE | STATION PEAK VECTOR PARTICLE . WHERE 'PEAK HORIZONTAL PARTICLE
STATION (km) GEOLOGY VELOCITY OCCURS VELOCITY OCCURS
: : P Wave | S Wave. | Surface P Wave S Wave Surface
Wave Wave
2 27.9 | Rock X X(R)
Beatty 43.9 Rock X X(R)’
Tonopah Church 114.1 Rock X X(R)
SE-2 105.0 Rock X X(R)
Frenchman Mountain | 175.0" Rock X X(R)
Kingman‘(Afizona)‘ 320.0 Rock X X(T)
Beatty 44.§~ Alluvium X X(R)
ETS (Dewar) 4§.7 Aliuvium‘ X X(R)
E-MAD 49.4 Alluvium X X(R)
| NRDS (Admin. Bldg.)| 53.1 |Alluvium X X(R)
Tonopah Motel 114.1 [Alluvium X X(R)
Alamo- 116.8 Alluvium . X X(R)
Squires Park 167.0 Alluvium X X(T)
SE-6 172.7  |Alluvium X X(N/S)
CORRELATION OF PEAK HORIZONTAL AND PEAK VECTOR PARTICLE VéLOCITY WITH WAVE MODEﬂTIME'




than for contained detonations. Additional study of data from

both cratering and contained detonations ié required to establish
the basic physical relationship. Also,'as more ground motion data
from nuclear crater ing detonations are obtained, the amplitude of
particular wave ﬁodes (e.g., the direct P and S waves critically
refracted and reflected from the M discontinuity) will be determined
as a function of yield and source-recording station dis tance and
compared with similar data from contained nuclear detonations (Hays,
1969).,

4.3 DETEHMINATION OF FREQUENCY’CHARACTERISTICS OF ELASTIC WAVE
MODE T IME WINDOWS

Two frequency analysis techniques;Band—Pass filter (BPF)
and the Fourier transform, were used to determine the frequency
characteristics of elastic wave mode time windows of particle

velocity seismograms recorded from Schooner.

‘Figure 4-4 shows the BPF spectrum of the radial particle
velocity observed at two seismograph stations, Beatty (hérd-ropk).
and ETS-2 (alluvium.) Superposed on each spectrum are spectra
of the three wave ﬁode time windows.‘ Iﬁspection of this figure

leads to the following conclusions:

1. The peak radial particle velocity recorded at Beatty
correlates with the surface wave mode time window. The
peak radial particle velocity recorded at ETS-2 correlates
with the S wave mode time window, being slightly greater
than the response of the surface wave mode time window.
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2. " The individual contribution of the three wave mode win-
dows to the peak radial particle velocity observed on the
seismograms is a function of both wave mode window and
frequency. That is, the surface wave mode window contri-
bution to the radial particle velocity occurs at a dom-
inant frequency of about 0.8 Hz at Beatty and 1.2 Hz at
ETS-2. The P wave mode time window contributes the smal-
lest radial particle velocities at a dominant frequency
of about 1.2Hz and 4.5 Hz respectively for Beatty and ETS-2.

Figure 4-5 illustrates the radial component of particle

velocityrecorded at five hardrock sites. These stations, with the

exception of Beatty, are approximately in-1line with the Schooner

source, and are distributed over a total distance range of 340

The wave mode time windows are identified .on each radial

component waveform.

The smoothed Fourier amplitude spectra of each of the three

‘wave mode windows illustrated in Figure 4-5 are shown in Figure

These data support the following conclusions:

1. The surface wave mode time window contributes the peak
Fourier amplitude on the five seismograms, as noted
earlier.

2. Considering the three amplitude spectra of each individual
station, the'frequency of the dominant energy varies as a
function of the wave mode window. That is, the peak ampli -
tude of the P wave mode window spectrum occurs at a higher
relative frequency than the peak amplitude of the other
two wave mode spectra. The peak amplitude of the surface
wave mode.window spectrum occurs at the lowest relative
frequency. This phenomenon is related to the well known
fact that the three elastic wave types propagate with
different wave velocities and, consequently, different
characteristic frequencies.
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In summary, the spectral characteristics of the wave mode

time windows for Schobhef are similar to those.oﬁserved for
contained events (Hays, 1969) with one excéption, the appérent
dominance of surface Wave'energy for Schooner. Additional‘
analysis is required to extend this observation to all cratering

events,

4.4 FREQUENCY DEPENDENT AMPLIFICATION

Amplifiéation of seismic mofion at ;eéording stations ld;ated’
on alluvium has been noted since the early Aays of seismology;
Haskell (1953), Hannon (1964), Davis.and Murphy (1967), Murphy
and Davis (1969) and a numbér of others since 1930 Bave shown
that the shallow low velocity Iayérs of the earth's cr;st act as
a filter with respect'to'the seismic eneréy arriving at a seismo-

graph station and significantly affect the ground motion.

The transfer function of the layered system is a complex
function which has been shown to involve several variables (Davis

and Murphy, 1967):
1. The elastic wave type (P, S, Rayleigh, Love)
2. The angle of incidence of the incident wave

3. The physical parameters (thicknéss, density, rigidity,
compressional and shear-wave velocities) of the layered
csystem and the underlying rock.



In actual practice, only the amplitude term of the transfer
function is used to calculate a frequency dependent amplification

factor for the layered system.

A practical procedure to determine the freqoency dependent
amplification of a layered system to a seismic inputAgenerated
by an underground nuclear explosion is to use the seismograms
measured at adjacent stations; ooe located on hard rock and the
other on alluvium (or a low velocity surface 1ayer). The basic
assumption is made that the input at the base of the alluvium
layer is the same as the outpot measured at the hard rock station;
therefore, the amplificetion factor can be determined by dividing
the Fourier amplitude spectrum ofAthe seismic energy measured at
the alluvium site by the Fourier ampiitude spectrumlof the seismic
energy measured ar the hard rock site. The time history of”theﬁ"
seismograﬁ is divided into.P, S, and surface wave mode. windows, as
described in 4.2, and the ratio of the Fourier amplitude spectra of
corresponding wave mode windows is taken to determine the amplirica-
tion factor as.a function of a particular incident wave'typef
Seismic measurements atlthe pair of srations at Tonopah; Nevada,
are well suited for an analysis_of this type.  The Tooopab Motel.
station is located on epproximately 30 feet of qnconsolidateo fill
overlying dacite. The Tonopah Churcﬁ stetion, 1ocated about 600
feet away, is on the same materiai_which onderlies the'Motel‘statioh.
Thus, it seems reasonable thet the:output measured ‘at the Church
station is identical to the input at tﬁe base of rhe fill at the

Motel station,



Figure 4-7 illustrates the radial component of particle
velocity recorded at the two Tonopah stations from the Schooner

event. The wave mode time.windows are identified on the figure.

Fourier amplitude spectra for each of the wave mode windows
offFiéure 4-7 are éhown in Figuie 4-8 for the two TonOpah.stations.
The spectra.bf both stations exhibit peak amplitudés at approx-
Aimately‘l.B Hz for the P wave @indow, 1.4 Hz for the S wave
windo&gland 0.5 Hz for the surface wave window; ho&evér,.the.spec-
tral‘coﬁposition at other ffequehcies is différent. Figure 4-9
v-shows the amplification factor as a function of frequency for each
of the three wave mode windows; Thé amplification factor is great-
est for the P_wavg window, being a factor of ib at 7.5 Hz. Anpli -
ficdfiqn faétors of 8 at 8.5 Hz andl4 at 6.2 Hz are observed fo@
the S and surfacé waye*windows.respectively. 'fhe theo;etical .'
amplification factor for the P and S wave windows are superposed
for :eferencé.én the cgrresponding curves in Fiéure 4-9. Qualita-
tivéiagreement betweenuébseryatiOn and theory is noted showing
that.the'amplification'due to the layered s&stem is indépendeﬁt of
whether the input energy soﬁrce is a cratering or a contained
nucleér'detonation. Lack_of agfeement_between observation and
theory is related'toﬁthe‘fact that the fheOIetical mode'1 considers.
a éingle'input pulse at the bése'of the layered systen, whereas

the observed P wave (or S wave) window contains several pulses
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(such ras the direct wave, the critically refracted wave from the
- Mohorovicic discontinuity, and the refLected wave from the

_ Mohorovicic discontinuity).

Table 4-4 shows the comparison of.the peak vector motions
recorded at the‘ionbpah Chur ch. and Tonopaﬁ Motel stations from
Schooner with the peak motion expected on the bégis of the Nevada

" Test Site predictiqn eéuations (Murphy and Lahoud,.1969); Note
that fhe peak pérticle véctor‘motioné recorded atlTonopah from"
Schpéner are lower than the levels of motion expected on the basis
of aver age NTS experience, with fhe exception of the peak pérticlé
velocity recorded at Tonopah Motel thch is only slighf;y'higher.
This obéervation is‘contrafy to NTS experience, because the'mea;ure-

ments at Tonopah Motel from contained detonations are nearly al-

ways higher than the average predicted values.

: MEASURED PEAK VECTOR MOTION PREDICTED PEAK VECTOR MOTION
STATION Accelera-{ Velocity | Displace-j{ Accelera-|Velocity|Displace-
' " tion (g)} (cm/sec) | ment(cm) tion(g) |(cm/sec)] ment(cm)

2

Tonopah Church | 1.87x107%}2.13x10"2 | 4.14x10-3]7.0x16"% |5.0x1072}1.3x10"

Tonopah Motel | 2.83x10"%|2.30x1072| 4.22x10-3]1.6x10~3 |1.2x10"2}3.6x10~2

L ! ——
= o ——————— — ==

“TABLE 4-4. COMPARISON OF MEASURED AND PREDICTED PEAK VECTOR PARTICLE
MOTIONS AT TONOPAH CHURCH AND TONOPAH MOTEL, SCHOONER EVENT




An explanation for the lower level of peak vector particle

motions recorded at the Tonopah stations froh thoonef is related
to differences in the seismic spectral composition for equivalent.
yield cratéring and containéd events and to the decreased sgismic
energy efficiency of cratering events as compared to ﬁormallcon-_

tained eventé; Chapter 5 will compare the seismic energy effi-

ciency of Schooner with other underground nuclear detonations.



CHAPTER 5

SEISMIC ENERGY EFFICIENCY

The objecfive of this chapter is. to determine the aﬁount
of‘eﬁergy fromkunderground:nuclear explosions which goes to form‘
elastié waves ié the far-field radiation zone. This subject has
been studiéd~by'othe;_investigators for nuclear events, notably by
Caréer, et. al. (1958 and 1961), Berg , et. al. (1964), warie and

Mickey, (1965) and Trembly and Berg, (1966).

The approach taken in.this‘stﬁdy is to develop the analytic
soiu£ion of:fhe sphericélly symmetric Shafpe's problem into an
energy equation. The parameters appéarihg in the equation are
evaluated thr ough a self—éonsistent method.within the theopy.

In principai, once the elastic rédius and pressure funcfién act-
ing at  the elastic radius are detérmined, tﬁe seismic energy can

be calculated with this model .

5.1 THEORY AND ANALYSIS

The displacement potential for wave motion‘produced by a
spherically'symmetric-exponentiél pressure function acting in an
ideally elastic medium has been derived by Sharpe (1942) and can

be statéd as




(5-1)

-aT —wlT/\AE_

.{—e +.e [(1/\/5;f a/wl) sin Qir + cos er]}

for 7 2 O

. =0 _ for T < O

where the pressure function acting at the elastic radius (r = a),

1.e., the radius at which the medium behaves elastically, 1is

-aT N ' : ;
p = poe for 7 2 O : (5-2)

=0 for 7 < O,

Py is the peak pressure, a is the decay constant = l/TO, TO is

the time for the pressure to decay to Poe 5 T is the retarded

time = t - r;a , W = 2V2 ‘c/3a, ¢ is the compressional velocity,

r is the radial distance from the source, p is the density of the

medium, and Lame's constants, A-and u, are assumed -equal (Poisson's

ratio = 0.25). From the displacement potential ¢, thé displace-

ment in the medium. can be determined'easily from the relationship

Y
o

u where u is the displacement. The decay time, TO,'



is assumed proportional to the elastic radius, a.

stant may then be written as a

The decay con-

1/T =k where = C . Th
/o Ky, R /a e

parameter.k, in general, may be a function of the shot point

parameters, but,_aé will be shown later, is not expected to be

very sensitive. With the above substitﬁtion, the displacement

may be calculated to be

kw1 v —2(uo1'/3

0
e

9ap0 a ’ a
= () 4(z - k)
: 4pc2 r . L.

B% sin (w17+01) -

where

Particle velocity, v =
_ 3pO a 3
v-2—— () 3- 3

pc r 2

k (2 - k)

(3-3k+0k>/4) \f2(3-3g+9k2/4)

2 33 sin (wlr+01-02ﬂ} A (5-3)

du/dt, is

-k 2w 1/3
w7 , wOT/‘4

e e

.
' (3-3k+9k2/4) 'A\I2(3—3k+9k2/.'4‘)

[V@r-(%)'sin (w17+91_02) - 2 sin (w11+91_202d}. (574) 



It is to be notea in equatibn (5-4) thét the velocity has a 1/r
and l/f2 dependence. The far fie1d~raaiation zone-coasisté of
the 1/r term onl&, since the 1/f2 tefm'becomes’negligibly small
at large distances.x The far fielé paft of the velocity may thus

4

be written as

-kW T
Ve =22 (3 {212 2
£f 20¢c ‘r 2. (3—3k+9k2/4).
” (5-5)
~2wT/3
VZ e Sin(®,7+6,-29;)

V (3-3k+9k2/4)

The instantaneous kinetic energy density corresponding to
N .
ff

total seismic energy (assuming that the total energy is twice the

the far field is 1/2 pv Assuming spherical divergence, the

kinetic energy) is
D .
— -~ .2 ' .
E = 4nr? pc J/ Veg® dt - » . (5-6)
d) ‘ o '

where r 2 a. For conveniencé, r is chosen to be a. Thus,

5-4




E = 4 2 o 2 at | 5-7
= . C v -
me P Vrr - (57)

Substitution of equation (5-5) in equation (5-7) and integrating

gives the seismic energy,

2 3
Py &
E = K (5-8)
2K
where
_12K3-4Kk%+16
I - '
9k +8k +16
and M is the modulus of rigidity. This expression determines the

seismic energy input at the elastic radius of underground explosions,
assuming that most of the motion is radially compressional at that
radius, which is a good approximation' for tamped nuclear explosions

(Pgrret (1968b)) .

For a sfep»function; k = 0, giving a K value of 1, and the

radiated energy ié”simply




2 3
_ TPo &~ '
Ester PN T 24 ‘ (5-8a)

which 1is a result that Latter, et.al. (196la), have obtained for

the case of a step function.

In order to evaluate the energy expression (equation 5-8),
determinations of p,, a, k and p are required. It is assumed that
the medium ''on the 1argeﬁ has low tensile strength and that the
limiting préssure,.po, 1s therefore in the neighborhood of the
overburden pressure (Latter, et.al., 1961, a and b; and Kisslinger,
- 1963), in order to keep the medium from going into tension and
proﬁagating cracks. Poisson's ratio is taken to be 0.25 and p is

thus equal to c? p/3.

A determination of the elastic radiué, a, can be obtained
from the amplitude spectra of the particle velocities. The
‘Fourier transform of the displacement for Sharpe's probiem at a

distance r, has been obtained by Latter, et.al. (1959), as

~ . 2 .
_ pa 1 iw C
Z(w) = 4 <r2 * rc) w 2 2 ‘ (5-9)
0O . .




where w is the angular fréquency, g = (X+2@)/4p, ﬁ ié the Fourier
transform of the pressure function at a, and the other quantities

have been previously defined,

For r >> c/w, the amplitude spectrum of the displacement is

o anc -
12 - 22 :

( 5 10)

4”r (moz-ngj + iwo A

and the amplitude spectrhm of the velocity is simply

1% = w12

The Fourier transform of the exponential pressure function ‘is

. _Po
P = aL+iw
and
Bl = —
Pl = ,
\I a2 4,2

5-7



The velocity amplitude spectrum then becomes, with the sub-

stitut?on.a = kwo’_

apPo ' w2 -

|G| - e . 4 (5-11)

2 2.2 a2 2 2 6
[8%0 0+ (82”28 +1)w %+ (x -2;5k2+1)w04w2+1;2m0631/2

Taking the derivative pf‘|§|:wi%h‘respe¢t to w and equating to

zero, gives the dimensionless -equation

. . i o
’ i E N £

32 (f) - (K2-28K2+1) <w—m> _2k% = 0
(o] .

(e}

(5-12)

which specifies the extreme points, w_, of the velocity amplitude
spectrum. Figure 5-1 shows a plofﬁof“wm/mo versus~k, for a

Poisson's ratio = 0.25 (B = 0.75). Note that equation (5-12) only

applies in the far field. Thus, if the frequency of maximum ampli-
tude lies around 2 Hz and ¢ = 5 km/sec, r >> c/wm or r >> 4QO'm’
ensures that the observation distance r, 1ié$ in the far field.» In

practice, to determine an elas¥iC;madiu§ffrom equation (5-12), a

PR

value of k and wy are needed. If

" . . i
there is significant shear and/or
v ‘V

surface wave motion, the frequency of maximum amplitude is determined

from the compressiomnal wave window (i.e., the time window on the




Figure 5-1. Ratio of the Frequency (wm) of Peak Spectral
o " Amplitude and Resonant Cavity Frequency (wo)
Versus the Parameter k




seismogram which is predominantly composed of longitudinal motion)
since this model only holds for compressional waves, Although the ot

servation distance must be in the far field, it must be small with
respect to. the differential attenuation effects of the earth.
This would be a function of the dominant frequency content of the

compressional waves.

In order to evaluate the constant k, equation (5-12) and the

relation a = kw —are used to give the relationship

.m 6 w_\? 0\ '
52 (—&9) k4 + (28-1) (%’) K2 - (Em—) -2=0 (5-13)

Figurev5¥2 shows a plot of k Qersus (mm/a), for a Poissoﬁ's ratio.
of 0.25. It is seen ‘that for a constant ratio of (wp/a), k is

- constant for a particular Poisson's ratio. 1In genefal, k is to
be considered a function of the shof point parame;ers. However,
k is not expected to vary significantly, since the ratio (mm/a)
which is'propdrtional to dgcay time of the pressure pulse at the
elastic radius/dominant period of seismic motion Sﬁould not vary

significantly.

The parameter k can be evaluated from a combination of free-
field data and far field seismic data. The free-field data give

a determination of a, and seismic data determines wg.
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Figure 5-2.
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5.2 EXAMPLES OF SEISMIC ENERGY .EFFICIENCY. QOMPUTATIONS

The séismic enefgy efficiency was dg%ermined for four con-
tained nuclear detonations (Shoal, Salmon, Boxcar, and Benﬁam), a
découpled nuclearAdeténation (Stérling), and the nuclear cratering
detonation (Schooner). These six events provide én adequaté-data
sample, since they encompass a wide range of yieldsland physical
conditions. Details 6ﬁ the computatioﬁ.performédffOI'each‘detona_

tion are given below,

Salmon. For the Salmon event (described in Table 5-1), free-
field‘measuréments from Perret (1968a) inéicate a T, =V20 msec,
which gives « =i50/sec. fpe bahd—pass filter spectra which are ap-
prpxiﬁations to.Foggier"amé%itg@é_sgectga?frdmvﬁhe‘chpressional
wave windows. of stations lo:éputﬁ (18'km)-and 20 South (31 km)
are shown in»Figures 5-3 and 514; Radial'horizontal and vertical
components of particle motion a;éashown; 'The frequency of

‘maximum amplitude, f,, is estimafe&x}o be ‘about 4 Hz. This gives

a value of (wm/a) of 0;50, and from Fféqré 5-2, a k value of 3.20,

Figufe 5~1 gives the relationship;wm‘z I,éf“wé;'from wnich the
elastic radius can be evaluated, a = l;ékﬁ o Usfng a compressional
w e .
m . ;
ci i s ) = 2 weters i
velocity of 4.67 km/sec gives ag,1mon 299 ueters, which

corresponds to a peak shock pressure of 370 bars (Perret, 1965);
The overburden pressure is 180 bafs, whicﬁ indiéates that the
1imitin9/pressure Po = 370 bars is 2.06 times the overburden
pressure, Inserfiﬁé.£hé§e}ﬁuﬁge¥gﬁiﬁ%é>édﬁ;éiéﬁ‘(g-éswfo; tﬁe
éeismic'energy gives a seismic efficiency (seismic energy/

initial energy available) of 5.8%.
5-12 .
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‘TABLE 5-1.

RESULTS OF SEISMIC ENERGY CALCULATIONS

Event

Boxcar

Efficiency (%)

|shoal Salmon Benham Schooner Sterling
Shot Location Sanc Springs Tatum Salt Pahute Mesa,| Pahute Mesa,| Pahute Mesa,| Tatum Salt
‘Rance, Nevada | Dome, Nevada Nevada ’ Nevada Dome,
‘Mississippil Mississippi
Type | Nuclear ‘Nuclear B Nuclear Nuclear Nuclear Nucleaf‘
-7 " = lContained - Contained Contained Contained Cratered - - Decoupled
Yield (kt) 12.5 5.3 1200 1100 30 0.38
Depth of Burial 1205 2716 3822 4630 353 2716
(£1t) | |
Scaled Depth 519 1552 | 354 447 107 3751
(ft/ktl/3) : ;
Medium Granite Salt Rhyolite Tuff Tuff Salt
Density(gm/cc) 2.55 2.2 2.1 2.25(av.) 2.23 2.2
Overburden 92 180 237 311 236 180
Pressure (bars)
Compressional 5.55 4:67 3.84 '3.66(av.) 3.41 4.67
veélocity (km/sec) :
£ (Hz) 2.5 4.0 0.75 0.8 1.25 36.0
. . a~-1 -1 —1 1 -2 . -5
Seismic Energy 2.3x10 3.1x10 5.5x10 - 6.7x10 9.5x10 3.14x10
Radiated (kt) ‘ (1.3x10%3
ergs)
Seismic Energy 1.8 5.8 4.6 6.1 0.32 0.008
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§Eg§l. For the Shoal event (described in Table 5-1), free-
field measuréments from Weart (1965)‘givehan average To~9f 70 msec
and a = 14.3/sec. The spectra (Perret; 1967 and Weart 1965)
are not very definitive. They give. an éstimate of fp befween 2.0
and 3.0 Hz or approximately 2.5 Hz. Thus, w /a is 1.13 and k is
L.22. Frbm Figure 5-1, wy, = 1.35 w,, and using a:compressional
velocity of 5.55 km/sec’givesanhoai’é 477 méters which corre-
sponds to a peak shock preésure of aboﬁf 145 bars (Wearf, 1965)
Overburden pressure is about 92 bars, and the limiting preQSure
is.1.58time$ as great. Evaluation qf the seismic energy gives a
seismic efficiency of 1.8%. . Téémblf and Berg (1966) found a |
seismic efficiency of 6.7% from ekperimental observationélgf the
Shoal event. Their theoretical model gave a seismic efficiency
of approximately 2% in the southwestérn guadrant. Aléo, tﬁey
determined anvavérage elastic radius éf 510 meters which is com-

parable with the value of 477 meters determined here.

In general, to determine an elastic'fadius without freleieid
measurements, é value of k between 1 and 4 is appropriate. Using

an average value of the ratio <5E3>fiom Figure 5-1, gives the re-
o :

lationship a = 1.5 c¢/wy *13%. Although this uncertainty can be
tolerated in determining the e;astic ;qdigs, it would leéd‘to a
cohsidérably larger uncertainty in the .sefsmic. energy, since the
elastic radius appears as a3. lAlsp fheré‘wﬁuld be uncertainty in

the function K appéaring in the energy formula. However, this dif-

fiéulty can be effectively eliminated by rewriting equation (5-8)

N
as

N




B TP, © wp _ :
E=—— |k{— (5-14)

' : 3 - .
where the function K <a—> , plotted versus k in Figure 5-5, is

: . . o '
seen to.be relatively insensitive to k for the values of k between

0 and 4. Using an average value of 1.5 for the function gives

2 3 _
E=——3— % 108 (5-15Y
4p wp . ' . :

and po/is estimatéd by the average of Salmon and Shoal results,

i.e., 1.8 times the overburden pressure.

2

Boxcar, Benham and Schooner. -As described in Tabie 5-1, Box-
car and Benham were large yield, contained nucieér eventé Aetonated.
in PahutevMesa, while Schooner was a nuclear cratering event deto-
nafed in the saﬁélarea. Figures 5}6 through 5-8 show compressional
wave amplifude séectraiof the radial horizontél cdmponents of
particlé motion at surfacé stations for the particuiar events (Box-
car spectra were obtained from Hays (1969)) . ﬁquation (5-15) in
c&mbinatioh with fm and the elastic parameters was used to compute
the sei;mic energiés.- Boxcar and ﬁenham show seismic efficiencieé
.of 4.6% and 6.1%?h¥e5pectively,,while Schooner shows a seismic
effiéiency of 0}32%. The compafison between contained evénts and
the cratering event in Table 5-1 indicates that cratering events

have significantly lower seismic efficiencies than contained events.
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Figure 5-5. The Function K Times the Cube of the Ratio of the
' Frequency (w_ ) of Peak Spectral ‘Amplitude and Re-
sonant Cavity Frequency (‘wo) Versus the Parameter 'k
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Sterling. The Sterling event was a 380 toﬁ nuc lear decoupling
shot detonated in the Salmon cavity of 17.4 metefs radius. The |
pressure input at the wails of the cavity consists of a nuﬁber of
spikes-oscillating about a mean pressure of about 160 bars. Band-
- pass spéctra atvsurface stations between 1 and 2 km from the event
show a frequency of maximum amplitude around 36 Hé4(Davis, 1968).
Using the wvalue of (mm/mo) for a Step pressure function . (k = 0)

from Figure 5-1 gives the relation

l.1l6c l
®w,  STEP FN

-

which yields an elastic radius of 24 meters. This value of the
elastic radius is probably large since the freqﬁeﬁcies aésociatéd
with the groundimytionwére very high and the differential attenu-
ation effects conéiderably reduced'fm'at l and 2 km. This is ob-
served in the spectra obtained.at 6 and 7 km where f reduces to
values between 10 and 20 Hz (Davis,1968). The free-field data of
Perret (1968) obtained at diétances between 166 and 660 meters in-
_dicate fm’s 1arge£ than 40 Hz. This évidende indicates that the
‘medium probably behaved elastically at the cavity wall for the

step pressure of 160 bars.

Using equation (5-8a) for the seismic energy liberated by a .
step pressure function in‘conjuﬁction with an a of 17.4 meters

and p, of 160 bars gives a radiated energy of l.3x1015'ergs, and

1




a seismic efficiency of 0.0084%. Perret (1968) experimentally found
a mean radiated energy of 3x1015 ergs which corresponds to a
seismic efficiency of 0.019%. The difference in radiated energies
mey be dne to the'significant shear motions associated with the
event. The ratio of seismic eff1c1en01es of Salmon/Sterling is
690, or 305 if the higher value is used which 1ndicates a de-
coupling factor between 200 and 500 in the radiated energy, as-
suming that a 380 tonvtamped event would have the Same seismic

efficiency as Salmon.

-The conclusions to be drawn are thatfseismic'energieS'deter—
mined by the'analytic procedure of this chapter are reasonable
estimates,land tnat, in particuler, cratering and decoupled events
display significantly lower seismic efficiencies than normai con-

tained events. <




CHAPTER 6

SUMMARY AND RECOMMENDATIONS FOR ADDITIONAL WORK

Seismic. data were measured at 17 seismic stations for the
nuclear cratering detonation, Schooner, and wére analyzed and com-
"pared with éorreéponding data observed from other ératering and
contained nuclear detonatioﬁs. Peak vector‘particie vélocities
were determined for Schooner and.compareé with norﬁalized data frqm
other detonations. Measured band-pass filter spec¥ra from Schooner
were scaled to account for yield and device depth ﬁf burial diffej—
ences and cémpared.with band-pass fiiter.spectra observed from
cratéring (Cabriolet) and-confained détonations (Knickerbocker,
Rex, and Duryea). VA preliminary determination of the correlation
of the amplitude and frequeﬁcy characteristics offfhe ground motion
generated by Schooner with specific elastic wave type (P, S, surface)
time windows was made and éompared with the‘equivélent corre;ation
for the Cabriolet and‘Benham detonations. The seismié energy effi-
ciency of Schooner was determined‘anaiytically and compared with
the seismic énergy efficiency‘of four containea nﬁclear detonations
(Shoal, Salmon, Boxcar, and Benham) and one nuclear decoupled
detonatioh (Sterling). The results of thesé analyées provide addi-
tional insight into the important chéracteristicsiof ground motion

.

. resulting from nuclear cratering detonations.




6.

1

SUMMARY OF CONCLUSIONS

The basic conclusions which resulted from the analyses

described above are summarized below:

Peak Vegtor Particle Motion - the peak vector particle
velocities recorded at both alluvium and hard rock sites
(and the derived peak vector accelerations and displace-
ments) agree qualitatively with results obtained from-
other cratering events and are low relative to the mean
value predicted for equivalent yield contained detonations
on the basis of Nevada Test Site experience. The veloci-
ties observed from Schooner range from about 0.2 to 1.3
of the mean predicted value for alluvium sites and from
0.4 to 0.7 for hard rock sites. Derived accelerations
range from0.2t0 0.6 of the mean predicted value for
alluvium stations and from about 0.1 to 0.5 for hard rock
sites. .Displacements range fromO.l to 1.1 and fromQ,35
t0 0.7 for alluvium and hard rock sites respectively.
These results agree qualitatively with spectral results

on the basis of depth of burial scaling, as noted below.

Band-Pass Filter Spectra - band-pass filter spectra ob-
served from Schooner agree, when scaled for yield and
device depth of burial, with the spectra from Cabriolet,
(cratering detonation) and Knickerbockér, Duryea and

Rex (contained detonations). Before scaling for depth

of burial, the band-pass filter spectra from cratering
detonations are somewhat lower in magnitude than the mean
spectra from equivalent parameter contained detonations
and the dominant energy content is shifted to the low-
frequency end of the spectrum. Thus, with respect to
seismic motions, a cratering event may be considered as

a contained event buried at a relatively shallow depth of
burial. The relatively shallow depth of burial causes

the high frequency spectral composition to be considerably
reduced and the low frequency composition slightly reduced
relative..to that of contained detonations.

Amplitude and Frequency Characteristics of Elastic Wave
Types - the peak vector and peak horizontal particle
velocities observed from Schooner and Cabriolet correlate
primarily (with two exceptions) with the surface wave time
window. An analogous analysis performed for Benham, a

- contained detonation, does not lead to the same correlation,




€3

for many of the peak particle velocity measurements occur
in the P wave window. Insufficient data are available at
this time to explain the apparent correlation of peak
particle velocity with the surface wave time window as

a physical phenomenon distinctly related to cratering
detonations; although, it appears possible that the domi-
nant low frequency spectral composition of cratering
detonations may selectively enhance the surface wave
generating mechanism. Band-pass filter and Fourier ampli-
tude spectrum analysis of wave mode time windows on the
radial component showed that the surface wave mode time
window contributes the peak amplitude at the lowest domi-
nant frequency (about 0.5 Hz) .in all cases except at ETS-2,
the S wave mode time window contributes the intermediate
particle velocities (at a dominant frequency of about 0.8 -
1.2 Hz), and the P wave mode time window contributes the
smallest particle velocities at the highest dominant fre-
quency (about 1.2 - 4.5 Hz) for Schooner. The transfer
function for the shallow layered system at Tonopah,

Nevada, derived. on the basis of. the seismograms recorded

at Tonopah Motel and Tonopah Church, verifies that the fre-
quency dependent amplification of the layered system is '
independent of whether the input energy source is a nuclear
cratering or a nuclear contained detonation. However, the
peak vector particle motions (particle acceleration, dis-
placement; and velocity) observed at Tonopah are signifi-
cantly lower than the mean value predicted for equivalent
yield contained detonations on the basis of Nevada Test
Site experience. The lower level of peak particle motions
is related to the diminished high frequency spectral com-
pbsition and to the decreased seismic enexrgy efficiency

of cratering detonations, as is summarized below.

Seismic Energy Efficiency - the seismic energy efficiency

(radiated energy/initial energy available) is significantly

lower (about a factor of 0.1) for nuclear cratering deto-
nations than for equivalent yield nuclear contained deto-
nations., 7The lower seismic energy efficiency means that
cratering detonations  -are significantly less efficient

in forming elastic waves in the radiation field, than con-
tained detonations. The lower seismic energy efficiency
is related to the shallower depth of burial for cratering
detonations.

On the basis of the results obtained for Cabriolet (Klepinger

and Mueller, 1969) and.for Schooner, the following guidelines seem




reasonable for making ground motion predictions for NTIS cratering

detonations:

Preliminary peak vector motion predictions can be based
on NTS experience with equivalent yield contained deto-
nations for planning purposes. These predictions will be’
conservative for the relatively high frequency ground
motions, the peak particle accelerations and velocities,
and will need to be reduced by a factor which is related
to the shallow depth of burial of cratering detonations

‘relative to the standard scaled depth of detonation. The

correction for shallow depth of burial is based on a scaling
technique developed by Mueller (1969). The ratio o

of the scaled depth of detonation of the event under consid-
eration to another event (or set of events) at a standard
scaled depth of burial is defined as A . From theoretical
considerations, it can be shown that the peak vector particle
acceleration needs to be corrected for depth of burial by
the multiplicative factor A0-93 ard the peak vector particle
displacement by A0.48_, The peak vector particle velocity

is corrected on the basis of the characteristics of observed
band-pass filter spectra. The multlpllcatlve factor agpll—
cable at NTS for peak vector velocities is 0.5+0. 5\0

Spectral (Pseudo Relative Velocity (PSRV) predictions  for
planning purposes can also be based on NTS experience with
equivalent yield contained detonations. These predictions
will be cohservative at the short period end of the spectrum,
unless a correction for the shallow depth of burial of the
cratering detonation is incorporated. This frequency de-
pendent correction (Mueller, 1969) yields a multi-

plicative constant for each frequency. The magnitude of ‘the
constant is related to the ratio of the scaled depth of det-
onation of the event under consideration to.another event
(or set of events) at a standard scaled depth of burial.

For cratering detonations, the correction for shallow depth
of burial reduces the level of PSRV at the short period end
of the spectrum while leaving the level at the long period
end of the spectrum essentially unchanged.




6.2 RECOMMENDATIONS FOR ADDITIONAL WORK

Useful physical insight into the characteristics of ground'
motion of a nuclear cratering de tonation has been obtained by the
analyses contained in this report.. However; additional data from
crateriﬁg.detonations are required in ofder to extend significantly
the ability to predict accurately the groﬁnd motion characteristics
of nuclear qratering'detonations. Future Plowshare excavation
projects (Yawl; Sturtevant, Phaetoh, etc.) will provide Ehe basic

data needed to achieve this goal.

Specific recommendations of future work include the follow-

ing:

1. Determine the similarities and differences of the ampli-
tude and frequency characteristics of ground motion from
cratering and equivalent parameter contained detonations.

2. Process and compile a representative ground motion data
sample for cratering detonations on which to base sta- .
tistically derived peak amplitude (acceleration, displace-
ment, and velocity) and PSRV prediction equations.

3. Determine the experimental and theoretical correlation
between wave modes, peak ground motion, and frequency
dependent amplification for cratering detonations.

4. Determine the experimental and theoretical effect of

' the physical properties of the source medium on factors
such as the amplitude and frequency characteristics, seis-’
mic energy efficiency, and wave mode generation of crater-
ing detonations. '



These activities will significantly improve the physical basis
for making predictionsiof ground motion for future nuclear crater-

ing detonations. ¢
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GEOLOGICAL SURVEY, PECORA (INT)
GULF GENERAL ATOMIC INCORPORATED (AEC)
HOLMES AND NARVER, INC. (AEC) )
{DAHO NUCLEAR CORPORATION (AEC)
INSTITUTE FOR DEFENSE ANALYSIS (ARMY)
JET PROPULSION LABORATORY (NASA)
JORN A. BLUME AND ASSOCIATES (AEC)

*LAWRENCE RADIATION LABORATORY, BERKELEY (AEC)

LAWRENCE RADIATION LABORATORY, LIVERMORE (AEC)
LIBRARY OF CONGRESS
LOS ALAMOS SCIENTIFIC LABORATORY (AEC)
LOYELACE FOUNDATION (AEC) ’
MASON AND HANGER-SILAS MASOR CO., INC. AMARILLO (AEC) -
MUTUAL ATOMIC ENERGY LIABILITY UNDERWRITERS (AEC)
NASA JOHN F. KENNEDY SPACE CENTER
NATIONAL BUREAU OF STANDARDS (COMM.)
NAVY ATOMIC ENERGY DIVISION
NAVY OFFICE OF NAYAL RESEARCH (CODE 422)
NAVY ORDNANCE LABORATORY
NAYY POSTGRADUATE SCHOOL
NAYY SHIP SYSTEMS COMMAND HEADQUARTERS
NUCLEAR ENERGY LIABILITY INSURANCE ASSOCIATION (AEC)
OAK RIDGE NATIONAL LABORATORY (AEC)
PENNSYLVANIA STATE UNIVERSITY (AEC) .
PUBLIC HEALTH SERYICE, LAS YEGAS (HEW)
PUBLIC HEALTH SERVICE, MONTGOMERY (HEW)
PUBLIC HEALTH SERVICE, ROCKVILLE (HEW)
PUBLIC HEALTH SERYICE, WINCHESTER (HEW)
PUERTO RICO NUCLEAR CENTER {AEC)
PURDUE UNIVERSITY (AEC)
RADIOPTICS, INC. (AEC)
REYNOLDS ELECTRICAL AND ENGINEERING CO. INC. (AEC)
SANDIA CORPORATION, LIVERMORE (AEC)
SOUTHWEST RESEARCH INSTITUTE (AEC)
STANFORD UNIVERSITY (AEC)
SYSTEMS, SCIENCE & SOFTWARE (DASA)
TEXAS A AND M UNIVERSITY (AEC) ‘
TEXAS NUCLEAR CORPORATION (AEC)
UNION CARBIDE CORPORATION (ORGDP) (AEC)
UNITED NUCLEAR CORPORATION (AEC)
UNIVERSITY OF CALIFORNIA, DAVIS, TALLEY (AEC)
UNIVERSITY OF ROCHESTER (KAPLON) (AEC)
UNIVERSITY OF TENNESSEE (AEC)
UNIVERSITY OF UTAH (AEC)
UNIVERSITY OF WASHINGTON (AEC)
WESTINGHOUSE ELECTRIC CORPORATION, (WAL) (AEC)
AEC DIVISION OF TECHRICAL INFURMATION EXTENSION
CLEARINGHOUSE FOR FEDERAL SCIENTIFIC
AND TECHNICAL INFORMATION






