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GROUND MOTION PREDICTIONS
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ABSTRACT

Nuclear generated ground motion i defined and then
re Zated to the physical parameters that cause it. Tech-
niquee employed for prediction of gound motion peak
amplitude, frequency spectra and response pectra are
explored, with initial emphasis on the analysis of data
collected at the Nevada Tt Site (NTS). NTS post-
shot asurements are compared with pre-8hot predictions.

Applicability of these eniques to now areas, for
example, Plowshare sites, must be questioned. Fortunately,
the Atomic nergy Commission i ponsoring complementary
studies to improve diction capabilities pimarily in new
locations outside the NTS region. Some of these ae
discussed in the light of anomalous eismic behavior, and
comparisons are given showing theoretical versus experi-
mental rults.

In conclusion, current ground motion prediction
techniques are applied to events off the NTS. Predictions
are compared with measurements for the event Faultless and
for the Plowshare events, Gaabuggy, Cabriolet, and Buggy .

INTRODUCTION

Under contract with AEC's Nevada Operations Office, Environ-
mental Rese rch Corporation provides scientific and engineering
support to th e Effe cts Evaluation Division by predicting specified
effects of planned undo rg round nuclear explosions. With knowledge
of the anti C[ pated effects, safeguards are developed and safety Is
assured for persons and property wthin the affected range. In this
discussion we will consider the directly Induced seismic ground motion
and techniques for Its pediction. Ground motion predictions are
required In order to assess the probability of damage to property and,
more importantly, to preclude the possibility of personal injury.

Energy from an underground nuclear detonation is transformed
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Into seismic waves which travel outward from the source In all drections.
They follow several paths and display a variety of characteristics
which can be related to effects on structures. Figure I shows a seis-
mogram composed of various elastic waves arriving at a given point at
different times. This might represent the vertical component of
velocity measured at the surface of the ground at, say, 100 kilometers

FIGURE I
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from an vent at the Nevada Test Ste (NTS). Phases In the selsmogram
Include the compressional and shear body waves at the leading edge of
this trace and surface waves, such as the Rayleigh mode, at the trailing
edge. Analysis of such wave forms requires separation and Identifi-
cation of the different modes, knowledge of their behavior In transit,
and an understanding of the Influence of source parameters. Analyzing
ground motion data In this manner makes I t poss I b I a to p red I ct damage
to structures, to forecast perception of ground motion by the general
public, and to anticipate other effects such as damage to mines,
wells, and slopes. Wth respect to this type of oscillatory ground
motion, the remainder of our discussion will center on development of
predictive technology and applications relevant to Plowshare events.

PRED)CTIVE TECHNOLOGY FOR UNDERGROUND ENGINEERING APPLICATIONS

Source of Seismic Waves

Directly Induced ground motion In the elastic region is a function
of several variables, such as the energy and type of explosive, source
point medium, depth of burial and geological medium properties. Within
the Imediate vcinity of the source the medium behavior Is non-linear
and complex due to high pressures and temperatures. From the (Initial)
vaporization cavity produced by the explosion a shock wave propagates,
carrying about 50% of the available energy. For a I-kt nuclear ex-
plosion, the vaporization cavity radius and pressure are approximately
2 meters and I million atmospheres,'respectively, varying slightly from
medium to medium. As the shock wave propagates radially outwards,
spherical expansion of the front and Inelastic dissipation reduce the
loading Intensity to a point, at a distance called the elastic radius,
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where the elastic properties of the medium begin to play a significant
role. The elastic radius Is a function of the source point parameters,
being a few hundred meters for a contained I-kt nuclear event. From
this point the medium behaves elastically and the phenomena may be
described by linear theory. The waveform Input to the elastic region
may be considered to be a function of the elastic radius and the Input
pressure at this radius which In turn are functions of the source param-
eters. The frequency spectrum of the radiated seismic waves at the
elastic radius Is band-limited and also is a function of the source
parameters.2

Most of the Initial energy has been dissipated before reaching
the elastic radius, and only a smal I percentage of the original energy
remains to be propagated as elastic waves. In fact, published data
for 20 large-scale chemical and nuclear explosions, ranging from yields
of I-kt to 200-kt show a range of conversions Into seismic energy which
varies from about 002% to less than 1%. The largest cratering experi-
ment to date, Sedan, wth a yield of about 100-kt coupled less than
0.1% of Its total energy Into elastic seismic wav; s.3

In current ground motion prediction techniques, the total yield
of a nuclear device Is considered one of the few major variables in a
conventional power law relationship. Postulated power law exponents for
the Increase of peak seismic ampI tude with yield general ly fal I between
0.5 and 10.4 Data from about 100 contained detonations at the NITS show
peak seismic amplitudes that Increase wth yield to the 06 to 0.8 power.
Variations In the exponent are attributed to source conditions, varied
seismic wave modes and their paths, local geology of the recording site,
and frequency of the ground motion.

Influence of the emplacement environment on peak seismic motions
Is not yet clearly defined. Factors which have been considered include
depth of burial and the geologic medium. Some tentative conclusions,
with exceptions noted, are that hard rock tends to couple ore energy
Into the elastic region than unconsolidated media , and that increase of
depth of burial, also, tends to increase the seismic efficiency.5

Transmission of Seismic Waves

A model for the transmission of seismic waves Is shown in Figure
2. The seismic input to the elastic region has a frequency spectrum
which is characteristic of the combination o all the source parameters.
As the disturbance propagates through the earth, It encounters many geo-
logical boundaries. At each boundary, a combination of transmission,
reflection and refraction of the energy occurs, depending on the angle
of incidence and elastic constants of the media surrounding the boundary.

Other physical phenomena, such as wave mode conversion, reverber-
ation within and between layers, scattering, and diffraction, occur
along each transmission path and compound the complexity of the total
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FIGURE 
STATION LOCATIONS OFF THE NEVAOA TEST SITE
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3eismograms will be distorted. Knowing the response to frequency of
the various instruments, we have developed programs which remove (within
signal-to-noise-ratio limitations) distortions produced by the instruments.
An example of this is shown in Figure 4 where much of the low frequency
information is lost without correction for instrument response. The data

FIGURE 
SEISMIC SIGNALS BEFORE AND AFTER CORRECTION
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from some instruments do not need corrections because they respond uni-
formly to all frequencies of interest. Additional programs have been
developed which produce acceleration and displacement seismograms from
measured velocity seismograms.

Some of the data processing which precedes the analysis will
now be described.8 Typical velocity measurements are recorded in the
field on analog magnetic tape at two or three recording levels by
USC&GS. Several field tapes are dubbed onto the tape that we process.
This tape is previewed, the best data channels are selected, compen-
sation Is made for variable instrument gain, calibration is performed,
appropriate seismometer response correction is made, and finally a
master tape containing only usable, corrected data is generated.
Velocity seismograms on the master tape are routinely processed to
obtain peak amplitudes, ground motion amplitude frequency content,
response spectra, acceleration and displacement seismograms, Fourier
transforms, wave mode information and other selected parameters. This
processing can be performed on an analog computer; or, the analog
velocity traces are digitized automatically and the processing done on
a digital computer.

The response characteristics of one of the velocity meters
employed on the safety program is given in Figure 5. In our data
processing we effectively lower the corner frequency of this instru-
ment from I Hz to about 03 Hz.
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FIGURE 
RESPONSE CURVE OF VELOCITY METER
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Processing of the strong motion acceleration and displacement
photographi cal ly recorded paper traces fol lows another course. These
traces are digitized semiautomatically and run through an editing, cali-
bration, and plot routine. The plotted, digitized trace provides an
overlay trace for verification. Peak amplitudes, amplitude spectra
and other parameters are then obtained by way of digital programs.

Statistical Analyses of Ground Motion

As a first attempt at establishing a significant relationship
between underground nuclear explosions and resulting seismic motions,
analyses were made of nuclear-generated seismic peak amplitudes
recorded in and around the NTS.4 We note that although the peak ampli-
tude represents only one characteristic of a complicated ground motion,
it is a good measure of the overal I seismic signal strength. Using
standard regression analysis techniques, we have developed prediction
equations based on the data from previous detonations in similar
environments to estimate the peak motions. Examples of these equations
for stations on alluvial layers are shown in Figure 6.

We must question the applicability of such equations to events
off the NTS, and also include cratering shots in our consideration.
Later we will discuss applicable theories which are validated by
this NTS experience.
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k W0.62 R_ 1.36
I

u k W0.64 R_ 1.31

d k W0.77 R_ 1.14

where W = yield; R = distance
a= peak surface acceleration
u= peak surface velocity

k, d= peak surface displacement
,2,3= regression constants

Figure 6 Peak Amplitude Prediction Equations,

Alluvium Stations

We now know that we can predict peak motions within acceptable
limits but the frequency content of the seismic motion to which
structures respond must also be predicted; otherwise, only a rough
estimate can be given for the associated structural response. Again,
on a statistical basis, we have developed the capability to predict
two kinds of seismic spectra.9 The first is a measure o the seismic
amplitude-frequency content which Is, for practical purposes, independ-
ent of the duration of the seismic signals. The second, which I shall
describe here, Is the spectrum obtained by plotting the peak response
of single degree-of-freedom system as a function of the center frequency
of the system. For each frequency, the selsmogram Is used as the input
signal. The value of this type of predicted seismic spectrum is that
it Is used to determine estimates of structural response over a large
area surrounding the detonation point. Statistical analysis of the
response spectrum amplitudes at several frequencies, as a function of
yield and distance dependence (similar to the peak motion equations
shown above), reveals that both the yield and distance dependence are
functions of frequency. As anticipated, higher frequencies attenuate
more rapidly with distance, and the lower frequencies increase slightly
more rapidly with yield. A response spectrum prediction based on this
statistical analysis Is shown in Figure 7 for a Las Vegas station. Also
shown on the figure for comparison with the prediction Is the observed
response for the Benham event.

Presently we are developing techniques to predict complete seismo-
grams. This will allow determination of the response of any structures
for which mathematical models are available. To date several seismo-
grams have been synthesized having characteristics very similar to those
of real seismograms. An example is given in Figure .
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FIGURE 7
PSEUDO RELATIVE VELOCITY SPECTRA,

BENHAM EVENT, SE-4 STATION
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The results indicate thal synthetic seismograms can be con-
structed such that each:

1. has nearly the same Fourier amplitude spectrum as that of
given seismic records of the same yield and range;

2. contains the same frequencies in the same descending
order as real seismograms;

3. produces similar band-pass filter (BPF) and pseudo-
relative velocity (PSRV) curves comparable with those
of real seismograms;- and

4. reacts with model structures in a manner comparable
with the real seismograms.

DEVELOPMENT OF PREDICTIONS FOR EXCAVATION AND OFF-SITE APPLICATIONS

Applicability of these techniques to new areas, including cratering
as wel I as underground shots, has been a logical source of concern.
Fortunately, the AEC continues to pursue a comprehensive study program
to improve prediction capabilities primarily in new locations outside
the NITS region. A few of these studies WI II now be described.

Transmission Models

The objective of wave mode studleS6 is to correlate the observed
ground motion recorded va�ious stations with individual elastic
wave modes having a specific travel path. The first problem, then, is
to identify these modes. Wave mode identification is based primarily
on the large body of theoretical and observational knowledge acquired
by seismologists. Figure 9 shows a good example of one type of mode
identification utilizing properties of the radial-vertical product wave-
form, taken from the Boxcar event.

The product waveform at the bottom of the figure displays
compressional (negative pulses at the leading edge), shear (positive
pulses at about 10 seconds), and Rayleigh modes (osci Ilatory wave with
twice the frequency of the surface Wave on the radial and vertical
tracer). These product waveform characteristics are a direct conse-
quence of the particle motions associated with the classical wave
types.
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FIGURE 

PARTICLE VELOCITY SEISMOGRAM AND RADIAL-VERTICAL
COMPONENT PRODUCT WAVEFORM
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Figure 10 shows a simplified model of the earth's crust in the
NTS area generated with the aid of wave modes observed in an around
the NTS. Also shown are the relative travel times for three of the
elastic wa ve modes (a direct P wave, refracted P wave, and a
reflected P wave) generated by a nuclear detonation. The model has
parameters of velocity and crustal thickness 5imi lar to those observed
and derived at NTS by other investigators. The major point of interest
is the fact that different wave modes arrive at a surface location with
va ying but predictable relative times in direct relationship to the
physical properties of the earth, the depth and physical character-
istics of the Mohorovicic discontinuity, and the distance of the
recording site from the nuclear detonation.

The presence of a layer of unconsolidated material such as
alluvium, can cause substantial amplification of the magnitude of
observed seismic signals. This effect, however, is a complex function
of both the wave mode and the frequency so that a simple, statistical
correlation of observed effects can be of only limited usefulness,
especially if predictions are required at new locations. Therefore, a
fundamental investigations was undertaken of the propagation of
different wave modes in an al luvial layer.
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The aim Is to predict the effect of the layer on the Fourier
amplitude spectrum of the oserved surface motion. Models for Love and
Rayleigh surface wave amplification, as well as for P and body wave
amplification, have been formulated and preliminary validation with
test results is good. Fgure 11 Indicates comparison of theory with
experiments for the relative amplification of the P-wave radial
components measured at a pair of stations In Tonopah, Nevada.

FIGURE 1
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The predicted resonant frequency for the station on the uncon-
solidated material is 7 Hz, substantially the same as the measured
value. At resonance the predicted level of amplification is a factor
of s x and the easured va I ue s a factor of I I Use of further
instrumentation to provide a better check of this theory is part of
ongoing effort. These studies will provide an effective means for
improving the predictions of frequency dependent phenomena (for example,
PSRV response spectra) at sites located on alluvium. The value of
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such accurate prediction of resonances associated with surface geology
I i es in the abi I i ty to make provision for potent i a I structur I damage.

I should like to return now to the validity of the seismic
scaling exponents statistically derived on the basis of NTS data. In
particular, we should like to have a valid theoretical description of
the behavior of seismic amplitudes at each frequency as a function of
distance from the source and as a function of source yield. A recent
effort to describe the seismic amplitude dependence on the distance
variable is proving fai rly successful. Briefly, the earth is treated
as a le tero9eneous m dium model's in the sense that the elastic con-

a ts -re as
st n ,and the dens?ty are trea random variables. Wave propa-
gation in this model is solved for the case of a step funct�on (sudden
initial pressure which decays with an infinitesimal decay constant)
applied to a spherical boundary. At large distances, for the case of
a homogeneous medium, the displacement olution is a damped sinusoid
which has a characteristic wave length proportional to the spherical
radius. In this heterogeneous case, a different length, the corre-
lation length, appears. This is defined as the distance over which the
density and elastic properties of the medium change substantial y.
For wave lengths greater than the correlation length, the medium
appears homogeneous; for wave lengths less than the correlation length,
there is an exponential selective frequency decay with distance (due
to scattering). This frequency selective attenuation with the
distance variable is in qualitative agreement with the experimental
trend observed in the NTS data.

Seismic Spectrum Scaling with Yield

A related model has been developed for the theoretical descrip-
tion of the behavior of seismic amplitudes at each frequency as a
function of source yield.11 In this model, the influence on ground
motion spectra of source parameters such as yield, depth of burial, and
medium type, have been considered. Compared with the heterogeneous
model, the source function is an exponential function applied to a
spherical boundary.

It is found that for a specific medium the explosive yeld
exponent is frequency, depth, and yield dependent. For the particular
case of underground explosions at set scaled depths, the yield exponen
decreases with increasing frequency at a constant yield and decreases
with increasing yield at a constant frequency. Also the bounds of the
exponent are medium dependent. Comparison with the response spectrum
yield exponents statistically derived from NTS data for a large number
of events, as well as with specific events, shows good agreement. In
a general way, this theory explains the experimental evidence that
smaller yield shots at a set scaled depth in a particular medium gen-
erate higher frequency ground motions that higher yield shots; and that
shots at a set yield in a particular medium generate higher requency
ground motions the greater the depth of burial.
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APPLICATION TO OFF-SITE EVENTS

Application to off-site events will be shown by comparing
predicted and measured response spectra.

Underground Events

Figure 12 shows the response spectrum at a Las Vegas station,
generated by the Central Nevada Faultless event.

FIGURE 12

PSEUDO RELATIVE VELOCITY SPECTRA;
FAULTLESS EVENT: SE-6 STATION
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The level of the predicted (upper) curve is seen to be slightly
conservative for this station, some 295 kilometers from the source,
and the shape is seen to be a fair approximation to the measured curve.
Numerous comparisons of Faultless ground motion predictions indicated
no big surprises in application of NTS data statistics to this off-
site event which occurred at a typical depth of burial.

The composite spectrum for stations at 90 km, generated by the

northwestern New Mexico Gasbuggy event, 12 is shown in Figure 13.

NTS experience delivers a prediction which is significantly

improved when the theoretical spectrum scaling is taken into account.
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The parameter that departs most from NTS experience Is the depth of
burial which, for the Gasbuggy event, Is greater than typical NTS
experience.

FIGURE 3

SPECTRA FOR STATIONS AT kill EVENT A3BUGOY
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Excavation Events

In Figure 14 are shown response spectra at a station in Las Vegas,
associated with the Calbriolet cratering event.5

The prediction based on NITS experience also is improved signifi-
cantly when theoretical spectrum scaling is included. Here, as with
Gasbuggy, the parameter that departs most from NITS experience is the
depth of burial which, for the Cabriolet event, is smaller than
typical NTS experience.
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FIGURE 14
COMPARISON OF THEORETICALLY AND EMPIRICALLY

SCALED PECTRA, EVENT CABRIOLET.
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An unusual source of configuration, pertinent to several engin-

eering ap I cations, Is represented by the nuclear f ve- I ment row

charge, Buggy 1. Treating the seismic data as if it were caused by a

single source of energy equal to the total energy in the row charge,

delivers interesting results which can be seen in Figure 15.

The upper curve, based on NTS single source cratering experience,

is noticeably higher than the observed spectrum at frequencies below

I Hz where significant energy exists. In fact, In this frequency

range, the measured spectrum is more closely approximated by that

which would be anticipated with only one row charge element, as seen

by the lower curve. Above 11/2 Hz, the prediction based on the total

Buggy I yield is satisfactory. An in-depth report analyzing these

interesting results is in preparation.
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FIGURE 5

SPECTRA FOR BUGGY 1; SE4 STATION
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CONCLUSIONS

In conclusion, then, we see that much of the technology is avail-

able for making sufficiently accurate predictions of the directly

Induced ground motion resulting from underground and excavating

nuclear dtonations. However, some work does remain in order to

obtain co rrelation of ground motion with a wider range of geological

and geophysical parameters.
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QUESTIONS FOR PETER LOUX

1. From R. Duff:

Can HE tests be used at a new site to help determine propagation
paths and modes?

ANSWER:

I don't claim to be an expert on the equivalents of HE and nuclear
generated seismic motions, however, I would think that the way you
phrased the question that yes, you probably could determine something
about the wave mode propagation from an HE charge. I think the only
place you might get into trouble is if you were trying to equate the
seismic spectrum that you would expect to get from a nuclear charge
from the one you measured from an HE charge.

2. From Mr. C. Nelson:

What is the average speed In mi les per second In which the seismic
motion or signal is propagated from an underground detonation?

ANSWER:

Why don't I just give you some numbers I remember and you can convert
it yourself. Let's take the refracted wave along the end discon-
tinuity which is out beyond the critical distance of which, at the
Nevada Test Site, is about, as I recall, 100 to 150 kilometers. If
you are outside that range, the refracted arrival spends most of its
time in the upper mantle at a velocity of something like kilometers.

3. From Alex Grendon:

How did the direction of the row of charges in Buggy I compare with
the direction to SE-6 station?

ANSWER:

I don't know off-hand, but I certainly can say something about the
directional properties of this charge, since I just finished a report
on trying to identify interference effects from the Dugout HE charge.
We looked for two things in the seismic information--off the end of
the row versus perpendicular to the row. We tried to find linear,
so called classical linear, interference to see if any were present
or not, and that experiment was inconclusive because the frequency
that we needed to observe for interference was somewhat in the noise
of the seismic signal and perhaps partly because the interference was
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not present at all. The other part of the experiment was to deter-
mine If we could use the seismic reciprocity theorum on this kind
of seismic ata--say broadside versus end fire. So what we did was,
having been unsuccessful on the Dugout experiment, we requested and
received instrumentation on two arcs--two quarter circles coming
from the end of the Buggy row to the center, one at a distance of
5 to 10 kilometers and the other was out farther and we did not fnd--
so far we are st I II work Ing on t--we haven't found a I the r recl proc I ty
or the classical linear interference principles applicable here. Of
course, you start thinking about where you're shooting in the source
region; It's really a non-linear problem you should be looking at to
see what the non-linear shock-wave Is pumping into the elastic region
off the end versus broadside.

4. From Alex Grendon:

Is this directional factor theoretically Important?

Moderator: I just checked with Mr. Reed. We were trying to ascertain
the orientation of the buggy row charges and our best recollection is
that it was oriented about north 70 east. That was the row. The
direction from Las Vegas to the row charge is about north 27.

ANSWER:

In other words the direction to Las Vegas is more broadside than it
Is off the end.

5. From F. Gera:

Can you please comment on the possibility of applying the mentioned
spectrum prediction technique to natural earthquakes?

ANSWER:

Actually we have, in fact, looked at a few earthquake spectra.
El Centro is one and some others recorded by the Coast and Geodetic
Survey at about 100 or 200 kilometers from the epicenter and so far,
and I certainly wouldn't want to be misquoted here and more work needs
to be done on this point, but so far we haven't found large differences
in the seismic spectrum from an earthquake whose equivalent yield, and
this is rather tenuous to take the magnitude and find an equivalent
magnitude-yield relationship which you can do from say 50 of the
reported magnitudes reported by the Air Force, for example. If you
convert the magnitude over the yield and then plug the yield into
the prediction equations which deliberate spectrum and compare that
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to the spectrum of the earthquake otion, the few cases that we've
tried don't show any large differences between the nuclear and earth-
quake generated motion. However, one would have to look for
differences if you were closer in to the source for example, because
obviously the source function has got to be different.
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