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EXPLOSION-PRODUCED GROUND MOTION:
TECHNICAL SUMMARY WITH RESPECT TO SEISMIC HAZARDS*
Howard C. Rodean
Lawrence Radiation Laboratory, University of California
Livermore, California 94550

ABSTRACT
This paper summarizes the present technical knowledge, experimental
and theoretical, of how underground nuclear explosions produce seismic motion
that may be a hazard at distances measured in tens of kilometers. The effects
of explosion yield and rock properties (at the explosion, along the signal propagation path, and at the site -where a hazard may exist) on the ground motion
are described in detail, and some consideration is given to the relation between
ground motion and damage criteria.
The energy released in a nuclear explosion is sufficient to vaporize the
explosive and to generate an intense shock wave that is propagated outward into
the surrounding rock. Part of the energy transported by the shock wave is dissipated in the shocked material. The shock wave strength decreases with distance from the center of the explosion as a consequence of this energy loss and
because of geometric (approximately spherical) divergence. The dissipated
energy fraction ranges from over 95% (for competent rocks like granite) to
over 99% (for crushable, porous rocks like alluvium) of the explosion yield.
Therefore, the energy fraction that is radiated in the form of seismic waves
ranges from a few percent down to a few tenths of a percent. This is consistent with the observation that explosions in granite produce more severe
ground motion than corresponding explosions in alluvium.
The effects of explosion yield and rock properties on the frequency spectrum of the seismic source function are demonstrated by both experimental
measurements and theoretical analysis. The characteristics of an ideal elastic medium are such that its frequency response is that of a low-pass filter,
with its cutoff frequency being a function of the elastic properties of the material and the radius at which the explosion-produced stress wave becomes elastic. There is further frequency- and distance-dependent attenuation (especially of the higher frequencies) of the seismic waves, because rocks are not
perfectly elastic but anelastic.
If an underground explosion is spherical and the surrounding medium is
homogeneous and isotropic, only compressional or P waves are generated.
This is an idealization; both P and shear or S waves are produced, with P
waves being predominant. The interaction of these waves with the inhomogeneities within the earth and the free surface of the earth produce additional
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reflected and refracted P and S waves, plus Rayleigh (or R) and Love (or L)
waves that travel along the surface. As a consequence, the surface ground
motion at a location where seismic damage is of concern is a complex mixture
of several types of waves: some are generated in the vicinity of the explosion,
and others at various points along different propagation paths. They arrive at
different times because of different propagation velocities and transmission
paths. In addition, the surface or receiver response to these waves is a function of local geology; e. g., the least severe motion occurs on hard rock.
The problem of seismic motion pertinent to property damage is therefore
very complicated because the damage-producing part of the wave train does not
appear to be the first arrival but some subsequent portion. There may be
some valid correlations between damage (i.e., architectural like cracked plaster as well as structural) and measured values of frequency-dependent displacement, velocity, and acceleration; but it is not known which waves are
associated with these measurements.
Therefore, the prediction of ground motion for seismic damage assessment is, at present, based on extrapolation of past experience and not upon
calculations from the first principles of mechanics. This does not mean that
these calculations are not of value in damage prediction. However, correlation between theoretical calculations and experimental measurements of ground
motion will probably be on a statistical basis because it generally will be impractical to determine all pertinent details of the geology from the explosion to
sites where seismic damage may be of concern.
INTRODUCTION
At the Third Plowshare Symposium, almost six years ago, three of the
four papers on explosion seismology discussed safety-related items, and the
fourth-^ was concerned with the use of nuclear explosives in studying the structure of the earth. Mickey^ summarized ground motion measurements (for
distances out to a few tens of kilometers and yields up to about 200 kt, and
presented empirical predictive equations based on these measurements.
Hankins^ discussed seismic measurements made at distances out to a few hundred kilometers. Cauthen^ reviewed the observed effects of explosionproduced ground motion on structures and equipment, and proposed a criterion
for a property damage threshold that was based mostly on experience with
chemical explosives.
Since then, over 150 nuclear explosions have been announced by the U. S.
Atomic Energy Commission. Most of these took place at the Nevada Test Site.
Other detonations occurred at the Supplementary Test Sites (in the central part
of Nevada and on the island of Amchitka) and in New Mexico, Colorado and
Mississippi. The maximum yield has increased during this time from about
200 kt to over a megaton. It is therefore timely to have a session on Seismic
Effects at this, the Fourth Plowshare Symposium. Two of the papers in this
session describe the seismic effects of the latest Plowshare event, Rulison.
The others are more general in that they are based on experience to date and
present information that may be used to assess the seismic hazards of future
events. This is an important matter because it has been demonstrated that
seismic hazards, not airblast or radioactivity, can impose the principal constraints on possible Plowshare operations — especially in the case of 'underground engineering' applications of contained nuclear explosions.
This paper, as implied by the word "summary" in the title, includes a
discussion of the experimental and theoretical knowledge gained since the last
Symposium. In its function as a "review" paper, it also contains some fundamental information in order that it may provide a background for the other
more specialized papers.
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UNDERGROUND NUCLEAR EXPLOSIONS
The energy released in the detonation of a nuclear explosive is sufficient
to transform the explosive from the solid to the gaseous state, with the gas
being at a temperature of millions of degrees and a pressure of millions of
atmospheres. As indicated in Fig. 1, an outward-propagating shock wave immediately begins to vaporize the adjacent rock (<1 msec), the shock wave subsequently melts and cracks the surrounding rock while the rock vapor-filled
cavity begins to expand (3 msec), the cavity attains its maximum size at about
the same time the outgoing shock decays to an elastic wave (50 msec), and
shortly afterward (3 sec) the cavity usually begins to collapse to form a chimney (final configuration). This figure depicts the sequence of events for a contained explosion; the corresponding sequence for a cratering shot is given in
Fig. 2.
There are three principal sources of seismic signals from underground
nuclear explosions, which are illustrated in Fig. 3. The first, and most significant, is the explosion itself. The second is chimney or mound collapse
which involves the fall of millions of tons of rock. The third appears to be a
consequence of explosion-produced strain changes in the neighboring kilometers of rock which are released as a series of aftershocks. The aftershocks
have been observed following explosions with body-wave magnitudes
5.0.^»"
For the purposes of this paper, only the seismic motion that is directly produced by the explosion is considered. This is because experience to date is
that the seismic motions from collapse and aftershocks are at least one order
of magnitude smaller than those from the explosion itself. 5 ' 7
The seismic signals that are emitted downward from the explosion itself
(not from chimney collapse or aftershocks) are those which are recorded as
the first arrivals at epicentral distances of several hundred to a few thousand
kilometers. 8 * 9 At these distances there appears to be no noticeable differences
between the signals (used to determine magnitude) from contained and cratering events, all other conditions such as yield and geology being equal. However, as reported by Klepinger and Mueller-^ and as discussed by Mueller in
this Symposium, cratering explosions produce seismic signals at lesser distances that have less high-frequency content than the signals from deeper, contained explosions. On the other hand, it was found in a theoretical study of an
explosive source in a layered medium^ that the low-frequency portion of the
spectrum decreased in amplitude as explosion depth was reduced. It appears
that the effect of explosion depth on seismic frequency spectra is worthy of
further investigation.
DISSIMILARITIES OF EARTHQUAKES AND EXPLOSIONS
There are many differences between earthquakes and explosions; those
of concern in this paper are the differences in relative energy content of the
various types of elastic waves generated by these two types of events.
Two types of elastic waves may be propagated within an isotropic, homogeneous elastic solid body: compressional or P waves and shear or S waves.
If a finite, three-dimensional wave source (e.g., an explosion) is perfectly
spherical, only P waves are generated; if not, both P and S waves are produced. ^>^ Observations near underground nuclear explosions indicate that
mostly P and relatively few S waves are generally produced, implying that
such explosions tend to be spherical. One major exception is the Sterling
event in the Salmon cavity (Fig. 4) which produced relatively large-amplitude
vertically-polarized S waves because of the vertical asymmetry of the explosion environment. 14 in contrast, earthquakes generally produce strong S
waves as well as P waves, indicating the geometry of earthquake sources is
1026
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not spherical. Of course, it must be r e membered that the earth is not homogeneous, and that partial conversion of P
waves to S waves and vice versa is associated with reflections and refractions of
elastic waves by various inhomogeneities.
In the case of one important inhomogeneity
the free surface of the earth, the impinging P and S waves also interact with the
surface in such a manner that Rayleigh or
R wavesl^, 16 a n d (under special conditions
of layering), Love or L waves 15,17 a r e genRECRYSTALLIZED
POOL
erated. Unlike P and S waves which travel
within an elastic body (hence the term
Fig. 4. The Sterling event in the
body waves ), R and L wave motions are
Salmon cavity (Ref. 14).
concentrated at and near the surface so
are called surface waves. These four
types of waves, including the directions of particle motion relative to the
directions of wave propagation, are illustrated in Fig. 5.
EMPLACEMENT
BORING 1A

The principal seismic method of distinguishing earthquakes from explosions at distances of thousands of kilometers is that of comparing the surface
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Four types of elastic waves.

(R)-wave magnitude with the body (P)-wave magnitude.'
* This method of
distinguishing the two types of events is illustrated in Fig. 6. It is apparent
that earthquakes tend to produce significantly stronger R-wave signals than do
explosions with the same body-wave magnitude. This may be a consequence of
explosions producing relatively weak S waves and hence weak R waves, as indicated by the theoretical study with two different source functions by Alterman
and Abramovici.22
The news media often report that either an earthquake or an explosion
(especially a high-yield explosion) had a certain body-wave magnitude (say 5),

The magnitude scale was originally introduced in order to take some of
the nonsense out of earthquake statistics."23 However, "magnitude has varied
definitions with non universally accepted"24 because it is an empirical quantity that is a function of the signal amplitude and period as recorded by a seismograph and a correction factor for epicentral distance (great circle distance
from the seismograph to the point on the surface of the earth directly over the
event).
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Fig. 6, Canadian mean surface-wave
magnitude (M) versus bodywave magnitude (m) for 28
earthquakes and 26 nuclear
explosions in Southwestern
North America. (Ref. 20).

thereby tending to create the erroneous
impression that a magnitude 5 explosion generates just as much seismic
wave energy as a magnitude 5 earthquake. This is not true. Such magnitude data only indicate that the P-wave
signals from both kinds of magnitude
5 events are of comparable strength.
As indicated in the preceding paragraph, nuclear explosions tend to produce much weaker S and R waves than
do earthquakes of comparable bodywave magnitude. As a consequence,
the seismic wave energy associated
with an earthquake of a given bodywave magnitude is at least ten times
that of an explosion of equal magnitude. ^ Therefore, a magnitude 5
explosion does not have the same potential for causing, through ground
motion, damage and injury as does a
magnitude 5 earthquake.
GEOLOGY AND SEISMIC WAVE
MAGNITUDE

Geology affects the generation,
propagation and reception of seismic
waves. That is, certain physical and
chemical properties of different kinds of rock have influences on seismic
waves. It has been noted for decades that damage from a given earthquake
tends to be more severe for property on fill or alluvium deposits than on hard
rock. Alcock^S presents the results of recent studies of the effects of
"receiver" geology. It soon became apparent during the past decade of underground nuclear testing that the seismic motion is also a strong function of the
geology surrounding the explosive (or "transmitter"). This is demonstrated
at all distances from the explosion: in the inelastic region by the peak radial
stress measurements plotted as a function of scaled radius in Fig. 7,27 the
reduced displacement potentials (or seismic source functions) measured in the
elastic region^" which are presented in Fig. 12, and the body-wave magnitudes
based on seismic measurements at hundreds and thousands of kilometers^ 24,2J
(also LRSM* reports) which are plotted in Fig. 8. This latter figure also
illustrates the variation of magnitude with yield, and some of the better-known
nuclear explosions (including crater ing experiments) are identified.
The effect of geology on seismic motion may also be considered in terms
of the fraction of the explosion energy that is converted into seismic wave
energy. Explosions are very inefficient in this respect. Analysis of postshot
rock temperatures for eight nuclear detonations in tuff, granite and salt indicates that 90 to 95% of the energy released remains as residual thermal
energy in the vicinity of the explosion if complete containment is achieved.30
More detailed studies of the Salmon event in salt indicate that about 90% of the

LRSM (long range seismic measurements) reports are published by The
Geotechnical Corporation and the UED Earth Sciences Division, Teledyne, Inc.,
under contract to the U. S. Air Force Technical Applications Center (AFTAC).
The LRSM program began in 1961 and is supported by the Advanced Research
Projects Agency (ARPA).
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total energy released was deposited within 50 meters of the explosion, not
including the energy dissipated in crushing and fracturing the salt out to
90 meters, from the edge of the 17-m-radius cavity.^1 It is apparent that the
energy radiated from an explosion in the form of seismic waves is a relatively
small quantity which is the difference between two much larger quantities: the
explosion energy and the energy dissipated in the inelastic region. Therefore,
it is not surprising that various estimates of the radiated seismic energy fraction differ considerably relative to each other.*,o6,a6 j ^ general, as illustrated in Fig. 9, these fractions range from about 1% for competent rocks
like granite or salt to hundredths of 1% for dry alluvium.
SEISMIC WAVE GENERATION, PROPAGATION AND MEASUREMENT
A spherical P-wave source (approximating an explosion) in an isotropic,
homogeneous elastic medium may be defined in terms of a pressure p applied
to the walls of a spherical cavity with radius R. The equation for the reduced
displacement potential X (a solution of the elastic wave equation)28 may be
written in terms of a natural undamped frequency OOQ = 2b/R and a damping
ratio C, - b/a, where a is the P-wave velocity and b is the S-wave velocity. ^4
The Laplace transform of this equation is
X(s)

R/p

(1)

',%This equation is mathematically identical to that used to describe linear
electrical (resistance-inductance-capacitance) circuits and mechanical
(dashpot-spring-mass) systems. 35
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Fig. 10.

Time domain solution of a P-wave equation.

where s is a complex variable with the dimension of reciprocal time and p is
the medium density. The elastic body system is underdamped because a > b.
This is illustrated in Fig. 10 which presents the time domain solution of Eq. (1),
assuming a step function for the cavity pressure p(t). The response of the system is a damped sinusoidal oscillation with a decay time constant (Cu)())
and a
damped oscillation frequency U)Q(1 - C 2 ) 1 / 2 . Therefore, the solution for any
time-dependent input function of p consists of superimposed, damped, sinusoidal oscillations. If Eq. (1) is converted from a Laplace to a Fourier transform
by letting s -* ici), the result is
R3/4pb:

where Q = W/WQ. The solution for the Fourier amplitude of^this equation,
assuming a^ step function for p(t) is plotted^ in Fig. 11. (|i(jux(i^) is plotted
instead of X(iu)) because the solution for |X(io))| -*- oo as tr ~*~0.) It is apparent
that the principal content of this spectrum is for the frequencies CD < CJDQ where
CDQ may be defined as the cutoff frequency of the low-pass filter. The low-pass
filter characteristics of an ideal elastic medium are accentuated, as illustrated
by the dashed line in Fig. 11, by anelastic attenuation which preferentially
attenuates the higher frequencies as an exponential function of distance times
frequency. 3 •
The Fourier amplitudes of the reduced displacement potentials measured
on four nuclear events and scaled to a yield of 5 kt are plotted in Fig. 12.28 it is
shown that the different properties of alluvium, tuff, granite and salt have a
significant effect on the seismic source function. A comparison of Fig. 11 with

This equation is mathematically identical to that which describes a lowpass filter. 36
The Fourier amplitude is defined as the absolute value of the magnitude of
the Fourier transform in the complex plane.
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Fig. 11. Frequency domain (Fourier amplitude) solution of a P-wave equation.
Fig. 12 indicates that a step function of applied stress at the elastic radius (the
equivalent of a cavity pressure p and cavity radius R) is a principal part of the
driving function for these explosions.
A "flat earth" model is a reasonable approximation for the distances of
tens and hundreds of kilometers at which seismic hazards must be evaluated.
If such an earth is also isotropic and homogeneous, a buried spherical P-wave
source (representing an explosion) produces three types of waves at the free
surface which propagate at different velocities and consequently have different
arrival times: the direct P wave, the R wave which appears and begins to
develop some distance from the epicenter, and the surface-S wave* which is

The surface-S wave is probably not significant to the seismic damage problem.
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explosions.

much smaller than the R wave and develops at a greater distance from the
epicenter.^^> 38, 39 g ^ ^he earth is not isotropic and homogeneous, and a
better approximation is a layered half-space. As demonstrated by the
model experiments conducted by Press et al.,40 the analysis of seismograph
recordings for such an earth model is more difficult because the recorded
signal generally consists of superimposed and overlapping direct, reflected
and refracted P and S waves as well as R waves. A further refinement of an
earth model is that of (1) a small number of major discontinuities in physical
properties (e.g., layers), and (2) a large number of random small inhomogeneities.^ 1 The mathematical analysis of such a two-part model is
very complex: one method for layered systems involves the solution of
matrices;42,43 a statistical approach is necessary in the case of many small
discontinuities.^ 1^.44
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A comprehensive experimental-theoretical study of an underground
nuclear event from explosive detonation to distant seismic signal has been
published for only one experiment, Salmon.45,46,47 This work concerned only
the first P-wave arrival in the first zone, the head wave that is critically
refracted at the Mohorovicic discontinuity. Other experimental-theoretical
studies beginning with the measured reduced displacement potential (instead of
the explosive detonation) and ending with the head wave arrival have been
made.°>28 Toksoz et al.4° used R-wave measurements from several nuclear
explosions together with an appropriate layered geological model to calculate
a seismic source function (equivalent to a reduced displacement potential) for
the explosion. It is doubtful if any comprehensive experimental-theoretical
study of an entire explosion-produced wave train has been accomplished.
These experimental-theoretical studies are necessary in order to obtain
an understanding of the physical phenomena involved. However, it is not possible at present to base predictions of ground motion for seismic damage
assessment only on calculations from the first principles of mechanics. This
is because all the necessary calculational techniques have not been sufficiently
developed in detail. If such techniques were in existence and proven, it would
not be feasible to rely on calculations alone because it is impractical, at
present, to determine all pertinent details of the geology from the explosion to
sites where seismic damage may be of concern. Therefore, the prediction of
ground motion for seismic damage assessment is presently based on interpolations and extrapolations of experimental data using theory as a guide: e.g.,
identification of elastic wave types,49 statistical analysis of peak amplitudes
close to^O and farther from^l explosions, amplitude and frequency analysis
of seismic waves from specific events,-*-®>52 and development of frequencyand yield-dependent ground motion predictions."^ The peak amplitude data for
the wave train-'-0*50"c>3 m a y k e expressed in the form
A = KW0, R6

(3)

where A is the peak value of particle acceleration, velocity or displacement, K
is an empirical geology-dependent factor, W is explosion yield, R is distance
from the explosion, a is a yield-scaling exponent, and 6 is an attenuation
exponent. Statistical techniques may be used, if sufficient data are available,
to develop confidence limits for use with Eq. (3) in the case of calibrated
areas like the Nevada Test Site and vicinity. Obviously, there is more uncertainty in applying Eq. (3) to areas where there is no prior experience, a normal situation in the Plowshare Program (see the papers on the Rulison event
in this session). However, as discussed in the subsequent section on ground
motion and property damage, it is not sufficient to predict only the peak values
in the manner of Eq. (3). It is necessary to predict ground motion'' as a function of frequency (as illustrated in Fig. 20). ^3 These curves are derived from
statistical analysis of ground motion measurements at the Nevada Test Site
and vicinity. It is interesting to note that a shift toward lower frequencies
with increasing yield is indicated, in accord with the expected variation of the
cutoff frequency u>Q = 2b/R as an inverse cube-root function of the yield [see
the discussion associated with Eq. (2) and Fig. 11],
These experimental data from explosions are a function of both the
ground motion and the response of the measuring instruments to this motion,
so a discussion of measurement techniques is in order. The history of seismic measurements, particularly the beginning, concerns seismology from the
geophysical, not the safety point of view. The initial interest was in the

Actually, Fig. 20 is a plot of a function of ground motion called the pseudo
relative velocity, not the motion itself.
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detection of distant events against a background of seismic noise which tends
to peak at periods of less than 1 sec and at about 7 sec*.54 As a consequence
of this noise background and the physical processes of generation, propagation
and attenuation for P, S and R waves, the "window" for maximum signal-tonoise ratio in the case of P waves occurs at periods ranging from 0.5 to 4 sec
and that for R waves is at periods of 15 to 20 sec. 19 The peak frequency range
for S waves overlaps the short-period maximum in the seismic noised ^ most
S waves from large-magnitude earthquakes are detected at periods of 2 to
4 sec. 5 As a consequence, both short-period (for P waves)^6 and long-period
(for R waves)5? instruments have been developed. The problem of signal-tonoise ratio obviously does not exist for the short-range measurements for
seismic safety, so continuous band width (from short-period to long-period)
measurements are feasible. Furthermore, the low-pass filtering effect of
high-frequency attenuation in the earth is not as significant at short ranges.
Measurements of seismic signals produced by nuclear explosions at the Nevada
Test Site consequently indicate peak amplitudes at somewhat different and
higher frequencies: 1 to 1.25 sec for P waves, 1.5 to 3 sec for S waves, and 2
to 4 sec for R waves.52 Many of the instruments used for routine measurements in the vicinity of the Nevada Test Site are described in the report by
Navarro:^ strong motion (generally perceptible zone), intermediate range
(perceptible to teleseismic zone), and long-range (teleseismic which include
the previously-mentioned short- and long-period seismometers). These
appear to cover the amplitudes and frequencies of importance, including the
high frequencies that are significantly attenuated at long ranges.
GROUND MOTION AND PROPERTY DAMAGE
Earthquake- and explosion-produced ground motion can cause a great
variety of property damage, ranging from the catastrophic (major structural
failure) to the annoying (cracked plaster, stucco or masonry). The possibility
of a catastrophe cannot be overlooked; for example, the structural integrity of
earth-fill dams was of concern in the safety evaluation of the Gasbuggy and
Rulison events. However, the principal damage claims associated with nuclear
explosions to date involve minor architectural, not major structural damage.
Much has been learned about the conditions causing such minor damage since
the Third Plowshare Symposium.
At that meeting, Cauthen^ reviewed the available information (based for
the most part on experience with chemical explosives) and concluded that the
threshold for architectural damage to residences (cracked plaster, stucco or
masonry) is a peak surface velocity of 10 cm/sec independent of frequency.
Several months later, the 5-kt Salmon experiment was executed near Hattiesburg, Mississippi. As illustrated in Fig. 13, many unexpected claims of such
architectural damage were received from residents living where the ground
motion was at least an order of magnitude smaller than the 10 cm/sec threshold. oy One of the obvious conclusions is that the damage threshold cannot be
considered to be a function of peak surface velocity alone. A controlled experiment was subsequently initiated with 43 relatively new masonry structures at
Mercury, Nevada, the service community for the Nevada Test Site.60 These
buildings were inspected at intervals during periods of no testing, and before
and after nuclear tests conducted at distances of about 30 to 80 km. It was
found that an average of 2.5 cracks per day formed in these buildings during
inactive periods, and that an average of 24 new cracks were found immediately
after nuclear explosions that produced peak surface velocities ranging from
0.1 to 0.3 cm/sec (Fig. 14). The explosion-produced cracks were no more
severe than those occurring naturally. These results confirmed the experience in Mississippi that 10-cm/sec peak surface velocity is not a satisfactory
criterion for damage prediction. Nadolski^l proposed that all minor residential damage experience (chemical explosives, the Salmon event in Mississippi,
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the Mercury study, and experience in Las Vegas) be plotted in terms of the
probability of complaints versus the pseudo-absolute acceleration (Fig. 15).
It appears that there may be a real — but empirical — relation between pseudoabsolute acceleration and the probability of damage claims. Work is presently
underway to bring the data in Fig. 15 up to date in order to see whether or not
subsequent experience confirms this hypothesis.
PHYSICAL MEANING OF RESPONSE SPECTRA
no

In view of the promise that (to paraphrase Richter
on seismic magnitude) the use of pseudo-absolute acceleration may be useful in making sense
out of seismic damage statistics, it is in order to review the origin of this
parameter and to define its physical meaning.
The ground motion produced at a given surface location by a specific
event (earthquake or explosion) is a complex function of time. It is also a
complex function of the geometry and physical properties of the sourcetransmission path-receiver system. The response of a structure is a function
of both its mechanical oscillator properties and the ground motion to which it
is subjected. The oscillator characteristics of a structure are a complex
function of its design, construction, materials, foundation, etc. Consequently,
a statistical or probabilistic approach is required, as indicated by the use of
damage claim percentage in Fig. 15, as well as the use of a random function
for ground motion.0^
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It appears that Benioff63 was the first to suggest that the destructive
potential of an earthquake (or an explosion in the present case) be defined in
terms of the peak response of a series of mechanical oscillators (identical
except for resonant frequency which ranges over the bandwidth of interest) to
the ground motion produced by the event. In his work, . . . suppose we substitute for the. . . structures a series of undamped pendulum seismometers
having frequencies ranging from the lowest fundamental frequency of. . . [these]
structures to the highest significant overtones. . . . the maximum recorded
deflection of each pendulum against its frequency [gives] a curve which may be
termed the undamped pendular spectrum of the earthquake." Subsequently, the
"undamped pendulum seismometers" were replaced by linear, single-degreeof-freedom, mass-spring-dashpot oscillators and the( term "pendulum spectrum" by "shock spectrum"64 or "response spectrum." 65 "A response spectrum provides. . . an envelope of the theoretical maximum responses of several
single-degree-of-freedom systems excited by a base motion. 6 1 The key assumption is that the actual structures are modeled by a simple mechanical
oscillator.
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These oscillators are defined by the equation
2
2
d x+ 2 Co u , r d +w
x 2x = d y
—2
0 dF 0
" Tdt2
dt
where x is the relative displacement of the oscillator m a s s and y is the ground
motion. This equation is mathematically identical to Eqs. (1) and (2), including the use of the undamped natural frequency UJQ and the damping ratio C which
are defined in t e r m s of the m a s s , spring and dashpot properties instead of the
elastic body p a r a m e t e r s a, b and R as in Eqs. (1) and (2).°2,66 Given a history
of ground motion for a specific event, the envelope of peak relative displacements X(<JJQ), defined as RD(u>oh plotted versus oscillator natural frequency (JUQ
is defined as the relative displacement spectrum (Fig. 16). The pseudo r e l a tive velocity is defined as the product of the peak relative displacement for a
given oscillator frequency times that frequency :"4
PSRV(a>0) = <i>0 RD((i)0).

(5)

Therefore, it is possible to define a pseudo-relative velocity spectrum (Fig. 17),
which is proportional to the square root of the upper bound for the total kinetic
energy of a vibrating structure.^4 The pseudo-relative acceleration is defined
as
PSAA(o)0) - o)0PSRV(o)0) = o)02RD(a>0),

(6)

and is the greatest value of elastic spring force per unit of mass during the
time history of input motion.^? The corresponding pseudo-relative acceleration
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spectrum.

spectrum is illustrated in Fig. 18. The curves of Figs. 16-18 are replotted as
a single curve in Fig. 19 on a four-coordinate plot of RD, PSRV and PSAA
versus (DQ, a convenient form commonly used in shock and vibration studies.
Similar ground-motion data for a number of explosions may be used to
generate predicted response spectra at a given distance as a function of yield,
as illustrated in Fig. 20.53 jn this case, the abscissa is the period T where
T = 2TT/CD0.

SUMMARY
Seismic hazards, not airblast or radioactivity, can impose the principal
constraints on some Plowshare operations, especially those involving contained rather than cratering nuclear explosions.
Three sources of seismic signals may be associated with underground
nuclear explosions: the explosion itself, chimney collapse, and aftershocks.
The signals from the latter two sources are at least an order of magnitude
weaker than those directly produced by the explosion.
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The energy of the seismic waves produced by an earthquake is at least
an order of magnitude greater than that by an explosion with equal body-wave
magnitude.
Explosions are inefficient seismic wave generators with the seismic
energy fraction ranging from about 0.01 to 1%, depending upon the physical and
chemical properties of the rock surrounding the explosive. The physical properties of the rock along the transmission path and at the receiver .also affect
the strength of seismic signals.
An ideal elastic medium has the characteristics of a low-pass filter.
The inelastic attenuation within the earth enhances these low-pass filter
characteristics.
It is not presently possible to base predictions of ground motion for seismic damage assessment on only theoretical calculations. This is because not
all the necessary mathematical techniques have been developed or proven.
Furthermore, it is not feasible to determine all pertinent details of the geology
from the explosion to where seismic damage may be of concern. Therefore,
the prediction of ground motion is based on interpolation and extrapolation of
experimental data using theory as a guide.
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A promising criterion for correlating ground motion with property damage is an empirical relation between pseudo-absolute acceleration and probability of damage claims. The pseudo-absolute acceleration is derived as a
response spectrum defined by an envelope of the theoretical maximum response
of single-degree-of-freedom oscillators (each with a different natural frequency) to the motion generated by an earthquake or explosion. The key assumption is that the actual structures are modeled by a simple mechanical
oscillator.
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