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ANALYSIS OF STRONG EARTHQUAKE GROUND MOTION
FOR PREDICTION OF RESPONSE SPECTRA

MIHAILO D. TRIFUNAC*

Earthquake Engineering Research Laboratory, California Institute of Technology, Pasadena, California, U.S.A.

SUMMARY

Prediction of response spectra for earthquake engineering purposes is considered from a new point of view based
on the dislocation theory of earthquakes. It is shown that the traditional scaling of response spectra by the
predicted peak acceleration should be limited to the high-frequency end of the spectrum, and that the peak
acceleration in the near field is not strongly correlated with earthquake magnitude. The amplitude of the long-period
end of response spectrum at source to station distances greater than about 10 source dimensions should be scaled
with seismic moment, while for distances less than about one source dimension this amplitude should be pro-
portional to the permanent ground displacement. To reconcile the existing extensive data on seismicity of active
regions based on magnitude scale, it is shown that magnitude can be used to determine approximately the seismic
moment.

INTRODUCTION

Dynamic response of structures to strong earthquake ground motion can be investigated by two different
methods. The first method consists of modelling the real structure by a theoretical model' and calculating
the response for an assumed known motion of the foundation 2 This approach has recently been used
frequently for the final design of important buildings, dams and nuclear power plants. In the other method,
also based on idealizing the structure as a mathematical model, the ground motion is represented by its
response spectrum and the response is approximated by adding contributions from several modes.3-6 This
method is frequently used for the design of many earthquake-resistant structures, and is the main tool for
preliminary design, before the final design can be examined by the first method. In view of the importance
of this use of the response spectra for design of earthquake-resistant structures, some basic facts about the
physical nature of strong ground motion will be outlined in this paper. Special attention will be given to
the basic parameters that link the physical nature of the earthquake source mechanism with the spectral
properties of the recorded accelerograms.

For simplicity, the following description of earthquake spectra will focus only on the general and average
spectral trends for body waves in an elastic and homogeneous infinite space. Although this simplified
characterization is capable of emphasizing the principal physical parameters that govern the nature of
strong ground motion and thus provides the basis for semi-empirical correlations between the measured
quantities, it must be remembered that the geologic strata between the source and receiver may change
the spectral amplitudes appreciably. Analysis of these effects and the study of their influence on the final
shape of the response spectra are, of course, beyond the scope of this paper.

Since the introduction of the concept of the response spectrum into earthquake engineering,3,4 the
technique has been refined and improved by many investigators.--' The spectra have been used not only
for design, but also in studies of the wave amplification properties of the grounds and as a guide in the
introduction of dynamic considerations into earthquake-resistant code provisions.

* Assistant Professor of Applied Science.

Received 2 October 1972

Revised 6 March 1973

© 1973 by John Wiley & Sons, Ltd.

59



60 MIHAILO D. TRIFUNAC

The only sound basis for the analysis and prediction of response spectra comes, of course, from the

measurement of strong motion. Therefore, Housner in 19599 suggested that the idealized velocity spectrum
curves, based on the four recorded strong ground motions, be used as `design spectrum curves'.10 Since
then, numerous investigations have been conducted with the objective of improving the procedures necessary
for the prediction of an approximate shape for the scaling of response spectra. 11,12 Although these studies
demonstrated that the response spectrum can be characterized by the peak acceleration, peak velocity and
peak displacement of ground motion,'1 the relationship between the latter quantities and the earthquake
source mechanism received no significant attention. Consequently, in routine design work, the spectral
amplitudes are at present still scaled by the peak ground acceleration, 12 which is predicted from the

empirical `relationship' between the earthquake magnitude and the peak acceleration.
The physical characterization of an earthquake by the peak acceleration derived from an earthquake

magnitude is very limited indeed. In fact, within the framework of instruments and magnitude definitions13

currently used, the empirical relationship between peak acceleration and magnitude is usually meaningless.
This is because the peak acceleration characterizes the high-frequency end of the spectrum (in the frequency
band from about 5 cps to about 20 cps), while the Wood-Anderson and other instruments used in magnitude
determinations sample the intermediate and long-period end of the spectrum (say, periods T> 1 sec). In
this paper, it will be shown that the overall response spectrum shape can be roughly characterized by the
peak acceleration and earthquake magnitude, thus reconciling the important catalogues with this information.
According to our new scheme, however, ground acceleration can be used to scale the high-frequency end

of the spectrum only, while the magnitude will scale the long-period end.
This paper presents a new rational basis for constructing response spectrum curves when at least two

physical parameters describing the source mechanism are available. These parameters are related to the
stress in the earthquake source region, the rigidity of rocks, the area of a fault and the average dislocation

on the fault surface.

SIMPLE DISLOCATION MODEL

A simple dislocation model may be represented by a surface A in an infinite or half-space. To model an
earthquake it is usually assumed that the components of displacement become discontinuous across this

surface, and the relative displacement on the A+ surface with respect to the A- surface is called the dislocation.

During the last decade such models have been successfully used in the interpretation of static deformations
observed after earthquakes and in several studies of long-period teleseismic waves.14 In those studies,
however, it was arbitrarily assumed that the dislocation occurs as a step function or a ramp function in time
with slope estimated from the expected duration of fault slip. Recently, Brune14 suggested that the dislocation
time function is directly related to the effective stress available to accelerate the two sides of the fault and
thus provided a physical basis for understanding the time function and the spectrum at high frequencies.
In this theory a simplifying assumption is made allowing for the spontaneous stress drop over the whole
fault plane. This assumption is, of course, crude and will have to be abandoned when refinements in theory
and measurements become possible, but it seems that, on the average, the velocity of fracture propagation
does not affect results much more than other errors inherent in the data processing.

For engineering seismology it is particularly useful to derive simple approximations for the spectra of

P and S waves.14, is Therefore in this paper we will describe a simple dislocation model for S waves, since
such results can be used to improve the methods of response spectrum prediction beyond the capabilities of the

present empirical approach.12 Mutatis mutandis in the subsequent expressions, similar results can be derived

for P waves as well.15

Near field S-wave spectra

An earthquake dislocation might be modelled by a plane surface with area A located in the infinite space.14,15
At the time of an earthquake the fracture is accompanied by the displacement discontinuity u across the
dislocation surface resulting from a sudden drop of surface tractions on A. For simplicity, it can be assumed
that the stress pulse produced by this sudden drop of surface tractions is applied instantaneously over the
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whole fault surface and that the stress vector lies in A. The amplitude of the effective stress pulse is then given
by a = ao - af, where Qo is the stress before the earthquake and o f is the frictional stress acting to resist the
fault slip. This stress pulse sends a shear wave propagating perpendicular to the dislocation surface A
(Figure 1). The initial time function for this pulse is

a•(x, t) = aH(t - x//3) (1)

where H(•) is the Heaviside step function, t is time, xis distance perpendicular to A and /3 is the shear wave
velocity.
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Figure 1. Brune's dislocation model for S waves

Ground displacement close to the centre of a fault in a direction parallel to the fault motion is obtained
by the integration of the one-dimensional wave equation. For the boundary condition at x = 0 (Figure 1)
given by

_ au
o-µ8x

where It is the Lame constant, and assuming that u = 0 for t < 0, there follows

(2)

u=apt (3)
µ

Brune14 suggested that (3) approximates the first motions on the fault before the effects of fault boundaries
reach the point of observation . When that happens the initial particle velocity

u=ap (4)
µ

decreases and gradually approaches zero. This effect can be modelled approximately by

ir(x = 0, t) = ap exp (- t/r)
µ

(5)
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and

u(x = 0, t) = -41 - exp (- t/T)]
µ

(6)

where T is of the order of r/f3.
Note that although (5) and (6) are only approximate representations, they possess two important physical

properties. First, the initial velocity is in accordance with (4), i.e. the information about the effective stress

u is preserved. Second, for large t, (6) tends to a constant level a(3-r/µ, in agreement with field observations.

Thus T can be determined from the known static dislocation amplitude at the point of observation.
The static dislocation caused by an earthquake is, of course, largest near the centre and decreases towards

the edges of a fault. This maximum dislocation amplitude can be expressed as

ar
Umax ='1 (7)

14

where r is the characteristic fault-plane dimension and -1 is a dimensionless parameter depending on the

Table I

Type of faulting and fault geometry 17

Dip-slip displacement along an infinitely long
narrow strip in a uniform shear field's

z 4

Infinitely long vertical surface fault with strike
slip displacement'

2

Circular fault plane in an infinite medium" 7r
12

Eliptical fault plane x2/a2 +y2/b2 51; v depends 2
on the ratio a/b, direction of faulting and
elastic constants, 1 < v < 219

v

r represents

Fault width

Fault width

Radius of circular
dislocation

r=b

fault geometry and elastic constants. Several typical values of -q ranging from about s to 2 are given in
Table I for several simple fault models. From (6) and (7) as t-co there follows

r
Tmax =71- (8)

The Fourier amplitude spectrum, QNF(W), of the near-field S-type motion (6) becomes

QNF(cu) _ !'" w-I((02 +T-2) 3 (9)

where w is the circular frequency. Thus (9) implies the acceleration spectrum having a constant amplitude

Q/3/µ as w co and decaying like a(3TW/µ when w ->O, with the transition frequency between these two

regions being equal to 1/T. Since (9) represents only the first-order approximation for intermediate frequencies,

however, it may not represent the true nature of the acceleration spectrum for co--> co. Very high frequencies

are rapidly attenuated even for short distances, and the realistic ground accelerations do not have a delta

function pulse at t = 0, as implied by (6); consequently, realistic acceleration spectra decay with increasing w.

Far-field S-wave spectra

As the distance to the observation point increases , the static dislocation amplitude decays faster than the
dynamic component of motion, and the long wavelength diffraction around the dislocation surface leads to
the equivalent source representation by a double couple .20, 21 To study the average far-field spectrum(R > r,
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Figure 1 ), Brune14 proposed to model the S-wave ground displacement function with

rd
u=--t ' exp (- at'), t">0

where

(10)

t' = t-R//3 (11)

r/R takes into account the spherical spreading and a , called the corner frequency of the far -field spectrum,
is analogous to 1/T in (5) and (6). The Fourier amplitude spectrum of (10) is

r Q(3 1
QFF(w) = R tL w2 -F a2 (12)

Apart from the spherical spreading term r/R, the high-frequency limit of this displacement spectrum is the
same as that in (9), while the low-frequency limit leads to the constant

Q FF(0
) = r Qg 1
R a2 (13)

It can be shown22 that the moment Mo of one couple of a double couple source model is related to the
far-field S-wave spectrum ( 13) through

QFF(0) = MO(4irPRP3)-1 (14)

where p is the density of the medium. Since the moment is also given by MO = µuA ,23 from (13) and (14)
it can be shown14 that the corner frequency a becomes

(15)

PARAMETERS DESCRIBING THE SOURCE MECHANISM

A detailed picture of any faulting is undoubtedly given in terms of a highly complicated sequence of events
in time and space . The degree to which this complexity can be resolved depends , of course , on the proximity
of the available recordings and the frequency band covered by the instrumentation . So far the highest degree
of resolution accomplished in source mechanism studies has been through the use of strong-motion
accelerograms .15, 24, 25

Although many parameters are required to describe fault motion in time and space , strong-motion studies
of the source mechanism are, at the present time, mainly concerned only with those parameters that have
the most prominent influence on the nature of recorded ground motion . For example , dislocation amplitude,
static and dynamic stress drops, the size and shape of a dislocation surface and the velocity at which a
dislocation spreads could be considered . In the present elementary approach, however, we will restrict our
attention only to the two independent parameters : (1) effective stress or and (2) the seismic moment MO.

The seismic moment MO = auA 23 combines information on the rigidity in the source region , average
dislocation and the area of faulting in one parameter . The significance of seismic moment emerges from the
fact that it specifies the amplitude of the long-period level of the Fourier amplitude spectra of ground
motion according to (14) for the far-field spectra and through

T =
MO

AQP (16)

for the near-field spectra , where T is the average of T over the fault plane . Substitution of (16) into (9) gives

^NF(W) ` w, cu ^0 (17)
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Thus, the information on the overall fault size A loses its significance near the fault, and the average dis-
location becomes the only dominant factor for the long-period components of the near-field Fourier amplitude
spectrum. At the fault surface, of course, a in (17) should be replaced by u at the point of observation.

The effective stress a = Qo-a1 is the principal parameter specifying the spectral amplitudes at high
frequencies. As co--> co (9) and (12) become

/ aR

QNF(w) " , wµw2

and

(18)

QFFw) "Rµ^2, w>a (19)

respectively. Although (18) and (19) imply that the acceleration spectra of S-waves would have constant
amplitudes for high frequencies, attenuation and scattering reduce the observed amplitudes significantly.

The precise nature of attenuation of high-frequency seismic waves (say, for frequencies > 1 cps) is not

well understood, partly because of the sparsity of recorded accelerograms. It may be assumed for the purpose
of this qualitative discussion, however, that the attenuation of seismic body waves is described by

2 exp (- wR/2Q13), where the Q factor may range from about 50 to 500,15,25 and two models the amplification

due to the half-space boundary.
The corner frequencies a and 1/T represent the borderlines between the high- and low-frequency regions of

the Fourier amplitude spectra (9) and (12). Their significance lies in their relation to the source dimension r
through (8) and (15). In source mechanism studies based on this simplified theory, source dimensions are
inferred from the corner frequencies that are estimated from the spectra of the recorded accelerograms .15,25

CHARACTERIZATION OF EARTHQUAKE RESPONSE SPECTRA

The Fourier amplitude spectrum not only shows the frequency content of recorded ground motion, but
the system response can also be calculated from it.6 Although the response spectrum has been preferred
for structural design purposes, a close relationship between the Fourier amplitude spectrum and the
undamped relative velocity response spectrum6 makes the two essentially interchangeable. We will therefore
discuss the physical characterization of Fourier spectra in the subsequent analysis with an understanding

that the results apply almost directly to relative velocity spectra as well.
It was shown in the previous sections that Fourier amplitude spectra of strong ground motion may be

approximately characterized by only two parameters, or and Mo. While it should be clear that such character-
ization represents only a first-order approximation depicting only general spectral trends, more refined
dislocation models will merely introduce additional parameters further describing the spectral amplitudes
locally, but they will not significantly alter the trends specified by a and Mo. Thus the amplitudes of the
high-frequency end of the acceleration spectrum will be determined by the effective stress level a and the
nature of wave scattering and attenuation (Figure 2), while the long-period end of the spectrum will be
determined by the seismic moment, Mo. Of course, the long-period spectral amplitudes are only governed
by the static dislocation amplitude u [equation (17)] for points near a fault. The corner frequency a or 1/-r,
related to the size of the dislocation surface, determines the frequency at which amplitudes of the long-period
end of the acceleration spectrum start falling off. Thus, for a large earthquake associated with long fault
fracture and for a fixed level of or, a and/or 1/T become small, and the corner period (= 27r/a or = 27r'r)

increases, augmenting the relative amount of energy present in the long-period waves. The Fourier amplitude
spectra in Figure 2 are drawn for the corner period of 10 sec.

For design purposes, the ideal procedure for constructing the Fourier amplitude spectrum of strong-

motion acceleration would, therefore, be based on estimates of Mo and a. Mo = puA requires a knowledge

of the fault area expected to fracture, average dislocation and the rigidity in the fault region. Although these
parameters might be inferred from geologic observations, the rate of slip along the major fault zones, and
the length of gaps in seismic activity,26 estimating the effective stress a is more difficult.
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The traditional approach to the scaling of the response spectrum amplitudes is based on the assumed

empirical relationship between peak acceleration and earthquake magnitude.10' 12 Figure 3 summarizes the
presently available data on peak acceleration and clearly demonstrates that there is no apparent correlation
between peak acceleration and earthquake magnitude. In fact, this figure shows that an earthquake with
smaller magnitude can have higher peak acceleration at the same distance. On the other hand, the simplified
theory in this paper indicates that peak acceleration should be correlated with the effective stress v. Although
at the present time there are only a few estimates of the effective stress a,15,23,25'27 it seems that for a typical

Figure 2. Normalized Fourier amplitude spectra of ground acceleration

earthquake the effective stress averaged over the whole fault plane does not significantly exceed the limit
of about 100 bars. This inference is in agreement with the estimate of the average strength of the earth's
crust, which is close to several tens of bars.28 Of course, this does not mean that fracturing in a small region
of high stress concentration may not lead to a significantly higher effective stress.15 Data in Figure 3 suggest
that independent of earthquake magnitude, peak acceleration at a given distance may vary by a factor of
about 10.

One must know µ, a and A to scale the long-period end of the spectrum by the moment Mo for inter-
mediate and large distances (R>r). Although these quantities might be estimated from the geological and
seismological investigations in the area under consideration, frequently the only statistics available are in
terms of earthquake magnitude. There are several magnitude scales currently in use, but in this paper we
will employ Richter's13 local magnitude ML for shocks less than 6 and the surface wave magnitude 13 MS
for shocks greater than 6. From equation (14) it is seen that an empirical relationship should exist between
the magnitude of an earthquake and the seismic moment M0,29 since the magnitude gives an estimate of
the amplitude of the long-period end of the spectrum if the frequency band of the recording instrument is
centred between 0 and a. Figure 4 presents such a relationship based on data from central and southern
California. Although there is an appreciably high scatter of data, a definite trend exists that is given
approximately by

1og10 M0 = 1.45M+ 16.0 (20)

where M stands for ML<6 or MS>6. Therefore, (20) can be used to scale the long-period level of spectra

in Figure 2 when the expected earthquake is characterized by the magnitude scale. For the near-field spectra,
of course, the static dislocation u will determine the amplitude of the long-period end of the spectrum.
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In engineering applications the so-called `pseudo relative velocity spectrum', PSV, is often used in place
of the relative velocity spectrum. It is equal to the product of the relative displacement spectrum, SD, and
the natural frequency of the single degree of freedom system3o

PSV - T SD

Similarly, the `pseudo absolute acceleration spectrum' is defined by

A (2.) 2
SDPS

SD, PSV and PSA can be conveniently plotted on the common tripartite logarithmic plot versus logarithm
of the period T.3°

For a transient , band-limited, ground acceleration the amplitude of the high-frequency end of the SD
spectrum tends to (T/2ir)2 times the peak ground acceleration, while the long-period end of the SD spectrum
tends to the maximum ground displacement. These properties of the SD spectrum are merely a consequence
of the fact that the single degree of freedom system acts as an accelerometer for frequencies smaller than
its natural frequency, and as a displacement meter for frequencies higher than its natural frequency. Thus,
for example, depending on the importance of the structure, one may take the average or the maximum of
the observed accelerations at a given distance (Figure 3) to find the high-frequency amplitude of the pseudo
relative velocity spectrum. The long-period amplitude of the same spectrum would be 27rulT for a station
essentially at the fault. Using (10) and (15), for distances greater than about lOr, this amplitude would become
2'7rumax/T where

= (

4 I I arz
t[ (21)mas 77r e µR

Approximating the dislocation surface with a disc of radius r the moment M0 becomesl4

M0 = 7 ar3 (22)
Combining (21), (22) and (20) we get

j 1 Ql•45M+16.01 Q
u = (23)max

8e prR

Thus, at large distances, where only the dynamic field contributes to the ground displacement, (23) might
be used to determine the approximate maximum of ground displacement associated with the S-wave motion.
At intermediate distances, x z r, where all of the near, intermediate and far-field terms contribute to the
maximum displacement amplitude, the long-period Fourier spectrum amplitudes of ground motion have a
trend between w and wz (Figure 2).

The above characterization of earthquake spectra, of course, gives only the general spectral trends for
body waves in an elastic and homogeneous infinite space. Although this characterization may be used as the
first order approximation of Fourier and response spectra of strong ground motion, it must be remembered
that local geologic formations may change the spectral amplitudes appreciably through reflection, refraction,
scattering and focusing effects,31 , 3z and through the wave-guide phenomenon leading to surface waves.33

CONCLUSIONS

The results of the foregoing analysis of the expected overall trends of the Fourier amplitude spectra of
ground motion based on a simple dislocation model in an infinite elastic space can be summarized as follows :

1. The simplest physical characterization of the Fourier amplitude spectrum of strong ground motion
is by two parameters: (a) the effective stress u and (b) the seismic moment M. for far-field motions, or the
permanent static displacement u for near-field motions . The effective stress determines the high -frequency
amplitude , while the seismic moment , or permanent static displacement, determines the long -period
amplitude of the ground motion spectrum.
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2. Recorded peak ground acceleration should be correlated with the effective stress of an earthquake
since it is determined by the high-frequency end of the spectrum, and should not be correlated with earth-
quake magnitude. Peak acceleration can be used to determine the approximate high-frequency level of the
response spectrum.

3. Since both earthquake magnitude and seismic moment are related to the long-period amplitude of the
ground displacement spectrum, they can be related empirically by equation (20). Using equation (14) or (23),

earthquake magnitude can be employed to determine approximately the long-period spectral amplitudes.
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