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ABSTRACT

Actual Fourier amplitude spectra of ground acceleration of
three northwestern United States earthquakes with epicenters with-
in several hundred kilometers of the Canada-U.S. border are com-
pared with theoretical spectra. In the theoretical treatment, a
conventional (deterministic) model of faulting is assumed and tra-
vel path complexities are restricted to attenuation and to the
free-surface reflection: the direct shear wave is considered to
carry most of the energy. Many of the principal features of actu-
al Fourier amplitude spectral curves can be adequately explained
by this technique but, for some events, there are indications of

an appreciable contribution from additional factors.
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INTRODUCTION

A seismological interpretation of a velocity response spectrum
of a single-degree-of-freedom oscillator, with low damping, subjec-
ted to strong ground motion such as that represented by an earth-
quake accelerogram is achievable by an indirect approach. The
more basic Fourier amplitude spectrum of ground acceleration,
which represents a lower limit to the velocity response spectrum
of a low-damped (0% critical) oscillator, can, in principle at
least, be associated directly with the seismic radiation from the
causative fault, suitably modified by the structure of the travel
path.

A unique physical interpretation of a response spectrum of a
linear oscillator with small damping is difficult to attain for
several reasons. First and foremost there is the intrimsic
difficulty in separating the complexities introduced by travel
path effects from the direct contribution from the source. The
net result of this dilemma is that there is no consensus among
seismologists as to the amount and mechanism of generation of
high-frequency energy (Savage, 1972). Secondly a number of dif-
ferent types of fault models have been proposed (Haskell, 1964;
Haskell, 1966; Savage, 1966; Aki, 1967; Archambeau, 1968; Brune,
1970).

The criterion used to select an appropriate model of faulting
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to represent the source mechanism is governed by the availability
of published values for the associated fault parameters, given an
earthquake magnitude. The deterministic model of faulting of
Savage (1972) satisfies this requirement quite well and consequent-
ly is used in the present analysis. If we were to consider a more
realistic model of faulting (e.g. Savage, 1966) then we would re-
quire more information of fault parameters than is normally avail-

able to the seismologist.

EARTHQUAKE FAULT MODEL

The top diagram in Fig. 1 depicts the geometry of a vertical
strike-slip fault. Rupture initiates along a vertical line ele-
ment of extent W (fault width) and propagates horizontally in
opposite directions with a constant rupture velocity VgR. Rupture
extends over a fault length L, a distance Ly in the positive Xj-
direction and L; in the opposite direction; that is, we are con-
sidering a bilateral form of a strike-slip fault, which is verti-
cal in this example. Without loss of generality, the direct shear
wave radiated in a vertical plane that passes through the origin
and is normal to the fault plane is considered. Travel path com-—
plexities are restricted to intrinsic physical attenuation and to
the free-surface reflection.

Earthquakes that occur along a major fault tend, in general,

to have a similar fault mechanism whereas those that occur over a
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broad area tend to have fault mechanisms that vary from region to
region. Along the San Andreas fault in California, the mechanism
is predominantly of the vertical strike-slip fault type. 1In that
seismic region the direct shear wave is considered to carry most
of the kinetic energy up to 100 km from the epicenter (Gutenberg,
1957). However, in the northwestern United States, the fault
plane solutions of earthquakes tend to vary from region to region
(Algermissen and Harding, 1965; Hodgson and Storey, 1954; Wickens
and Hodgson, 1967; Crosson, 1972).

Table 1 shows fault plane solutions for two large earth-
quakes that occurred in Washington. The author is not aware of
published fault plane solutions for the Helena, Montana earth-
quake. The preferred fault plane solutions for the Washington
earthquakes are represented by the B-plane solutions (Hodgson and
Storey, 1954; Algermissen and Harding, 1965). For the B~plane the
plunge of the motion (slip) vector tends to be horizontal (2° and
219), whereas for the A-plane the plunge tends to be vertical (78°
and 55°). Strong motion records for these events tend to have a
larger component in the horizontal plane rather than in the verti-
cal plane (for examples see Trifunac et. al., 1973; Brady et. al.,
1973). This would tend to favour the preferred (B) fault plane
solutions because the plane of polarization of the direct shear
wave would be nearly horizontal. Consequently, for these events

the direct, horizontally polarized, shear wave is considered to



carry most of the kinetic energy as far as 100 km from the epi-
center. This assumption is similar to Gutenberg's (1957) con-

cept of the average California earthquake.

THEORY
DISPLACEMENT AMPLITUDE SPECTRUM
The shear-wave displacement amplitude density of the far-field
radiation pattern from a bilateral, vertical strike-slip fault as

formulated by Savage (1972) is
~
@ usl= re(6, R M. 1G] Fplu, 105 Tp)ew

where Ry represents the radiation pattern at a polar angle ¢

A
and a hypocentral distance R, M, the seismic moment,lGlthe amplitude

spectrum of the source time function, Fy the finiteness (in space)
of the source with delay times of 1, and 1, in the positive and
negative Xj-directions respectively, and w the angular frequency.

Respresentative values are assumed for the fault parameters
in Eq. (1) for a specified earthquake magnitude and distance and
are listed in Table 1. Since the emphasis is on strong ground
disturbances, we have selected unity (maximum value) for the value
of Ry, and this obtains when ¢ = /2. With this restriction the
fault plane is no longer vertical but is oriented so as to face
the detector on the surface. However, the mechanism is still

strike-~slip, i.e. the plunge of the motion vector is essentially



zero (horizontal). The seismic moment as defined by Aki (1966) is
(2) Mo = uSDh

where p is the shear modulus (or equivalently the modulus of
rigidity), S the area of faulting (L x W) and D the average value
of the relative displacement between opposite faces of the fault.
The low-frequency energy is proportional to Mo, which is related
to earthquake magnitude (Trifunac, 1972; Hasegawa, 1974). A ramp
time function with a rise time T is assumed for the source time
function G(t); the corresponding amplitude spectrum is (Haskell,

1966)

1
a + szz) Ly2

3 1ewl = &

Eq. (3) modulates the high-frequency part of the spectrum. In
particular the factor containing T is constant at low frequencies

and varies as ¢l'at frequencies above the corner frequency

The effect of the finite extent of the causative fault is repre-

sented by

Gy Fylu, T 1) ={[L0F101 fa [LnFln]z *

3 -1
2L L F. F. o ,cosm[ro - r“] /2)} . (@, + L)

3-7



3-8

where L. and L_ are as defined previously, T =L /V_ and 1 =
o m o o R k)

Ln/V

R’ VR being the rupture velocity,

F10 and F1TT are the familiar

diffraction function. Thus

sin(wt/2)

® F = /)

The spectrum for F_ can be represented on a log-log plot by a flat

2

spectrum at low frequencies and tends to oscillate about a high-

frequency asymptote of slope -1 above a corner frequency w; where

2V
c _ R

C

The geometric mean of Wy

and wz is represented by wg where

(8) we = (wi . m;)%

ACCELERATION AMPLITUDE SPECTRUM
The Fourier amplitude spectrum of ground acceleration (FS)

can be related to lUgl by (Trifunac, 1972; Hasegawa, 1974)

9 Fs= |u

S| : w2 . exp(-oR).2

where o = »(2Q B)—% 1/Q is a dimensionless measure of physi-
and B is theSshear wave velocity.

cal absorption ~ The factor 2 takes into account the free-surface

reflection. (Attenuation and the free-surface reflection could

just as well have been incorporated with IUSI .)

Actual FS curves are related to ground acceleration a(t) by
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(10) TS = _['TW a(t).exp(-iwt).dt
[o]

where TW is an appropriate measure of the duration of the strong
shaking part of the signal (usually near 30 sec). Note that FS
has the dimension of a velocity.

The relation that enables one to relate response spectrum to
the Fourier amplitude spectrum of ground acceleration, as calcu-
lated from Eq. (9) or derived from accelerograms by using Eq. (10),
is

(11) FS < SVOZC

where SV is the velocity response of a sihgle—degree—of-freedom
oscillator 07 critically damped (z) (Jenschke, 1970; Trifunac,
1972 (a)). Physically, FS represents the maximum velocity in a
single-degree—of-freedom oscillator of natural frequency w/2n and
damping 0%z in the free vibrations following the passage of strong
seismic ground motion whereas SVOZC represents the maximum velo-
city in the same oscillator both during and after the passage of
the seismic vibrations.

Convenient ad hoc techniques are used to modify the shape of
theoretical FS curves at high frequencies so as to simulate the
shape of actual FS curves in this frequency range. This technique
is necessitated because of the inherent difficulty in separating

the contribution from the causative fault from that of the travel

path (scattering and attenuation). These ad hoc techniques are



implemented by the introduction of a constant Qg in Eq. (9) in
some cases and.a variable Qg in others, i.e. a Qg that varies with

the frequency of the wave.

GENERATION OF THEORETICAL FS CURVES

Fig. 1 shows, step-by-step, the various stages in the develop-
ment of theoretical FS curves, starting with the basic IUsl curve.
On a log-log plot the curve for |US| can be represented by two
asymptotic trends, a low-frequency trend with a slope of zero and
a high-frequency trend with a slope of -2. The low-frequency trend
tends to increase approximately linearly with increasing earthquake
magnitude whereas the high-frequency trend tends to increase more
slowly. The reason for this is that the low-frequency asymptote
level depends upon seismic moment, the logarithm of which increases
approximately linearly with increasing magnitude whereas the high-
frequency trend tends to increase more slowly because wc tends

3

to decrease with increasing magnitude. There is no consensus
the
among seismologists as to correct value of the slope of the high-

frequency asymptote; estimates range from -1 to -3. A multiplica-
: s . ; S :
tion of |U I by w effects a rotation in IU I , as can be seen in
the velocity amplitude spectrum. A further multiplication by w
effects another rotation as shown in the acceleration amplitude

density curve. Two versions of FS curves are illustrated, one

with a constant QS (infinity in the case shown) and the other with

a variable Qs' The bottom curve shows how QS varies with frequency.
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The reason for selecting an upper corner frequency, which is re-
presented by wz in this figure, in the frequency range 7-10 Hz is
that many FS curves of California earthquakes manifest a sharp
break in this frequency range. Moreover this corner frequency
does not appear to correlate with either magnitude or distance.
The overall characteristics of actual FS curves (of predomi-
nantly California earthquakes) manifest contributions from sources
other than those considered above. At low frequencies (0.05-0.1
Hz) there is generally evidence of a contribution from surface
waves (fundamental Love and/or Rayleigh) because of a shallow
focal depth. 1In addition, in regions where there is an appreci-
able deposit of low—velocity,'unconsolidated sediments, there
exist favorable conditions for the propagation of higher-mode sur-
face waves at relatively higher frequencies (0.2-2 Hz). At inter-
mediate frequencies (0.5-5 Hz) a contribution from complex crus-—
tal reverberations can be appreciable owing to constructive inter-
ference. We are not considering in any detail the feedback from
building response, which can be considerable in this frequency
range, especially for instruments deployed in the upper levels
of high-rise buildings (for examples see Trifunac et al., 1973 a).
Scattering of high-frequency waves by small-scale inhomogeneities
in the upper part of the crust is very likely an important pheno-
menon, but seismologists so far have not been able to isolate this

phenomenon in strong-motion records. Because we have neglected
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all these complications in the theoretical treatment, we should
expect, a priori, that theoretical FS in general will provide a
lower limit to actual FS curves.

Table 1 shows the basic data input for the generation of
the theoretical FS curves shown in Figs. 2 to 5. The basic
source parameter required in generating a theoretical FS curve,
using the method outlined previously, is the seismic moment Md
(see Eq.(2)) of an earthquake. Seismic moment is more accur-
ately evaluated from an analysis of surface waves (Rayleigh and/
or Love) rather than from body waves (P coda). This, in turnm,
implies that the earthquake magnitude required in this analy-
sis is the surface wave magnitude MS’ suitably corrected for
focal depth, rather than the body wave magnitude mb. There
are several reasons why we have elected to use the "MS (effect~-
ive)" magnitude rather than the reported (Gutenberg-~Richter
scale) magnitude in the theoretical calculatioms. Firstly,
uncertainty in estimates of magnitude and focal depth of early
events (e.g. 1935 Helena, Montana earthquake — magnitude 6,
focal depth 40 km) would effect a very large spread or uncert-
ainty in the corresponding theoretical FS curve. Secondly, the
surface wave magnitude of later events (e.g. 1965 Puget Sound
earthquake) is not corrected for focal depth (Algermissen and
Harding, 1965). This correction factor depends upon focal

mechanism and can deviate appreciably from a linear dependence
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upon focal depth (e.g. see Tsai and Aki, 1970). Thirdly, we are
dealing with one, and at the most, two stations for each event,
for which the radiation pattern value could differ appreciably
from the smoothed out or average value that obtains for the re-
ported magnitude.

To circumvent these problems, we arbitrarily fit the low-
frequency end of theoretical FS curves to the corresponding
portion of actual FS curves by perturbing the seismic moment.
This procedure appears feasible for relatively deep-focus(> 30 km)
events for which the surface-wave contribution in this spectral
range (for periods less than 20 s) is not likely to be sig-
nificant (e.g. see Hasegawa, 1974). Then using appropriate
tables or charts (e.g. Douglas and Ryall, 1972) that relate
seismic moment with earthquake magnitude, we can assign an
azimuthally dependent magnitude designated as Ms (effective) in
Table 1.

Incidentally the MS (effective) magnitude for two of the
three events is related to the Gutenberg — Richter magnitude by
the Marshall and Basham (1972) empirical magnitude correction
formula of +0.008h, where h is the focal depth in kilometers.
This apparent deviation: from the Marshall-Basham relation for
the Western Washington event is not surprising when we take into
consideration that magnitude at any specified station depends

upon the relative orientation of the station with respect to the



focal mechanism in addition to the focal depth. In any event, the

MS (effective) values listed in Table 1 are only ad hoc station

values that are dependent upon the source mechanism and focal depth

assumed for these events. For example, if the actual focal depth
of the Helena, Montana event were much less that the value listed
in Table 1, then the Ms (effective) value for this event would
tend to decrease, that is approach the Gutenberg-Richter value.

COMPARISON BETWEEN THEORETICAL AND ACTUAL FS CURVES

Figures 2 to 5 depict, on a log-log plot, theoretical FS
curves superimposed upon actual FS curves for the selected events.
For the Western Washington earthquake, for which there are FS
records at two epicentral distances, namely 17km and 57km, the
theoretical curve was fitted to the actual curve corresponding
to the shorter epicentral distance.

Fig. 2 is an illustration of a close fit between a theoreti-
cal and an actual (from Brady et al., 1973) FS curve for the
Helena, Montana earthquake. The accelerogram from which the FS
curve was derived was recorded by an instrument located on a
concrete basement floor in contact with bedrock (Newmann, 1937).
Because of the close correlation between the overall shape of
theoretical and experimental FS curves, we can deduce the follow-
ing information concerning the actual FS curve:

(1) surface waves (in the form of ground roll since the epicen-
tral distance is too short to form properly developed surface

waves) are present at frequencies less than 0.05 Hz (or
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periods greater than 20 sec.).

(2) a contribution from complex crustal reverberations in the
mid-frequency range (0.3-5 Hz) appears to be relatively in-
significant. The approximate near-vertical incidence of the
direct wave tends to minimize signal perturbations owing to
the presence of near-surface layering. The effect of the
finiteness (size) of source (see. Eg. (5)) can explain the
actual spectral shape in this frequency interval.

(3) the close correlation at high frequencies between the theore-
tical FS curve for which a constant QS of 200 has been chosen
and the actual curve implies the absence of appreciable
scattering and dispersion. This again can be explained by
the near-vertical incidence angle. Most of the travel path
of the direct shear wave is through the comparatively more
homogeneous part of the lower crust, in contrast to shallower-
focus California earthquakes where the travel path is predomi-
nantly through the more heterogeneous upper crust.

Figs. 3 and 4 depict theoretical FS curves, with both con-
Stant and variable QS, superimposed upon actual (from Brady et al.,
1973) curves for the Western Washington earthquake. The accelero-
grams were recorded on the first floor (Murphy and Ulrich, 1951).
The fit between theoretical and actual FS curves is of interme-
diate quality for the close-in record (r= 17km) of Fig. 3 and of
poorer quality for the more distant record (r= 57km) of Fig. 4.

For the close-in record there is evidence of surface (Rayleigh)
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wave energy for frequencies less than 0.05 Hz. In the mid-
frequency range, i.e. 0.3-8 Hz, the theoretical curve with the
smaller attenuation coefficient (larger Qé) is a closer fit to
the actual curve. The reason for this may lie in the fact that
the direct wave is incident at the station at nearly vertical
(13o from the vertical) incidence, with the consequence that the
travel path is predominantly through the comparatively more homo-
geneous upper mantle and lower crust, rather than through the
heterogeneous upper crust. In contrast to the close-in record,
for which there is a reasonably good fit between theoretical and
actual FS curves, the actual curve for the more-~distance record
tends to lie below the theoretical curves over the entire fre-~
quency range shown. Part of this discrepancy may be due to a
variation in the radiation pattern ; part of it may be due to
complexities in the near-surface layering near this station.
Since the conspicuous peak near 1 Hz in the empirical FS curve is
not present in the close-in record, this would indicate that it is
not likely due the the assumed source. Constructive interference
due to travel-path effects (near-surface crustal layering and/or
local geology) may have effected this peak, which incidentally
resembles peaks generated by building feedback (for example, see
Trifunac et. al., 1973).

Fig. 5 is an example of a very poor fit in the intermediate-
to-high frequency range between theoretical FS curves and an actual

(from Brady et. al., 1973) curve for the Puget Sound earthquake.
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The instrument was located in a Washington Highway Test Laboratory
(Brady et. al., 1973). As with the Western Washington earthquake,
surface waves are present for frequencies less than 0.05 Hz.
Although the curve with a variable QS results in a slightly better
fit than that for a constant QS there is, nevertheless, almost an
order-of-magnitude difference at intermediate-to-high frequencies
between theoretical and actual curves. Part of this discrepancy
may be due to an appreciable contribution from complex crustal
reverberations and from scattering in the near-surface layers.
Part of this discrepancy could be the omission of the compress-
ional (P) wave contribution in the theoretical FS spectrum.

In order to convert a complex problem into a tractable form,
we have imposed restrictions on source mechanism type and travel-
path complexities in the calculation of theoretical FS curves.
Consequently the physical interpretation given above of actual
FS curves of three northwestern U.S. earthquakes can be considered
a first order or an approximate interpretation. A more accurate
or quantitative interpretation would require the inclusion of
complexities introduced into the direct signal radiated from the
source by the crustal structure between source and detector and
the local geology under the detector. However, the inclusion of
crustal reverberations would generally require the use of numer-

ical techniques, which are generally very time consumming in con-
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trast to the comparatively much shorter computer time required
using the above-described analytic, but only approximate, tech-
nique. Even if a detailed knowledge of travel-path effects were
attainable, the uncertainty in focal depth estimates of early
events such as the 1935 Helena, Montana, earthquake effects an
uncertainy in estimates of some of the physical parameters
associated with the source. Suppose the actual focal depth of
this event were less than the published value of 40 km by 10 or
even as much as 20 km. Then the corresponding estimate of the
source strength, namely seismic moment, would be less than that
for the deeper focal depth. Consequently for some of the early
events, uncertainties in estimates of focal depth would be the

limiting factor in the interpretation of these events,

SUMMARY

(1) The similarity between theoretical and actual FS curves of
the Helena, Montana earthquake implies that the direct shear
wave carries most of the energy in this close-in record.
Surface wave energy is present at frequencies less than 0.05
Hz (periods greater than 20 s). Because of the near-vertical
incidence, crustal reverberations (in the mid-frequency
range) do not appear to be appreciable.

(2) Surface wave energy is present at frequencies less than 0.05

Hz in FS records of the Western Washington and Puget Sound
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earthquakes. In the mid-frequency (0.3-8 Hz) range, the

FS components appear to experience a low attenuation, which
may be due to the near-vertical incidence of the direct
wave. To account for the discrepancy between theoretical
and actual FS curves for the Puget Sound event, we must
assume that multipathing together with possibly local geo-
logical effects are two of the primary contributors.

(3) 1In general theoretical FS curves tend to be below actual FS
curves because of the omission of travel-path complexities
and P-wave contributiohs in the theoretical computations.
However, there is the odd case where the reverse occurs,
such as the Western Washington event for r = 57 km. It is
suggested that travel path complexities and radiation pattern
effects may be two of the main contributors to this anoma-

lous case.
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Event
Date

Epicenter

Magnitude?

MS (effective)
M_ (dyne-cm)>
L+ (km)

W (km)

v, (km/s)

D (cm) 4

T (s)

h (km)

r (km)

R (km)

Fault plane Sol.

A-plane
-strike

-dip

TABLE 1

Earthquake Parameters

Helena, Mont. W. Wash.
31/10/35 13/4/49
46°37'N 47°06'N
111°58'W 122%2'w
6 7.1

6.3 7.1
3.5%x10%° 8.x102°
10 50

8 25

3.4 3.4

53 200

0.5 0.5

40 5 70 6

3 17

42 72

not available

-plunge of motion

vector

W. Wash.
13/4/49
47°06'N
122°42'w
7.1

7.1
8.x1026
50

25

3.4

200

0.5

70

57

90

N28°E
89°s

78

Puget Sound
29/4/65
47°24'N
122°18'W
6.5
7.0
2.x10%6
35

15

3.4

120

0.5

59 7

61

84

N18%W
69°E

55
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B~plane

-strike

-dip

-plunge of motion

vector

TABLE 1 (cont'd)

2reported magnitude (Housner, 1965; =~

3estimates for Mb are for MS (effective)

4

5(Housner, 1965)

6 (Nuttli, 1952)

von Hake, 1973)

N56°w 8 n53%W 9
13°s 35°w
2° 21°

Coffman and

estimates are for MS (effective) (Douglas and Ryall, 1972;

Hasegawa, 1974)

7(Algermissen and Harding, 1965)
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FIG. 1 OUTLINE OF TECHNIQUE USED TO
GENERATE THEORETICAL FS
CURVES
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THEORETICAL FS CURVE SUPERIMPOSED UPON ACTUAL FS
CURVE OF HELENA, MONTANA, EARTHQUAKE. THE ACTUAL
FS CURVE IS FROM BRADY ET. AL. (1973)

T T 1 T 1 L B T T
HELENA,MONTANA EARTHQUAKE OCT. 31,1935
Mag =60 |
r=3Km
.‘IT ]
———— empirical
------------ theoretical Qg=200 ]
41 ] | IS S WS NN SN RN I [N N R B S ]
10-2 101 10° 10! 102
FREQ (Hz)

LZ-¢



(FS)

FOURIER AMR SPEC.

103 T T v 17 T T 1T 1 T T T T T T T
' WESTERN WASHINGTON EARTHQUAKE APR. 13, 1949
B Mag =7 7]
2 r =17Km
= v KXF/JLZQL gl -
o! |- AN\ X E —
s % Z
—— —F : -
10° - —
07 i —
empirical
|~ asmvmitemsam theoretical Qs = 400
x—>—x theorefical Qs = variable 7
|o"2 ' | 1 ] 1 1 i 1 1 ] L 1 i i L1 i 1
072 o™ 10° lo} (02
FREQ (Hz)
FIG. 3 THEORETICAL FS CURVES WITH EITHER A CONSTANT OR A

VARIABLE Qg SUPERIMPOSED UPON ACTUAL WESTERN
WASHINGTON EARTHQUAKE FS CURVES. THE ACTUAL FS
CURVE IS FROM BRADY ET. AL. (1973)
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