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SUMMARY

Physical parameters of heterogeneous fault model determined by
Papageorgiou and Akil from acceleration spectra observed for several
California earthquakes were discussed in comparison with scaling law of
earthquake source spectra and fault behaviors obtained from geological and
paleoseismological studies. The characteristic barrier interval and end
zone size obtained from strong motion are consistent with the observed
departure of scaling law from self-similarity for global earthquakes.
Stable barriers and asperities may serve as a unifying physical model for
strong motion simulation and the estimation of recurrence of earthquakes
from a given fault segment.

INTRODUCTION

Strong motion seismology has a long history of development, owing
mainly to the effort of earthquake engineers with emphasis on data
collection and interpretation based primarily on empirical approaches.

In the past decade or so, seismologists began to get involved in data
collection and analysis, and several attempts have been made to develop
quantitative models of the earthquake rupture process with the ultimate
goal of predicting strong ground motion for a given potential earthquake
fault on the basis of an understanding of basic physical laws governing
fault mechanics. The problem is difficult because of the sensitivity of
high—-frequency waves to the details of fault plane heterogeneities. To
overcome this difficulty, several attempts have been made to introduce a
hybrid of deterministic and stochastic models, in which the gross features
of rupture propagation are specified deterministically but the details of
the rupture over a heterogeneous fault plane are described by stochastic
models, 18

MODELING A HETEROGENEOUS FAULT PLANE

There are two extreme ways to model
such a heterogeneous fault plane as
illustrated schematically in Fig. 1, which
compares the state of a fault plane before s
and after an earthquake. The shaded
region is stressed, and the blank region ASPERITY >

is slipped. The completely shaded fault v f*
plane at the upper left cormer corresponds —
to a uniformly stressed fault, while the 7 / %

completely blank one at the lower right

corner represents a smoothly slipped Fig. 1. Asperities and barriers

fault without any unbroken patches. as two extreme models of hetero-
geneous fault planes.
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the upper right of Figure 1, we show the fault plane containing unbroken
strong patches after an earthquake. Numerical experiment59s10 showed that
a shear rupture can propagate leaving behind unbroken patches. These
patches are called "barriers” and are used for modeling strong motion
observed for various earthquakesll’lz. This model explains the occurrence
of after-shocks as the release of stress concentration around barriers
through static fatigue13"15 and offers a physical mechanism for a stress-
roughenin§ process to explain the observed stationary frequency-magnitude
relation.16

On the lower left of Figure 1, we show the fault plane containing
strong patches under stress surrounded by a region where stress has already
been released by pre-slips and foreshocks. These strong patches are called
"asperities” by Kanamori and Stewart17, and they considered the breaking of
these asperities as the model of faulting during the Guatemala earthquake
of 1976. In their model, the stress is heterogeneous before the mainshock
and becomes homogeneous afterwards. Thus, this model represents the main~
shock as a stress-smoothing process in contrast to the barrier model in
which the mainshock is considered as a stress-roughening process.

Despite the difference of stress roughening vs. smoothing, the barrier
modell and the asperity nodelld cannot be distinguished by the high-
frequency seismic radiation, because, according to Madariagalg, both give
rise to a flat high-frequency spectrum of the type found by Hanks and
McGuireZ® in most accelerograms.

Papageorgiou and Akil considered a specific barrier model of a
rectangular fault filled with circular cracks and determined the model
parameters using the observed acceleration power spectra for several
California earthquakes, as shown in Table 1. The results have turned out
to be rather encouraging for strong motion prediction. The diameter of the
circular crack 20 (or barrier interval) was found to be nearly proportional
to the maximum slip Bup,y of an earthquake. This means that the "local
stress drop” Ao inside the circular crack (or within a barrier interval) is
a stable parameter, ranging from 200 to 400 bars for all the earthquakes
studied.

TABLE 1. SOURCE PARAMETERS OF BARRIER MODEL

EVENT Mg My, mp Myxl0%7 L W Ao 20 d  fpax

(dyn—-cm) (km) (km) (bars) (km) (km) (Hz)

Kern Country, 1952 7.7 7.2 2.0 70. - 20. 350. 13, 1.0 2.5

San Fermando, 1971 6.6 6.35 6.2 0.12 20. 14, 300. 5. 0.5 5.0

Borrego Mtn., 1968 6.7 6.8 6.1 0.063 33. 11. 200- 2.-3. 0.6 4.0
300.

Long Beach, 1933 6.25 6.43 0.028 30. 15, 220. 1. 0.6 4.0

Parkfield, 1966 6.3 5.5 5.9 0.014 35, 15. 200-. l.-2. 0.5 5.0
300

The observed comstancy or stability of local stress drop for a variety
of earthquakes can be explained!:'l by a slip~weakening model of fracture
criterion in which the cohesive stress (= stress to break the bond) is
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roughly constant (within a factor of about 2) but the critical weakening
slip (= slip necessary to break the bond completely) varies among
earthquakes by orders of magnitude.

The relative constancy of local stress drop found by Papageorgiou and
Aki is %ualitatively consistent with the result obtained by Hanks and
McGuireZ0 using the data on root mean square acceleration ("'rms) and the
method based on Brunme's model2l and developed by Hanks.

The local stress drop (or its associated slip velocity) determines the
level of the Fourier acceleration spectrum and the corresponding power
spectrum. The evaluation of peak acceleration or rms acceleration,
however, requires another parameter that defines the bandwidth of the
acceleration spectrum. For example, if we use the model of Papageorgiou
and Akil, which is based on the solution of Sato and Hirasawa?3 for a
circular crack, the level of the acceleration power spectrum P, observed at
a distance r, from an earthquake source can be written as

2 2
2 Ac 1
P. ~ t . . « (22 (2 1
o ~ cons WevVevy u}(Bro s (D
where W is the fault width, V is the velocity of the rupture front along
the fault length (sweeping velocity), v is the velocity of rupture
spreading within a circular crack, Ao is the local stress drop, U is the
rigidity, and B is the shear wave velocity.

If the acceleration spectrum is band-limited between f, and fmaxazl‘
the rms acceleration @rp. can be written?5 as

trps = {Po 2(fpayx - fo)}’ll2 . (2)

If fpax >> fo, we get approximately

Qymg = {PO 2fmax}1/2 . (3)

From (1) and (3), we find that two major factors controlling the
acceleration amplitudes are the local stress drop Ac and the cut—off
frequency f .

SCALING LAW OF EARTHQUAKE SOURCE SPECTRA

A direct study of the cut-off frequency fhax of acceleration spectra
has been done only for a small number of earthquakes. As shown in Table 1,
the values of fp,x for several California earthquakes (M, ranges from 5.5
to 7.2) are nearly constant at about 4~5 Hz, except for the largest one
(Kern County) which showed foax of 2.5 Hz. We would like to know if this
apparent stability of fp,4 is a universal phenomenon.

One source of information relevant to this problem is the so—called
"source spectra” and their scaling law-~that is, how they change with
. earthquake size. The source spectra may be defined as the Fourier transform
My(w) of the time~derivative of the seismic moment function My(t) of an
equivalent point source of an earthquake. If the medium between the
earthquake and the observer is homogeneous, the far—-field body wave
displacement will have the form of M,(t). Thus the source spectrum can be
considered as proportional to the Fourier transform of the far-field body
wave displacement to be observed from the earthquake, if the earthquake
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source were placed in a homogeneous FREQUENCY IN HZ
medium with properties similar to the Y o \ o

source volume. 30— ; i T
i modified from Gusev

An extensive survey of the scaling 29
law of earthquakes on a global scale was ﬁ\Q§N
done by GusevZ6 who gave the result in 28 |
terms of acceleration spectra. Fig. 2 i !
shows Gusev's scaling law in terms of : ;
more familiar displacement source 27 ‘
spectra. This result is based not only j \Q&EQE\
on the relation among various magnitude 26— ; N
scales including 1 Hz band ChISS magni- ! ‘\\\Qi:3§

’ 25 : \ﬁlvw\\\

M\
N

tude, mg%, mg§M, Mpp, Mg and MjyMA 2
but also accelerogram spectra for the
24— \Qé\
Fig. 2 demonstrates the existence 23 - \\\\\F\ \\7

western United States compiled by
of a pronounced knee in the source : ! \§N

LOG MOMENT IN DYNE CM

Trifunac28.

spectra for large (M ~ 8) earthquakes at 22
a frequency around 0.2 Hz. At frequen-— o \
cies above 10 Hz, the observed accelero-

gram spectra fall down sharply. Thus, 2! YS

we see a bump in the source spectrum
between about 0.2 and 10 Hz. This bump
may be interpreted as the presence of

strong heterogeneity on the fault plane B
with a range of scale length from about

20 km to a few hundred meters.

Fig. 2. Scaling law of source

There are two independent observa-— spectra based on global data of
tions supporting the above interpreta- various magnitude scales.
tion. One is the observed frequency Adapted from Gusev (1983).

dependence of the apparent attenuation of

Q-1 of S waves in the lithosphere29’30. The Q~! curve peaks at a frequency
between 0.1 and 1 Hz, depending on the region. A tectonically active
region appears to show a greater Q‘1 peak at a relatively higher frequency.
The observed frequency dependence of Q-1 has been explained by sato3l as a
loss due to scattering in a heterogeneous random medium. The hetero-
geneities causing the attenuation of S waves by scattering may be related
to those in the fault responsible for strong motion.

The other relevant observation is the tendency for the corner fre-
quency of very small earthquakes (M < 2 ~ 3 or M, < 1019'20) in several
areas to become constant at around 10 Hz over a comsiderable range of
seismic moment. This has been observed by Chouet et al.32 for various
regions of the earth, and in fact was one of the motivations for developing
the barrier model of Aki et al.l2. Similar results have been observed also
by Rautian and Khalturin33 for earthquakes in the Garm region, U.S.S.R., by
Tucker and Brune3%4 for San Fernando aftershocks, by Bakun et al.35 for
central California earthquakes, by Fletcher36 for Oroville:_ﬁziifornia
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aftershocks, by Spottiswoode and McGarr37 for South Africa mine tremors,
and by Archuleta EE_al.38 for the Mammoth Lakes, California, earthquake
sequence.

The corner frequency cannot remain constant indefinitely for smaller
earthquakes as we know from the pioneering work of Asada39 that ultra-
microearthquakes contain waves with frequencies around 100 Hz. So, the
corner frequency must eventually increase beyond 10 Hz as the earthquake
size decreases in any of the above regions. But the fact that it remains
constant over a considerable range of seismic moment is consistent with our
interpretation that the fault heterogeneity responsible for seismic
generation decreases sharply for scale-lengths less than a few hundred
meters (corresponding to about 10 Hz). This limiting scale-length may be
related to the cut-off frequency f,, for acceleration spectra of large
earthquakes. The cohesive force hypothesized by Akill in the end zone of z
fault rupture front may act over relative motions among blocks a few
hundred meters in size or even larger. This suggests an interesting
possibility that the detailed features of fault traces on the scale of a
few hundred meters observed on the surface such as splaying and branching
may play an important role in determining the rupture process relevant to
strong motion.

PALEQOSEISMOLOGY AND STRONG MOTION

Recent progress in Paleoseismology40’41 has led Schwartz and Copper-
smith*2 to propose an earthquake recurrence model called the "character-
istic earthquake model." Earthquake recurrence has usually been modelled
by the Gutenberg-Richter frequency-magnitude relation. The data from
paleoseismology, however, suggests that a given fault segment generates
characteristic earthquakes having a very narrow range of magnitudes and
that the Gutenberg-Richter relation does not apply to individual fault
segments, A similar conclusion was obtained by Wesnousky EEUEELéB’ who
compared the 400-year historical record of seismicity with geologically
determined slips on Quaternary faults in Japan.

The characteristic earthquake model may be interpreted in terms of the
stability of asperities and barriers on faults. Recent seismological
observations suggest that there may be two distinct types of characteristic
earthquakes, which Japanese seismologists call by a different name,
"earthquake family.” 1In one of them, both the fault length and the slip
are stable parameters of a given fault segment. In the other, the slip
varies by more than an order of magnitude while the length is stable.

The concept of "earthquake families" or “characteristic earthquakes”
defies the self-similarity of earthquake phenomena which has been known to
hold over a large range of magnitude for the ensemble of earthquakes
sampled without regard to specific faults or fault zones. As elaborated by
Andrews5 self-similarity should apply to earthquake phenomena because there
is no unique scale length describing the heterogeneity of faults. For a
large ensemble of earthquakes originating from a variety of faults,
therefore, we expect that self-similarity will hold. Fox earthquakes from
a specific fault or fault zone, however, there may be a departure from
self-similarity because of the existence of heterogeneous scale lengths
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such as the barrier interval.

Thus, there is an exciting possibility that both recurrence behavior

and strong motion may be explained by a unifying fault model, and that
geological and seismological information about recurrence behavior may be

used to predict strong motion or vice versa.
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