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THE CHARACTER OF HIGH-FREQUENCY STRONG GROUND MOTION

" Thomas C. Hanks! and Robin K. McGuire®
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Abstract

’

Analysis of more than 300 horizontal components of ground accelerations

written by the San Fernango earthquake, eight other moderate-to-large
California earthquakes; and seven Oroville aftershock§ reveal that thése
acceleration timé histories are, to a very éood approximation, band-limited,
white, Gaussian noise within the S-wave arrivg] window; the band limitation is

defined by the spectral corner frequency fo and f the highest

max?
frequency passed by the acce]erograph or the Earth's attenuation operator, and

‘ the S-wave arrival window is (0 < t-R/c < Td), where R is distance, 8 is

shear-wave velocity and Td is the fau]twng duralion. An examination of the

root-mean-square acceleration (a___) characteristics of these records for

rms
0<t-~-R/s S.Td in terms of the relation

a = .85 (21{) Acg max
rms 106 R £

where 4o is the earthquake stress drop, yields the surpris%ng result that all
16 earthquakes have stress drops, as determined by record values of 3o

very nearly equal to 100 bars -(* a factor of 2). The source dependence of
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3ems Lhus dépends solely on the parameter 1/ fo; which increases only as
the one-sixth power of seismic moment for constant stress drop earthquakes.

s are in agreement within a factor of 2

approximately 85 percent of the time for Ac = 100 bars and knowledge of

1/Jf"o.

On the basis that acceleration time histories are finite-duration,

Put another way, mode! and record an

band-limited, white, Gaussian noise, for any of which a.nms is fixed by
bo = 100 bars and 1/[f . we can estimate the peak accelerations (2pax) for
all of these records with considerable accuracy (50 percent or less). The

relation is

: 2f
qnax = armSVIZIn ma%) s
: io

where pms is defined above. With less accuracy, this relation fits the

peak acceleration set of Hanks and Johnson'(1976) as well, again with ac = 100

bars. At a fixed, close distance, we determine the magnitude dependence of

to be log a ~ 0.30M for 4 <M= ML < 6 1/2, remarkably close to that

max max
recently determined empirically by Joyner et al (1981) for 5.0 <M< 7.7,
their coefficient onM (moment magnitude) being 0.28 = 0.C4. In the model
presented here, the magnitude-&ependenge of peak acceleration is a function of
faulting duratign é]one; larger earthquakes have larger peak accelerations
because they last longer, not because they are intrinsica]]y more powerful,

These well-behaved characteristics of high-frequency strong ground motion
also suégest'that the stress differenceg which develop in the course of ”
crustal faulting are comparably well-behaved, both in the average stress
release across the characteristic source dimension and in the'spectral

composition and distribution of stress differences that develop across smaller

dimensions.
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‘INTRODUCTION - . R

" Earthquake ground motion at periods short compared Lo the faulting
duration has attracted the attention of seismologists and engineers alike in

recent yea?s, principally through the realization that existing

. characterizations of high-frequency strong ground motion in terms of causative

faulting processes}or in terms of potential for structurai démage are at best
rudimentary. There is considerable seismological interest in how high-
frequency ground motion data might be used to infer the character of
quasi-static and dynamic stress dlfferences which are associated with crustal
faulting and how such 1nhomogene1t1es might condition the cause and effect of
crustal earthquakes. In a related vein, it is still a matter of ’
vigorous debaté whether or not M > 6 crustal earthquakes are organized and
coherent enough in the real Earth to materially affect high-frequency
amplitudes (for example, peak acceleration) in a limited azimuthal fange via
source directivity effects (e.g. Brune and Blume, 1981). ‘Finally, there is
has been much recent interest in magnitude saturation and how this phenomenom
might work for peak acceleration at some fixed, close distance —- or 'might not
work. A ‘

From an engineering perspective, it has long been appreciated that peak
acceleration does not correlate particularly well with all types of structural
damage (Blume, 19%9). While this might be expected from recent studies
indicat%ng that peak acceleration depends only weakly 6n magnitude at close
distances (e.g. Hanks and Johnson, 1976£ Joyner et al, 1981), it sure]y-must
be of concern to both engineers and seismologists that the most widely used
meésure of high-frequency strong ground motion over the past five decades is

not a particularly good measure of real or potential structural damage. But
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if peak acceleration isn't, what is? While considerable attention has been

paid by the engineering community to the nution of "effective peak

;acEeIeration," it is yet without a "precise definition in physical terms"

(Applied Technology Council, 1978, p. 298). Moreover, it seems almost certain
that the duration of high-frequency strong ground motion at some fixed level

of amplitudes will play an important role in producing structural damage (and

that any definition of effective peak acceleration will have to incorporate

duration effects), but this problem has received very little quantitative
attention. ' | ‘ :
Although we shall be more preciée about the matter short]y,.by
"hiéh-frequency strong ground motion" we mean:in this study ground
acceleration in the frequency band from = 1 Hz up to the highest frequency
(fmax) passed by the Earth's attenuation operator or the instrumenta)
recording system, with amplitudes sufficiently large to be of engineering -
concern. Thus, as a formal matter of frequency band, the concept of

h%gh-frequency strong ground motion as investigated here is fully

ébmp]gmentary to that of long-period strong-ground motion (e.g. Hanks, 1975;

1979b). This qistinction between high-frequency and long-period strong ground
motion runs mo;e deeply, however, since there is an important deterministic
character of long-period strong ground motion, easily discernible in both
amplitude and phase, that is generally absent in high-frequency strong ground
motion. N ]

Ground motion obse;vations;and theoretical modeling are in acco;d that at
source-station distances greater than two source depths, strong ground motion
at perlods 1 sec w11] genera]ly be dom1nated by surface waves, especially in
sedimentary bas1ns where near-surface 1mpedanCL contrasts dramatlca1]y enhance

the surfac; wave contributions (Hanks, 1975, 1976; Heaton and Helmberger,
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: "f 1977, 1978; Swanger and Boore, 1978a,b; Kudo, 1978). Indeed, when layéred
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halé-space models are a reasonable approximation to the Earth structure for
_ the source—statjbn pair of interest, the ogserved long-period strong ground
1motion can be s;nthesizéd with striking accuracy (e.g:, Heaton and Helmberger, -
1977; Swanger and Boore, 1978a).
| At frequencies‘of 2 Hz and greater, however, the character of strong
ground motion is considerably more complicated, principally because of the
.loss of phase coherence across even very small station separations (Figyre
}). At these frequencies, M > 6 earthqué@es can be almost arbitrarily
", complicated, and it is not to be expected that wave propagation effects at
such frequencies will be much simpler, given any heterogeneity at all in
crustal structure. In view of fhe complicated phase interference in Figure 1,
it is safe to say that it will be impossible to deterministically synthesize
high-frequency sirong ground motion in the time domain (that is, acceleration
’otime histories) except under rather unusual Eircumstgnces which, in general,
will involve small station—spacing (< 2 km), small (M < 5) simple earthquakes
&t c]pse (R < 10 km) distances, and uncomplicated geology. Evfdent]y, a
_"”r§aiistic characterization of high-frequency strong ground motion will require
one or more stochastic parameters that can account for phase incoherence.
In the context of these matters, we here explore further the efficacy of
“the root-mean-squire accelerﬁtioh (arms)/faulting duration. (T4) pair as a
‘measure of high-frequency strong ground motion for seismologic and engineering
‘pu?poses, using the recent stuqies of Hanks (1979a) and McGuire and Hanks
(1980) as the point of depaftare. §jnce'arms can only be defined for some
interval or "duration" of ground motion and since observed ground motion
«durations seem plainly to be a’ function Bf period and distance, some attention

is paid to this matter in the next (second) section, wherein-the model
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"y 8ne estimates of Hanks (19793) and McGuire and Hanks (1980) are briefly

}ecapitulated. In the third section, the model estimates are exercised

against record values for a set of eight mdﬁeraye-to-large California

. earthquakes and seven aftershocks of the Oroville, California, earthquake (Aug

1, 1975; ML = 5.7). These comparisons, together with those of McGuire and
Hanks (1980) for the San Fernando earthquake (Feb. 9, 1971; ML=6'4)’ produce
the surprising result that, as measured by their high-frequency excitation,
these earthquakes all seem to have stress drops very close to 100 bars
(variations of about a.factor of 2), despwte the variations in their stress
drops as determined by conventional means of about a factor of 50.

In the fourth section a compa}ison of the peak accelerations to the record
3pmé values reQeals, also surprisingly, that peak acceleration is as stable

& measure of high~frequency strong ground motion as a Assuming that

rms-e

"far-field, ground accelerations are ?inite-duration, band-limited, white,

Gaussian noise, we are able to estimate the peak acceleration data from the

San Fernando earthquake records (McGuire and Hanks, 1980), from the Oroville

aftershocks and other California earthquakes studied here, and from the peak
acce]ération set of Hanks and Johnson (1976) -~ altogether almost 400 values ~-
vwilh reasonable aécuracy. In the fifth section, we verify directly with’
frequency-of-occurrence counts that acceleration amplitudes within the time
interval T, beginning with the direct shear arrival distribute in a nearly
Gaussjan manner. Finally, we discuss the ;ignificant potential the results of
this sthdy hold for estimating high-frequency strong ground motion for ‘
engineering purposes and for {nferriqg ihe nature of stress differences that

arise in thé course of crustal faulting.






* 'THE MODEL ESTIMATE OF 2.

! S

“ Hanks (1979a) and McGuire and Hanks (1980) have demonstrated how an
- operation of Parseval's theorem onnthe Brune (1970, 1971) source model may be
used to estimate a__  for far-field shear waves in the presence of anelastic

attenuation, The estimate may be written

2 N
a__ = 2R, (2n)° ¢ 8 (1)
rms od 06— — 377 Q?__
6 oR "o
or
a = 2R (21:)2 Ao f:ﬁax f = Q8 (2)
rms e 106~ R 3 ? "max -~ =5
9\ 0 n

when the anelastic attenuation of spebtra] amplitudes is of the form
e~fR/Qs; alternatively, fnax May be set equal to the natural freauency of
the accelerograph if this is the controlling factor. In these relations, R is
hypocentral distance, Q‘l is specific attenuation, g8 is shear-wave velocity,
e is density, f  is the spectra) corner frequency of the far-field shear

' radiation, and a¢ is the earthquake stress drop. Re¢ is the radiation _
pattern in the coordinates of the instrumental axes. In Hanks (1979a) and
McGuire and Hanks (1980), the rms-value f&r shear exc;tation Reé = 0.6 was
used, together with the assumption that the energy was equally partitioned
into two horizonta] components, Niéh these assumptions, the factor of ZReé
becomes 0.85,.the leading factor of 2 accounting for free-surface
amplification.

It is implicit in these a _  estimates that, in the absence of anelastic

attenuation, the far-field acceleration would be white for f> fo (and in

the presence of anelastic attenuation approximately white in the band






« fo < f < fpax). This cbrresponds to the ™Y, v = 2, model of far=field

shear-displacement spectral amplitudes. Hanks (1979a) has argued that the

'y = 2 model is the one generally but certginly not’élways applicable to

crustal earthquakes, but, in fact, very little is known in detail about the

form and vériabi]ity of high-frequency source excitation, with the exception

‘of the San Fernando earthquake (Berrill, 1975). Interesting]y enough, the

construction of synthetic accelerograms on the basis of finitg—duration, . .
band-limited, white noise in acceleration, an éngineering approach to strong
ground motion for more.than 30 years (e.g., Housner, 1947, and numerous more
recent studies), is éonsistent with the w2 model in the presence of

anelastic attenuation. As it turns out, the results of this 'study provide

" substantial additiona) support for the y = 2 model of high-frequency

excitation, although there remains a pos%ibi]ity of a trade-off between it and
the earthquake stress drop, a matter to which we will return.
A second implicit matter concerns the duration of motion over which the
model or record estimates of a_ . are to be constructed. For the model -
estimates of (1) or (2), it is clearly the faulting duration (Td) which is
of interest. Observational experience (e.g., Fletcher et al., 1980). as well
as theoretical expectations (e.g., Brune, 1970; Hanks, 1979a) suggest that
Td is closely allied with reciprocal fo, so long as estimates of fo
unbiased by wave ﬁropagation and/or directivity effects are available. As in |

Hanksn(197§a) and McGuire and Hanks (1980), we use here

Ty = v(fo).m1 «. (3)

in conjunction with (1) and (2).







The faulting duration, however, is not the same as the ground motion
duration of an actual record. Quantifying ground motion duration is a tricky

business (McGuire and Barnbard, 1979), principally because ground motion
|l

"duration is, in general, an increasing function of period and distance (Figure

2). When this is the case, it is almost always the result of waveguide
effeclts, such as travelling surface waves, that result in delayed arrivals.
Figure 2 illustrates how ﬁhis works, in the context of how peak ground-motion .
values can be contaminated when duration effects are not accounted for. The
left-hand side of Figuqe 2, from top to bottom, plots peak displacement,
velocity, End acceleration along a profile of stations extending to the .
southeast of the San Eernando earthquake (Profile 1 of Hanké,.1975). The
curves of the form R™" are not meant to fit ;ﬁe data in any quantitative
sense, only to demonstrate that peak displacements decay less rapidly than
peak velocities which in turn decay less rapidly than peak accelerations.

This is the expected result; the surprising result, in view of what has been
said earlier about the progressive loss of coherence in passing to higher
frequencies, is that the peak accelerations decay with no more and seemingly
less scatter than do the velocities and displacements. The reason for this is
indicated on the right side of Figure 2 where the arrival time of the peak '
amplitude relative to S! (a high-frequency direct ;hear arrival, Hanks, 1975)'
is plotted against distance. The peak accelerations at all distances

(32 < R <139 km).arrive in the 10-second body (S)-wave ar;ival window, but
fBr the peai velocities and displacements this is only true at the closest
distances (R < 43 km). Thus, the latter data sets mix body-wave and
surface-wave amplitudes, leading to édditionp] scatter. Since the ordinate

values on the right-hand side of Figure 2 are a minimum estimate of ground
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motion duration, one may infer that, in general; grou;d-motion duration
increases with period and distance.

) Nevertheless, the faulting duration is, except in very unusual
circumstances involving strong directivity effects, a lower bound to the
ground motion duration. Moreover, our experience and Figure 2 suggest that
the ground motion duration converges to the faulting duration at high enough
}requencies (specifically those of interest in this study) and/or at‘close
enough distances. Sin;e the principal contributions to the 3ms values
determined observationally in this study come from'higH—frequency (f > 2 Hz)
acceleration amplitudes, it is our point of view that the faulting du%ation is
a reasonable estimate of the duration of the high-frequency ground motion of
interest. In any event, nominal variations in duration estimates (%50
percent) have little effect on the resulting ams» at least for the San
Fernando earthqauke (McCann, 1980). '

" Finally, cquations (1) and (2) are expressions for the far-field radiation,

specifically that the incoming radiation arrives as bodily shear waves. The

“fyr-fie]d" assumption in fact involves two conditions, one that the '

observatibn distance R be much greater thén the mak%mum wavelengths of
interest in the radiated field and the other that R be much'greater than the
ndimension of the source of the radiation. Because .mss bOth theoretically
and observationally, depends so heqvily on frequencies in excess of 5 Hz, the
first condition is not much of a problem. Neither is the second, if we can
assume that, for the acceleration amplitudes of interest here, we can simply
add up the effects of many small, localized, and isolated bursts to obtain the
net effect over Td’ equivalently the much larger dimension of the final
fau]ted.surface. This, too, seems; reasonable if the acceleration time

histories are so white,” random, and Gaussian as we find them to be. Even so,

10







we are not verifying the far-field assumption for the'analysis presented

herein; we are simply making it. One problem remains, that for a3 site close

'to a major earthquake, for which R can vary greatly from the closest approach

(say, 10 km or less) Lo the nethermost faulting location (perhaps 50 km or
more). In the framework here, this would necessitate "partitioning" such an
earthquake into = 10 km segments and adang up the effects for appropriate
distance and temporal delay. This is easy enough to do in principle, but it

does involve some additional assumptions; in the absence of firm

. observational constraints on this problem, we do not here address it in any -

duant{tative way.

Thus, we are investigating, both observationally and theoretica11y, rms
as a measure of high—freQuency strong ground motion across a time window given
by the fau]}ing duration and beginning with the direct shear arrival. It

shall be left as implicit that the surface wave contributions (that is, the

~ long-period strong ground motion) may be constructed separately so-to

synthesize ground motion across the entire frequency band of engineering '

Jinterest. This shall result in a narrow frequency band that will, in effect,

be counted twice, but it involves small enough frequencies that its

contribution to 3 is safely negligible.

S

COMPARISON OF MODEL TO RECORD ESTIMATES OF 3ms

To compare the model a.ms estimates with those obtained from the

recorded accelerograms, we need to know two parameters of the causative

earthquake (0, fo), three properties of the medium (p, 8, and Q),

hypocentral distance R, and the time window for the record estimate

(0<t-R/B<Ty). For o, 8, and Q, we assume conventional values of

11






‘ 2.7 gmlcm3, 3.2 km/séc and 300, respectively, un1es§ otherwise specified.

The, first set of &ata analyzed in this section is a group of eight California
,ea;thquakes, each contributing a 'small number of significant records to the
series "Strong Motion Earthquake Acce]erogréms" prepared by the Earthquake
Engineering Research Laboratory of the California Institute of Technology.
The source parameters of these earthquakes, mostly determined without
reference to the strong-motion accelerograms analyzed here, are culled or
. estimated from pué]ished studies; a]together‘we investigate 25 strong-motion

‘accelerbgrams in this ggt (50 horizontal components). "The second set'of
observations are for seven Oroville aftershocks, each writing about ten

., strong-motion accelerograms at R = 10 km.
A. The Larger California Earthquakes

Table 1 lists thensource parameters of these earthquakes, references to
those estimates, and the strong motion accelerograméﬂof these earthquakes
analyzed in this study, identified.according tb the format of the series
“Strong Motion Earthquake Accelerograms". These event-record éombination&
span a considerable range in source strength (5.3 < M 5_7.7;.1 x 1024 <M,
<2x 1027 dyne-cm), in hypocentral dist;nce (12 < R < 130 km) and in stress
drop (6 < a0 < 140 bars). While M) for these earthquakes are probably
accurate. to # 50 percent,  with the possible exception of the Wheeler Ridge
_ earthquake for which only one, single-station estimate is available, the ac
estimates are less precise; they are. no more than “consensus" values through
the referenhed studi¢§. For the Borrego Mountain earthquake, we have not

attempted such a consensus estimate and investigate two end-member models.

12
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" 70Lherwise. we estimate that the Ao estimates are accurate to a factor of 3 or

so and the Td = fy =1 estimates are accurate to * 50 percent, again with

T the possible exception of the Wheeler Ridgé earthquake.

. Figure 3 compares the ratio of record/model ms estimates to the
earthquake stress drops (Table 1). Here, the "agreement" between model and
record is perhaps best described as bad;‘for example, the record estimate for
the Hheeler Ridge earthquake is almost 20 times larger than for the model
estimate. Fiéure 3 does suggest, however, that the magnitude of the mismatch
is a strong function of (Aa)“l, with an intercept at aoc = 100 bars for a
record/mode] 3.me ratio of 1. In Figure 4, then, we b]indfy recompute the
model values on the basis of the given Mo and Ao = 100 bars. - This
necessitates small changes in fo (e.g. through the use of equation (9)
below), and the record estimates are recomputed on the basis of the new Td-s
(although the record estimates changé only slightly). With a full range

Vscatter of about a factor of 6 and thus a sténdard deviation of ~ Qf@ﬁ the
model and record estimates are linearly related; Figure 4 suggests that a
stress drop slightly greater than 100 bars would "fit" the data slightly
better. But why are the published estimates of 4o seemingly low, very much so
in some cases? And why do these events, insofar as their high-frequency .
-excitation is concerned, seem to exhibit lhe same stress drop of about 100

 bars, * a factor qf ~ 2? Temporarily, we set these issues.aside to present

‘similar comparisons for the seven Oroville aftershocks.

13
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«+. '+ B. The Oroville Aftershocks

" To analyze the Oroville aftershocks, we take the inverse approach to that

described previously, since otherwise we would be forced to use stress drops

obtained from the same records we wish to investigate with respect to s
That is, for each component. of motion for each aftershock we estimate aoc by
inverting equatioﬁ'(Z). In abbreviated form the result is «
Ao = .19R fo"arms (4)
vhere we have set p = 3.0 gm/emd, g = 3.6 km/sec (Seekins et ‘al, 1978) and
2 Re¢ = 0.85, an assumption we discuss in more detail below; and where ac¢ is
in bars, R is in km, and a (cm/sec?) is the record estimate determined
for a durétion of acceleration beginﬁing with the S wave and lasting for ~
(fb) ’1. Geometric means of the spectrally &etermined fo's for each
aftershock (Fletcher et al, 1981) are given in Table 2; fhax has been set
equa]lto 25 Hz, the nominal natuéa] frequency of the SMA-1 recording devices.
Table 2 is constructed in the same way as Table 1 of Seekins and Hanks
(1978), which divés peak accelerations for all of the source-station pairs in
Table 2. For each source-station pair fér which a usable record exists (a
positively identified record triggering prior to the S wave), Table 2 gives
two values of &g, one for each horizontal component of motion. - The principal
result to be e;tracted from Taple 2 is identical to the one we obtained in the
last section: 1in order to sqﬁare reqord and model estimaies, stress drops
very near]y'equal to 100 bars are required. 'The last column of Table 2 gives

arithmetic and logarithmic averages of the stress drop estimates for each

14
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' ‘earthquake, excluding DJR and. DHR for which strong site resonances exist

(Seekins and Hanks, 1978). :
| " Despite the nearly monochromatic (at =.20 Hz) visual appearance of the DWR
accelerograms, the aAc's obtained from q.ms at DHR are generally in agreement.
with those from other stations. This is certainly not the case at DJR, where
the s0's so obtained are considerably greater (by factors of 2 to 4) than the
average value. Since estimates from all other stations are much more tightly .
disiributed about the means, something c]early anomalous is occurring at DJR.
At first glance, this would appear to be the strong site resonance at'= 6 Hz
that always affects_the DJIR accelerograms, but similar diffiéu]ties with '
velocity, radiated energy, and displacements have also been encountered for
the DJR records (e.g. Fletcher et al, 1980; J. L. Boatwright, personal
communication). In view of these unusual ground motion characteristics at DJR
for the aftershocks, it is probably“hot coincidental that very substantial
damage was done to the wood-frame residence ét this site at thé timé of the
mainshock.

. ﬁive of the seven aftershocks have average stress drops between 87 and 101
bars (arithmetic averaging), very constant stress drops indeed by conventional
seismological standards (e.gQ Hanks, 1977). The other two have average stress
drops of about twice as much. In all ca%es, the standard deviations are only
fractions of the average va]ue.A Excluding DWHR and DJR, Table 2 gives 104 ac
estimates, of wﬂich only 6 are less than 50 bars and only 10 are greater than
200 bars; all but one of the latter group are associatéd with the two higher
stress drop events 0350 and 2234. Ihe éignificance of this result is
two-fold. First, using ac = 100 bars, one can estimate 3.ms that will agree

-with the observations within a factor of 2 most of the time (~ 85 percent).

15
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Second, AQ.ms 15 a remarkably stable measure of high-frequency strong ground

motion; the Ac estimates in Table 2 are a fairly transparent image of 3rms,

since fo is the same for any aflershock (and does not vary much across the

A set) and since R varies only between 10 and 15 km for most source-station

pairs.
Moreover, the record Aq.ms estimates, as reflected by the so estimates,

aepend only weakly, if at all, on the shear-wave radiation pattern. Table 3 **

" . compares, for the 0231 aftershock, the stress drop estimates normalized by the

average value a¢ = 101 bar for each component of motion to the radiation
pattern coefficient normalized by_<Re¢> = 0.6 for the same component of

motion. The coefficient 1.76 simply centers the Re¢/<Re¢> d{stribution at

unity for easier comparison with the ac/Zo distribution. According to

equations (1) and (2), ac/ZG should have an inverse relationship to

Re¢/<Re¢>’ since for all ac estimates in Tab]es 2 and 3 we have used

<Re¢> = 0.6. No such correlation exists in Table 3. Moreover, the form of

the two distributions is grossly different: while the Ac/3c estimates vary
over a total range of a factor of 2, Re¢/<Re¢> varies over 2 orders 6f
magnitude. Evidenf]y, the excitation of high-frequency motion is far more
isotropic than double-couple point source modéls allow —- o;'that scattering
mechanisms along the propagation path give this appearance. If this is indeed
a source effect, as we tentatively conclude three sections hence, it can only
mean tha} the high-frequency radiation arises from faulting processes far more
complicated than a point-source representation. Neither does 3-ms appear to
be closely related to site geology, with the exception of DJR, although the
peak acceleration data showed a gross distinction between sedimentary and

hard-rock sites (Seekins and Hanks, 1978).

16






C. Discussion

i It is a surprising result that the observed high- frequency ground motion
of these 15 earthquakes suggests, according to (1), (2), and (4), that all
have stress drops very nearly equal to 100 bars. Our study of the San
Fernando earthquake (McGuire and Hanks; 1980) produced the same result,
;lthough we did‘not appreciate it as such at that time: a stress drop of 100 . -

bars would have fit the data better (and in an absolute sense very well) than

‘ the 50 bars we éstua]ly used (Figure 4 of McGuire and Hanks, 1980). Formally

at least, all of these stress drops are the average static stress drops

determined from the Brune (1970, 1971) scaling, although they have been

" estimated differently here from what is éonventiona]]y done (e.g. Hanks and

Wyss, 1972; Thatcher and Hanks, 1973; Tucker and Brune, 1973). The enigma is
that, in a set of 16 ecarthquake stress drods with such a diverse range in

magn1tude and tectonic setting, there is no reason to expect they would be so

near]y the same (102 0.3 bars). While the constancy of earthquake stress

drops has been a long-recognized seismological phenomenom, it has ordinarily

been in the context of estimates distributing over two orders of magnitude

(e.g. Hanks, 1977), not % a factor of 2. More specifica]]y,:our results for
stress drops differ from those published for the eight earthquakes in Table 1
and for the San Fernando earthquake, often by a considerablg margin. When it
existsgahowever, the problem is always that the published stress'drops are
lower than the ones determined here. Certa1n]y it is possible to
underestimate stress drops; whether the source dimension is estimated
spectrally or from aftershock dimensions, it is far more likely that a value
too large will be obtained than one too small, thus leading to underestimated

stress drops.

17






Irrespective, however, of the biasing problems that might affect this set
of data, why is it that all of these earthquakes, given their record 3rms

vaiues, seem to have such nearly.coincident stress drops of 100 bars, as

- determined from (1), (2) and (4), no matter what the conventionally determined

value? He do not know the answer to this question, but we suspect that some
tradeoff might exist between the stress drop as estimated in the published
studies and the high-frequency spectral decay rate (implicit and fixed at - -
vy =2 in (1) and tZ)). That is, if Ao is less than 100 bars and y is less

than 2 or if A¢ is grea?er than 100 bars and y is greater than 2, it is*
possible, at least in principle, that the same 3rms Would result ag for

bo = 100 bars and y = 2.

‘Given the available observations, it is premature to press this possible
connection between ac¢ ;nd vy too far, but it is potentially of some
seismological significance since 4o and y are generally considered to be
independent quantities. Nevertheless, there has been, recently, considerable
interest in what ré]ations might exist between frequency-magnitude statistics
(b-values), 80, and vy (e.g., Hanks, 1979a; Andrews, 1980), and the results of
this section provide at least some justification fof‘further consideration of
these issues. From the point of view of estimating s as a measure of
strong ground motion for engineering purposes, however, these matters makg no
real difference. The observed a . values for the 176 horizontal components
records considered in this study anﬁ the 160 horizontal compared considered in
the stuéy of the San Fernando earthquake (McGuire and Hanks, 1980) are
estimated with remarkabfe accuracy using Ao = iOO bars and (1) and (2); most
of the dbservations, with the consistent exception of those at DJR, are within

a factor of 2 of this estimate.
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« *« « PEAX ACCELERATIONS

" The value oﬁ’peak acceleration as a me;sure of strong ground motion for
engineering purposes has come under close scrutiny in recent years, despite
the central role it has played in these matters since the first strong motion
acce]eroérams were written almost 50 years ago. In the first p]ébe, there is
considerable question concerning the reliability of peak acceleration as a - .
measure of damage potential (e.g., B]ume{k1979).‘ A second difficulty with
peak acceleration is its weak dependence on source-stféngth; at 1east:for
potentially damaging carthquakes, peak acceleration at some fixed distance éan
be expected to "saturale" for exactly the same reasons that the magnitude

scales Mys M_, and M; also saturate (e.g., Hanks, 1979b; Hanks and

Kanamori, 1979). Still another difficulty is the large scatter that exists in

~any reasonably large peak acceleration data set, even’through very small

ranges in hypocentral distance and earthguake magnitude (e.g., Seekins and
Hanks, 1978). Because of these problems, it came as some surprise to us that
peak acceleration (a . .) correlated so strongly with agge over
0<t-R/e<Tyat all distances and azimuths for the San Fernando
earthquake (McGuire and Hanks, 1980, Figure 6).
- r N - - ‘ -

Figure 5 shows a similarly strong correlation between 3nax and apqs

for the seven Oroville aftershocks, plotted on a linear scale. The strong

correlation between Smax and apys and the sharply defined bounding ratios

of 2 < dpax/arms < 3 suggest amax is simply the last amplitude point in

a Gaussian distribution of acceleration amplitudes, removed from the mean (of

zero) by two to three standard deviations. In the next section, we verify
directly with frequency—of—oéd&rrence counts that acceleration amplitudes
within 0 ¢ t ~ R/8 < T, indeed distribute in a nearly Gaussian manner; here

ve explore the predictability of peak ‘accelerations on this basis.
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Agcording Lo Vanmarcke and Lai (1977), ground accéleration time histories

that are stationary, random, and Gaussian in a time interval s  vwill be

tharacterized bj

3 \ 2s ' '
max = 21n ( ?> R “ (5)
%ms T

where the a .. so determined should Be ekceeded once on the average--or, °
with a probability of e’l, will not be exceeded--during So; here T, is

“the predominant period of the earthquake motion". . In the framework of this
study, we equate S; with the faulting duration Ty, for which the record

3ems values are calculated and for T, take the reciprocal of fpay, the

highest frequency passed by the attenuation oberator or the accelerograph.

Equation (5) then becomes

amax = 21n ?SBR | ' *(63)
‘ qms "o ~
or ' ‘
- dmax = jz]n (2 fmaf>' . (6b)
- qems o )

Plainly, some highly restrictive assumptions are implicit in (5) and (6), the
discussion of which we delay in order to investigate whether or not this
estimate of Anax/ arms WOTKs.

Figure 6 plots the a . /a... data for each of our three principal data
sets. Figurg 6a is for the seven Oroville aftershocks. Since virtually all
of the observations are written at much the same distance (10 to 15 km), we
have p]ottéd observedlvalues of dnax/arms versus fy for each of the
seven earthquakes. The triangles pointing horizontally and connected by the
long-dashed line are the values prédicted.from equation (6b) with fmax = 25

Hz. The range in f for these seven events is not great, and the range in
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‘* the theoretical a

nax/arms is much less; even so, with the exception of

aftershock B, the median values of the observations (connected by the
short-dashed line) track the trend of the theoretical prediction. In every

instance, the observed a _./a... is within * 30 percent of the theoretical

*

max

prediction.

Typically, however, the median values are lower than the predicted values

b} 10 to 15 percent§ all of this effect can be atiributed to our dsing Volume

:II (equally spaced data) peak accelerations, which generally are 10 to 20

percenl smaller than peak accelerations scaled from Volume I data (uneaqually
spaced, uncorrected for instrumentlresponse). Indeed, some care should be
exercised in the use of peak accelerations taken from equally spaced
representations of short-duration, high-frequency accelerograms such as those
for the Oroville aftershocks; in three cases, all at DWR, the Volume II a0y

was a factor of 2 or more lower than the Volume I anax (in these cases, the

- Volume I datum was used).

Similarly, Figure 6b plots a .. fa.ns Observations for the San Fernando
earthquake as a function of distance. The theoretical prediction is from
equation (6a), with Q = 300, 8 = 3.2 km/sec, and f = 0.1 Hz (Berrill; 1975;
McGuire and Hanks, 1980). In this case, the observed ratios are all within

* : . .
50 percent of the theoretical estimate. Generally speaking, 30ax/ 3rms

‘decreases with increasing distance, in accord with the theoretical estimate,

but here the theoretical estimate is slightly less (by 5 to 10 percent) than
what might be a median observed value as.a function of distance.

Finally, Figure 6¢c presents observed and theoretical values of
dnax/drms for the other moderate-to-large California earthquakes. .For
this data set there are large variations in both f° and R (Table 1), so

Figure 6¢c plots the record estimate versus the model estimate (equation (6a)
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evaluated for approp}iate fo, R, Q, and 8). Again, the observalions agree
with the theoretical estimate to * 50 percent in every .instance, more of the
obéérvations than not being greater than the prediction.

To explore further the predictive value of (6), we estimate the ML >4
peak acceleration sets at close distances of Hanks and Johnson (1976) and

Seekins and Hanks (1978) by combining equations (1) and 6a):

a = (2 ) A Qs 2Q8 (7)
max [085 - /“fo] sz (_T—R—"O)

To evaluate (7), we set 4o = 100 bars, consistent with the results of the last

section (4o is known for some but nol all of the earthquakes represented in
Figure 7), and set R = 10 km, nominally consistent with the observations. All
magnitudes for these earthquakes are ML’ except for the two largest which

are MS. Again for Lhe purposes of evaluating (7), we treat the abscissa as

moment magnitude M (Hanks and Kanamori, 1979). Thus M, is determined by
Tog M = 1.5 M+ 16.0 S (8)

from which fo for each Mo can be determined by the constant stress drop

relation (Hanks and Thatcher, 1972)

3 .
= 100 bars = g 47 "o o (9)

8

The numerical result of these opérations'is shown as the heavy solid curve in
Figure 7. We have chosen not to plot (7) forM < 4 (or plot the ML < 4 data

of Hanks and Johnson (1976) and Seek1ns and Hanks (1978)) because as f

approaches fmax equation (5), which assumes at least severa) cycles of
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ground motion, is no longer valid. Below M = 4,.faulting durations need be
more than 0.1 sec or so. Neither have we plotted (7) for M > 6.5, for reasons
. discussed below.

The two 1ight solid curves are an evaluation of the expression of Joyner

et al (1981):
loga . =1.76+0.28M - log R - 0.00255 R + 0.27P (10)

where we have set P=0 for 50 percent probability of exceedance. The &pper
curve is evaluated at R = 7.3 km (zero horizontal distance to the epicenter or
_faulting surface); the lower curve is for R =.10 km. Note thal we give the
relation of Joyner et al (1981) in cm/secz, where they give it in units of

980 cm/secz; R is measured in km. The constants in (iO) are determined from

a regression analysis on peak acce]erations-fecorded at distances out to

. several hundred km for earthquakes with 5.0 <M< 7.7

Also shown in Figure 7 is the relation of Donovan (1973)

loga . =3.12+0.25M~ 1.52 log (R + 25) - (11)

'evaluated at R = 0 and R = 10 km (1light dashed lines). Here we have takenM
for mégnitude, and R is a "closest" distance in km. Donovan (1973) does not
detail the ;ange of validity for (li); we plot it for 5 <M< 7 1/2.

In the range of mutual va]jdity, 5.00<m < 6.5, the empirical relations of
Donovan (1973) and Joyner et al (1981) and the theoretical relation developed

here are remarkably similar; the several dependences of log 3,ax On M are
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vorks out to be almost exactly

w15 '
amax MO (13) -

for 4 < m< 6.5. With the use of (8), this becomes

loga ., ~0.30M (or M) “ (14)

max

The coefficient on nﬁ%s 0.25 for the Donovan (1973) relation and 0.28 = 0,04
for the Joyner eL al (1981) re]ation. Differences in absolufe values for log
3nax of 0.2 to 0.3 units can (énd do) arise through various definitions of
the "zero" or closest distance, a problem not readily amenable to resolution
given the scatter of comparable magnitude in-the observations for any M at
close distances. In view of the limitations of the data set in Figure 7, its
natural scatter, and the real variations in R for the observations that have
been suppressed with R = 10 km, all of these relations "fit" the observations
about as well as can be expected for 5 <M < 6 1/2.

A1l of these relations, however, either do or Qou]d underestimate the
Hanks and Johnson (1976) data for 4 <M < 5, by factors of 2 to 3.  Our
theoretical expression agrees well with the the M >4 Oro;ille aftershock
mean-value dnax dala, however, and we suspect that these are the more
compelling observational constraints. The data set of Hanks and Johnson
(1975) was compiled simply from the largest peak accelerations then known at
R = 10 km, wjphout knowledge of what might be an apéropriate mean value at
th< 5. Neyerthe]ess, there remains a possibility that the log a

_ max
dependence on M (4 < Mg 6 1/2) at close distances might be somewhat less than
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that given either by our mode} or the empirical relat{ons of Donovan (1973)
and Joyner et-al (1981).
0f greater concern is the M dependence of 3nax al close distances for
61/2.. Inthet > 6 1/2 and R ¢ 10 km space, the observations aré veny‘
sparse, and both the assumed functional forms of the empirical studies and our
theoretical model are.of uncertain validity. HNevertheless at M = 6.5 and
R = 10 km,we are impresséd by the convergencé Qf observational results,
theoretical expectation, and popular coﬁsensus: peak accelerations in the
vicinity of 1/2 g (250 percent) will be the norm for M= 6 1]2 earthquakes at

close distances, not the exception (e.g. Donovan, 1973; Hanks .and Johnson,

1976; Boore et al, 1980; Campbell et al, 1980; Joyner et al, 1981; and the

resulls of this study). But what may we expect for greatérrw?

In the model presented here, all the magnitude dependence of peak
acceleration is a function of duration alone: In view of the reasonable match
of.the observations to theoretical expectation, at least for 4 <M < 6l112, we
conclude that larger earthquakes have larger peak accelerations because they
last ‘longer, not Jbecuase they are intrinsically more powerful, an hypothes1s
advanced prev10usly by Hanks and Johnson (1976) without the benefit of
equation (7). Thus, at close distances, if the duration of strongest motion '
cannol increase beyond a certain value (perhaps, for reference, 10 to 20
seconds), then neither can the peak acceleration, if we cah always count on
finding it ip the strongest motion portion of the record. Specfically, larger
magnitude eartéquakgs will be associated with fault lengths that become

progressively larger than R = 10 km, which then would be the distance of

- closest approach. Even though the faulting duration of such an event will

continue to increase, the Ams at any “close" site over that duration will

decrease with increasing duration, because of the greater distances the
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« *+ "o radiation from Lhe‘out]ying faulting segments must travel to that site. But

we do nol expect a .. to decrease for such events if it is caused by

_faulting on the closest segment,.taking it to be the source of the strongest

motion. On the other h?"d’amax need not increase by much above ~ 1/2 g for

M> 6 1/2 at close distances, and we expect it will not, the linear increase

in log 3nax above M = 6.5 assumed in the empirical relations of Donovan

{1973) and Joyner et al (1981) notwithstanding.
THE GAUSSIAN CHARACTER OF ACCELERATION TIME HISTORIES °

The results of the two previous sections suggest that there is
considerable evidence that the high-frequency strong ground motion that
arrives as direct shear waves is finite-duration (0 < t-Rfs < Ty),

band-Timited (f) < f < fay) white, Gaussian noise. The agreement between

the a . lapms ratios estimated on this basis with a variety of

observations, while far from perfect, nevertheless provides a stringent test

of the assumptions implicit in equations (5), (6), and (7), given any scatter

at all in the observations not explicitly accounted for in the model and

uncertainties in the parameters used in the model.. In particular, we have
estimated to * 50 percent, most of the t{he, the last amplitude point (amax)
in almost 400 series of several hundred to more than a thousand acceleration
amplitudes, depending on the record. It is unlikely that this coincidence
would materialize if any of the above c@aracterizations were seriously in
error, although we have previéus]y noted the potential trade offs between
stress dropé and high—?requency spectral decay‘rates. In this section, we
verify the Gaussian character directly w%th frequency-of-occurrence plots of

the amplitude data.
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- Figues 8a and 8b demonstrate that acceleration amﬁ]itudes within the
shear-wave arrival window (0 < t-R/8 S_Td).distribute in a very neér]y
Gaussian manner. Figqre 8a shows these amplitude distributions plotted on
normal probability paper for one component b# motion from each of our three
principal sets of data, those for the San Fernanado earthquake, the other
moderate-to~large California earthquakes, and the Oroville aftershocks. The

abscissa in each case is acceleration amplitude normalized t.o*arms for that .

. record. In Figure 8b are similar results for all of the San Fernando

earthquake records anafyzed by McGuire and Hanks (1980), amplitudes again

being normalized to 3.qs for each record of the set. Similar data for the

_entire Oroville aftershock data set (Table 2) and the other moderate-to-large

Cali%drnia earthquakés (Table 1) overlap the symbols in Figu}e 8b to the point

where the three sets could not be distinguished at"thé given symbol size; they
are not shown here. Both individually and éo]]ective]y, then, these figurgs
demonstrate that acceieration amplitudes in the shear-wave arrival window are
distributed in a manner only trifling different from Gaussian, but this should
come as no great surprise, in view of our ability to estimate so well the 1ast

amplitude point (the peak acceleration) under the Gaussian assumption.

SUMMARY AND CONCLUSIONS

From an analysis of more than 300 components of ground acceleration of 16
earthquakes.of'magnitude 4.0 < M < 7.7 at distances of 10 < R ¢ 100 km in this
study and McGuire and Hanks (1980), high-frequency strong ground motion is, to
a very good approximation, band-limited (fo < f < fpax)s finite-duration

(0 <t -R/s < Ty), white, Gaussian noise. Its rms value is fixed by the
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single earthquake source paraﬁeter"l«[F; (or equivalently M, 1/6)’ since
fOf.all of these.events ac has been estimated from record estimates of rms
"to be nearly equal to 100 bars. 'Although we have made no formal statistical
analysis of Lthe matter, with these paramete}s‘and equally simplistic wave

propagation effects, one can model estimates of a that agree within a

rms
factor of 2 of the record estimates about 85 percent éf the time. These
vesults are of great significance.for the rational construction of synthetic
accelerograms, at ieasg for 3 < 6 1/2 earthquakes.

On this same basis, one can predict peak accelerations with comparable
accuracy. The magnitude-dependence of peak acceleration determined
empirically by bener‘gg_gl (1981) for 5.0 S_M.g 7.7 is remarkab]y simi]a} to
thai determined by equations (7) and (8) for 4.0 ¢ Mg 6 1/2, the magnitude
coefficient being 0.28-in the first case and 0.30 in the second. This
I.=magnitude dependence of peak acceleration i; a function of faulting duration
alone; at a fixed,'ciose distance larger earthquakes have larger peak
accelerations only because they last longer, not because they are
intrinsically more powerful. Even from just a seismological point of view,
then, faulting duration is an important ground motion parameter. Should
teffective peak acceleration" continue to want for.a "precisé definition in
physical terms," we recommend that it be qms for the time interval
O<t-RIB<T,. . '

VSéismologically, these results are no less fascinating. Of considerable
significance is the result that the earthquake stress drops as determined by
arms are very nearly equa]ito 100 baﬁs; estimates for any of the 16

earthquakes of interest here vary over #-a factor of 2, not 2 orders of
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magnitude. While all of these are California eqrthqu;kes, they occurred in a
variety of tectonic settings anq spanned a considerable range in source
;tFength; had past experience in.stress-drop determinations been the measure
of expecta}ion,-there would be no reason why these events would have so nea;]y
the same stress drops. The résu]ts reported here, however, are the only
available stress drops determined by 3.mss and they may be more akin to a
Qynamic stress drop than an average static stress drop, in view of the
piph-frequency character of the motion from which they are derived. Only
further study of a ]aréer class of earthquakes wilf reveal whether or not a
yider range of arms-determined stress drops will materialize and whetﬁer or
not the offsetting relation between a¢ and y, as postulated earlier, might
egiét. Similarly, Table 2 suggests that 3. s a remarkably - and
surprisingly -- stable measure of higﬁ—frequencf ground motion, ﬁo matter what
purpose to which it is pui; further study of this phenomenom is also warranted.
Hhile scattering mechanisms undoubtedly coﬁtribute some component to the
chaotic but stochastically well-behaved character of high-frequency strong
ground motion, we believe for two reasons that these properties are
fundamentally due to propertiés of the source, not path. First, there is no

distance-dependence of the scatter in the a lapqs ratio for the San

max
Fernando earthquake; the acceleration time histories are as white, Gaussian,
and random at 20 km as at 120 km, although the bandwidth narrows with
increasing Qispancé. Secondly, inlthe case of the 0103 aftershock of the
Oroville earthquake, Boatwright (1981) was able to identify and locate 5
sub-events within the ~ 0.7 second faulting duration. This complexity is
plainly a function of the source, not path; indeed, had there been much phase

incoherence at all along the propaéation paths, it is unlikely that this

'sub-event analysis would have been possible.
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On this matter as well, further study is plainly indicated, but the

results of this study suggest that ihe stress differences that develop in the

course of crustal faulting, giving rise to the acceleration time histories

studied here, are also very well-behaved, both in the average stress release
through the characteristic source volume and in the character of stress
dmfferences that deve]op across smaller dimensions. In partlcular given the
wh1te, random, and Gaussian character of acceleration time h1stor1es for

0 < t-R/s8 S.sz the']1near relation of Hanks and Johnson (1976) between
dynamic stress differeﬁces for localized and iso]atéd events in the source

region and accglerafion amplitudes at R should allow for a straightforward

_ mapping of the latter into the former. These results should be of value in

the %urther development of the relationships that might exist between
frequency-of—oécurrence statistics (b;values), average earthquake stress drops:
(s0) and rate of’high-frequency spectral deéay in the far-field (y) - and how
any or all of them miéht be related to the distribution and spectral

composition of quasi-static stress differences existing along active crustal

- fault zones (e.g. Nur, 1978; Hanks, 1979a; Andrews, 1980; von Seggern, 1980).

Fina]jy, il seems alimost certain that inhomogeneities in the quasistatig
tectonic stress fie]d that gives rise to the earthquake or'iéhomogeneities in
stress differences that develop dynamically in the course of crustal fauiting
-~ or most-likely both effects -~ are an intrinsic characteristic of crustal
earthquakes: M = 4 earthquakes appear to be as complicated at periods = 0.1
sec as M= 6 2arthquakes are at periods = 1 sec and M= 8 earthquakes are at
periods = 10 sec. Indeed, earthquake "complexity" may be a self-similar

Charcteristic of crustal earthquakes. In view of the heterogeneous morphology
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.

of active crustal fault zones, so readily apparent in their en-echelon,
locally discontinuous charactér as:observed both geologically (Wallace, 1968;
Jchalenko, 1970) and seismically. (Eaton, 1970; Bakun, 1980), this "complexity"

character of crustal earthquakes is probably to be expected.
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Table 1 -

F

Earthquake Source Parameters and Strong-Motion Accelerograms

garthquake ¥ e Tg = fo -1 Accelerograms Re;erences )
date; magnitude dyne-cn bars sec 1) S-arrival R <
. (cit) Suc km .
Long Beach 2 1/2 x 1025 . 10 10 8021 1.0 50 Thatcher and Hanks (1973)
Har, 11, 1933; H{=6.3 . V314 1.0 55 Kanamor{ and Anderson (1975)
- V315 0.5 20 .t
Irperial Yalley 3 ° x 102 50 . 12 aoo1l 0.7 20 Trifynac and Bryne (1970)
Hay 19' 1940; Ms-7olg HL-G.Q -
Kern County 2 x 1027 60 ) 20 7003 11.7 130 Xanamori and Anderson (1975)
. i A0S 6.2 90 Kanamori and Jennings (1973)
. _ AG06 8.5 120 . Bolt (1978)
Hheeler Ridge 3 x 1028 6 5 8031 4.0 40 Thatcher and Hanks (1973)
Jan. 12, 1954; M =5.9
San Franciscol 1 x 1024 50 1.7 A013 0.6 20 Tocher (1957)
« Mar, 22, 1957; M =5.3 AO14 1.1 20
. : A015 1.0 15
A0l6 0.5 20
AU17 0.3 30
Parkfielo © 312 % 1085 Y] 8 8033 1.6 20 Kamamort and Anderson (1975)
June 28, 1966; Mge6.4, M =5.5 8034 4.6 20 Trifunac and Udwadia (1975)
. 8035 1.2 25
B036 1.9 25 .
‘ B037 1.1() 30
Borrego Mountain3 7 x 1025 A 17 10 2019 6.6 60 Hanks and Wyss (1972)
Apr 9, 1968; Mg=6.7, M =6.4 B 140 5 A020 7.1 100 Kanamori and Anderson (1975)
' *° Burdick and Mellman (1975)
Heaton 2nd Helmberger {1277)
Lytle Creekd | x 1024 30 2 W334 0.2 12
Sept 12, 1970; My =5.4 H335 0.0 18 Hanks et al (1975)
H338 0.0 - 25

Aéalysis of this record performed with pe2.5 gmlcm3. 8=2.5 kmfsec, and Q«200
Mo determined from log Mo = 1.5 M_ + 16.0; fo determined from aftershock dimension r » 2km

Model A according 1o nterpretations of Hanks and Wyss (1972) and Kanamori and Anderson (1975); Model B according to Burdick and Mellman (1976)
Mo and fo from unpublished data of T. C. Hanks
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Date Origin
He min

Aug 3 0103(A)

Aug 3 0247(8)

Aug 6 0350(F)

Aug ? 0700(K)
Aug 16 0548(P)
Sep 26 0231(T)

Sep 27 2234(v)

1 Excluding DJR and DWR

4.6

" 4.1

4.7

4.9

. 4.0

4.0

4.6

£
(?42)

1‘4

109‘

1.3
1.6
3.0

2.2

) 2.2

Table 2

3rms ~ determined Stress Drop Estimates (bars) for Seven Oroville Aftershocks

2
N90d
SOQE

121
124

3
R8SH
SUSH

42
38

s2

<123

293

0AP
N9OY
SOUE

63
27

96
45

185
279

83
56

45
59

88
74

320
324

1

NSOE
NOOE

129

114

.54

83
186

180

105
178

164
312

9l
110

176
209

4
N3SH

SS5H

83
103

113
97

96
138

72
82

58
98

77
104

175
132

5

SOO0E
NIOE

110
135

101
106

167
160

68
73

70
105

146
153

204
161

EBH
NSOE
NOOE

156
143

133
71

171

171

78
138

107
74

89
89

178
235

Denoles a record that did not clearly trigger on or before S-wave arrival -

0MC DJR
N244  NSOE
S66W  NOOE
107
117
59
122
248 344
119 887
88
200
106 190
41 228
95 358
81 258
‘142 474
144 998

7

NI0W
SOCH

65
62

70
56

OWR
SCOE
NSOE

125
91

53
37

304
144

178
83

101
94

184

.23l

6
S55E
N3SE

65
95

123
114

130
83

8

NoOH
S00E

53
)

278
127

9

11204
S70W

155
164

&vl
arith,
log

97
87

86

173
164

87
82

97
85

101,
98

195
187







Table 3

Comparison of Normalized arpmg - determined stress drop estimates
to normalized shear-wave radiation patterns for the Qroville
aftershock 0231 .

‘e

Structure " Component 40/3o 1.76 Rog/<Rog >

OMC N24W 0.94 n.56

S66M 0.80 . 0.96 g
c6 $55E 1.29 M 1.03 |

| N35E 0.83 2.40

EBH NOOE 0.88 1.57

. NOOE 0.88 0.30

cD5 SO0E 1.45 n.16

‘ NDE 1.51 1.10

CD4 N35W 0.76 0.41

S55u 1.03 ‘1,08

0AP NOOW n.87 - 1.50

SOOE - 0.73 n.024

¢l N9OE " 0.9 1.18

" NOOE 1.09 N.43
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20

5.

Figure Captions

Transverse componenis of ground acceleration of the San Fernando

" earthquake for 15 seconds beginning with the S-wave arrival at the

Seismological Laboratory (top) and the Athenaeum (bottom) of the

California Institute of Technology in Pasadena; these sites are 36 and 40

km, respectively, from the hypocenter.

Peak displacements, velocities, and accelerations for the San Fernando
earthquake a]ong Profile 1 of Hanks (1975) are plotted from top to bottom
on the left side of the figure. The crosses are the more transverse .
component of horizontal motion, the circles the more radial component.

The arrival times of these phases with respect to S! (Hanks, 1975) are
plotted on the right side of the figure. MNote that the peak accelerations

at all distances arrive within iO seconds of S!.

The ratio of record/model a, . for each source-station pair of Table 1

is plotted against earthquake stress drop.

Comparison of record a,_ . to model ap;¢ for the source-station pairs

of Table 1, (and Figure 3), when all mode) estimates are calculated with

80 = 100 bars.

dnax VS 2rmg for the seven Oroville aftershocks (Table 2). In order
to present this data on linear scales, four data pairs with qms > 110
cm/secz'are not included. Otherwise, there is one point for each
source/station component’ pair in Table 2. Circles are bedrock sites,

crosses are sedimentary sites, according to the classification of Seekins

and Hanks (1978).
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7.

8.

i )
Record and model estimates of a . fa e

a. Oroville aftershocks, as a function of fo

k., San Fernando earthquake, as a function of R

c. Other moderate-to-large California earthquakes, observed ratio as a -

function of theoretical ratio

The M, > 4 peak acceleration data at R 10 km of Hanks and Johnson

(1976) (solid symbols) and the 0rov1]le aftershock mean-value peak

accelerations (Seekins and Hanks, 1978) (open and half-filled circles for

‘sediment and bedrock sites, respectively). The peak acceleration-magnitude

relations at fixed close distances of Donovan (1973) and Joyner et al (1981),
labeled JBP, are as shown for two-choices of R. The numerical expreséibn of

the model developed in this study is labeled as such.

Acceleration amplitude frequency-of-occurrence counts, normalized to the

ﬁecord qms Over 0 < t-R/s < Ty
a. individua] components from the three principal data séts, the San

Fernando earthquake, the other moderate—to—]arge California

P

earthquakes, and the Oroville aftershocks

b. all records for the San Fernando earthquake used by McGuire and Hanks

s

(1980).
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SCALING LAWS FOR LARGE EARTHQUAKES

CONSEQUENCES FOR PHYSICAL MODELS

Christopher H. Scholz
Department of Geological Sciences and
Lamont-Doherty Geological Observatory
of Columbia University, Palisades, New York 10964

ABSTRACT

It is oﬁserved that the mean slip in large earthquakes correlates
linearly w££h fa&lt length L and is not related to fault width, W. If we
interpret this in terms of an elastic model, it implies that static stress
drop increases with aspect ratio (L/W). We also observe a tendency,

particularly for strike—slip earthquakes, for aspect ratio, and hence

static stress drop, to increase with seismic moment. Dynamic models of

rupture of a rectangular fault in an elastic medium show that the final
a3lip shoula bé controlled by the fault width and scale with the dynamic
stress drop. The only way these models can be reconciled with the obser-
vations is if dynamic stress drop correlates with fault lenéth so that it
is aiso nearly proportional to aspect ratio. This could only happen if
fault length is determined by the dynamic stress drop. ‘There are several
serious objections to this, which lead us to suspect that these models may
be poor representations of large earthquakes. Firstly, it conflicts with

the observations for small earthquakes (modeled as circular sources) that

stress drop is nearly constant and independent of source radius. Secondly, -






-y
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. it conflicts with the observation that fault length is often determined by

rupture zones of previous earthquakes or tectonic complications. We

speculate that the boundary condition at the base of the fault, that slip

I
\

is zero, is unrealistic because that edge is in a ductile region at the
base of the seismogeﬂic layer. 1In a model in which slip is not so con-
strained at the base of the fault nor at the top (the free surface), ;uch
that no healing wave ogiginates from these edges, final slip would be
determined by fault length. The observations would then be interpreted as
meaning that the static and dynamic stressmdrops of large earthquakes are
nearl& constant. These two alternatives predict very different'scaling of
the dynamiés of large earthquakes. The width-dependent model predicts
that average paqticle velocities are iarger for loung ruptures but the rise

time will be the same as in a shorter event of the same width. The length-

dependent model predicts the opposite.







_ INTRODUCT IOV,

" A central problem in earthquake seismology has been to find scaling
laws that relate the static parameters such as slip and stress drop to the
dimensions of the rupture and to understand these relationships in terms of

the dynamic parameters, the most fundamental of which are rupture velocity

.
-

and dynamic stress drop.

'

In.doing so, it is essential to distinguish between sméll earthduakes
and'large earthquakes. Tectonic eart:hquake‘s ;mcleat:el and are bounded
within a region of the earth between tﬂe surface and a depth h&’ the
seismogenic layer. The seismogenic depth, ho’ depends on the tectonic
enviromment but in a given region. the maximum width of an earthquake
occurring on a fault of dip76 is wo = ho/sin §. We will define a small
earthquake as one with a source radius r g_Wb/Z and a large earthquake as
one in which r >-W°/2. Thus a small earthquaké can be represented as a
circ;lat source in an elastic medium, whereas a large earthquake is more
suitably treated as a rectangular rupture with _one edge _ét the freé

’

surface.

It has been repeatedly deﬁonstrated (e.g., Aki, 197%; Thatcher and
Hanks, 1973; Hanks, 1977) that the stress drops of small earthquakes are
nearly constant and independent of source dimensions. This result, when
interpreted with dynamic models of finite circular ruptures (Madariaga,

1976; Archuleta, 19763 Das, 1980), simply means that the dynamic stress

drop is constant. Lo ’

2

If the same were true for large earthquakes, the dynamic models of*

rectangular faulting in an elaséic medium (Day, 19793 Archuleta and Day,

.
"

’ 3






1980; Dgs, 1981) would predict that the mean slip is a linear function of
fault width. yIn the next section w; will show that this prediction is not
borne out by the observations.: What is Pbserved instead is that slip
correlates linearly with fault length. The principal point of this paper

is to discuss the consequences of that observation for the physics of large

earthquakes.

-







OBSERVATIONS
For small. earthquakes, using the definition of seismic moment, Mo,

and the relationship

[~

Q

]
&l
mle |

where r is source radius, u is mean slip, and 'AC is stress drop. If stress

drop is constant, the relationship between_Mo and fault area, A, is

¥

- (16A0 ) A3/2 . (l)

M
o 7Tr3/2

Large earthquakes, however, are more nearly rectangular ruptures of
width W and length L and in this case, for an elastic model in which slip is

restricted to be within W,

.

Ao = CE (2)
W
where C is a gecmetrical constant.
If stress drop were constant, we would expect to find that
u_ =22 3)

In Figure 1 we show a plot of 1log sz vs. log Mo, for the large

interplate thrust and strike-slip earthquakes from the data set of Sykes

v






and Quittméye; (1981) . These observations are iisted in Table 1. The data
for each type of earthquake define a line, bLt with a slope less than one,
inéicating that stress drop systematically“incréasés with moment. The
. offset be;ween the data fof the. strike~slip and Fhrusc events 18 also an
important feature that we wi}l discuss later.

These data indicate that ;:is not simply related to W and that Ac is
not constant for large earthquakes. On the contrary, many worker; (e.g.{
Bonilla and Buchanan, 1970; Slemmons, 1977 ) have argued that u correlates
with L, and recently Sykes and Quittmeyer (198l) have argued that the
correlation i; lineaé. Plots oé ;‘gi. L on linear scales are shown in
Figures 2‘and 3 for strike-slip and thrust earthquakes, respectively.

In view of the usual uncertainties in the es;imates of u and L, and
any naturally occurring variations in dynamic stress drop (with which slip
should be expeFted to scale), the correlation between u and L is fairly

strong. We fit it with a straight line with an intercept at the origin

u =aL : (4)
and find that o= 2 x 10-5 for the thrust events and 1.25 x 107 for the
strike-slip events. At least for the strike-slip events, slip is clearly
not dependent on width because the widths of all the events xn.Flgure 2 are
becween 10-15 km, i.e., they are essentially the same.

From this observation we would then expect that-

M = pa 2w ‘ (5)






which is confirmed in Figure 4. For reference, the line drawn through the
data has a slope of one.

Since

-

3
L2y = A3/ 2(%)

and since the aspect ratio L/W varies only by a factor of about 20 in the
data-set, we would have found a good correlation between Mo and A?’Z, as
did Aki (1972) and Kanamori and Anderson (1975) had we plotted 1oé A vs.
log Mo. The question is not whether Mo correlates better with L2W than
with A3/2. The issue of concern is that Kanamori and Anderson's inter-
pr;tacion of their correlatiop as meaning that stress drop is comstant is

only true if L/W is constant, because from (2) and (4), we have
: L
8 = Cuog . (6)

That L/W is a constant is an explicitly statéd assumption of Aki
(1967, 1972) and Kanamori and Anderson (1975), and although Abe (1975 ) and
Geller (1976) attempted toﬂobsetvatiqnally justify this ass;mption, it is
not generally true. InFigures 5 and 6 we plot Ac vs. L/W for the two types
of earthquakes. The correlation between them is very clear for the strike~
slip events, and less so for the thrust events, for which there is a much
smaller variation of aspect ratio. That L/W does not have a large vari-
ation for the thrust events seems to simply result from the fact that the
seismogenic width of subduction zones,‘wo, is about 100 km, so that only
extremely large events can achieve high values of aspect ratio. .

We can now understand why stress drop increases systematically with

Mo’ as shown in Figure l. The width of large strike-slip earthquakes is






s

. limited by the seismogenic depth to W ~ 15 km so that they grow princi-
pally in the L direction. This results in‘a systematic increase in L/W,
and hence Ag, with Mo. The subduction zone thrust earthquakes have dif-
ferent widths but L increases faster than W with increasing moment, pro-~
ducing the same result, ?.e., Ao increases with L/W or Mo. The offset
between the data for thrust and strike-slip evenCS<in Figure 1 occurs
simply because thé widths of the thrust events are much greater than those
of the strike-slip events. A strike-slip event must have a much greater

aspect ratio, and hence stress drop, than a thrust event of the same

moment .

- x







PHYSICAL CONSEQENCES

The principal feature of the observations that we wish to explain is
the correlation between slip and fault length. It is a surprisinghobser-
vation because intuition would first lead one to expect slip to depend on
width, yet this is not observed. This intuition is re-inforced by the
results of dynamic models of rectangular faults in an elastic medium (Day,
1979; Archuleta and Day, 1980; Das, 1981 ). These models show that slip i;
controlled by the width of the fault and that it scales with dynamic stress
drop. '

The situation is illustrated in Figure 7, which shows surface slip
along the fault for two representative strike-~slip earthquakes. These
earthquakes have essentially the same width, and differ only in length. If
the dynamic stress drop were the same for these two earthquakes, then
according to the theory, the Ft. Tejon earthquake would be the equivalent
of six Mudurnu earthquakes placed end to end. Clearly that is not the
case.

If the dynamic, elastic models are correct répresentacions of earth-
quakes, then the only way they can be reconciled with the observations is
if dynamic stress drop correlates with aspect ratio. Sin;e the width of
strike-slip events is nearly constant, and the width varies much less than
length for the thrust events, this would be approximately true if dynamic
stress drop correlates linearly with fault length. The only way this can
happen without violating c§u§a1ity is if fault length is determined by
dynamic stress drop. This is not an entirely unphysical proposition,

because dynamic stress drop determines the stress intensity factor, which

x
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is imporganc.in fracture érowth. .It is not obviously apparent’, however,
wh§ L should increase linearly with Aod, the dynaﬁic stress drop.

There aré several major objections to this interpretation. The first
is that w; have to assume thaﬁ for large earthquakes Acd determines the
rupture length, which 'directly contradicts the observations for small
earthquakes. Although stress drop appears to igcrease with source radius
over a limited range in scme data sets (Aki, 1980), it shows no obvious
variation with source radius over a very broad range (Hanks, 1977). We can
offer no reasonable explanat1on for why large earthquakes should behave
differently than small earthquakes in this important respect.

A seco?d objection is that this assumption conflicts with the pr{n-
cipal observations that led to the concept of seigmic gapﬁ: that the
length of large earthquakes is often controlled by the rupture zones of
previous earthquakes or by structural features,trahsverse to the fault
zone. Of'course, one could soften the original assumption to: Acd deter-
mines the length unless the ruptufe encounters a rupture zone of a previous
earthquake or a transverse feature. The rejoinder is that if the latrer
were as common as is thought, it would have the effect of destroying the
correlation between u and L that is observed.

‘It,is worth giving a specific example. I1f we compare the 1966 Park-
field earthquake (L = 30 km, u = 30-cm, W = 15 km) and the 1506 San Fran-
cisco earthquake (L = 450 km, u = 450 qm{'w = 10 km) we needvto explain
the difference in u by a difference ;n A&d of about a factor of 15. Since
the correlation between u and L is also good in these examples, we also
need to argue that Aqd determined 1. in these cases. On the other hand, it

can be argued that the length of the 1966 earthquake was determined by the

length of the gap between the rupture zone of the 1857 earthquake (or the
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fault offset near Cholame) and the southern end of the creeping section of
the San Andreas fault. Similarly, the 1906 earthquake filled the gap
between tﬁg northern end of the creeping section at San Juan Bautista and
the end of the fault at Cape Mendocino. If our argument that Aod deter=
mines L is true, then these latter observations are coincidences. Almost
"identical arguments can be made for many of the other earthquake§ in our
data set.

The third point is less an objection than a surprising consequence of
this interpretation. The'Hoei ea;thquake of 1707 ruptured about 500 km of
the Nankai trough in Japan (Ando, 1975; Shimazaki and Nakata, 1980) . "The
same plate boundary was ruptured twice subsequently, in two sets of delayed
‘multiple events, the Ansei I and II events of 1854, and the Tonankai and
Nankaido events of 1944 and 1946. In support of a time~predictable model
of earthquake recurrence, Shimazaki and Nakata argued that the greater
recurrence time between the. first two sequences (147 years) and the second
(91 years) is because the slip (and stress drop) were greater in 1707 than
in either 1854 or 1946, the greater uplift at Muroto Point in }707 (1.8 m)
than in 1856 (1.2 m) or 1946 (1.15 m) being the evidence. The reason why
" this should happen is readily explained by the correlation between u and L.
Thus the ratio of fault length of the Hoei and Ansei II‘earthquakes,
500 km/300 km = 1.7 can explain the ratio of uplift at ﬁuroto Point,
1.8/1.2 = 1.5 and recurrence time, 147/91 = 1.6.

However, if this 1is inCerpreged a;s being due to a difference in
dynamic stress drop, then one has to argue that a significant change in

dynamic stress drop (50%) can occur on the same fault zone between succes-

sive earthquakes. One could argue that this could occur because the slip

in one earthquake might change the relative position of asperities on the

roaygw
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fault. How;ver, since the slip in an earthquake is about io‘s L, this
would méan that the gross frictiounal properties af c;e fault are controlled
by asperi;ies of diﬁensions on the order of 10-'5 or less of the rupture
dimensions. Since there will be a ‘very l;rge number of sucﬁ small fea-

tures, the average change between successive earthquakes would more likely

. be expected to be negligible.

-~

In the above discussion we have created enough doubt about the appli-
caBility of the dynamic rectangular models to consider that they may be
failing, in some fundamental way, to properly describe the physics of lérge

earthquakes.

For a rupture propagating at a constant rupture velocity, v, the slip, -

kor both circular and rectangular faults, is very close to [Day, 1979; Das,
1980, 1981]
1/2 1/2 .

. 2,2 2, 2
u(x,y,t) = uo (tz _ (x ';2 )) (x v*x ) t= th (7
v .

where x and y are measured relative to the point of rupture initiation.

Equation (7) is the self-similar solution of Kostrov ( 1964). The asymp-

totic particle velocity, u, which scales the slip is, (Kostrov, 1964;

Dahlen, 1974)
u_ = K——QB ‘ (8)
u

where K is a function of rupture velocity.

When the rupture reaches its final perimeter and stops, a healing wave
propagates back into the rupture, arriving at time t,- For t > t, slip
decelerates and comes to a halt. The healing wave is not the stopping

phase, which is a wave radiated in all directions from the tip of a
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stopping crack (Savage, 1965). A stopping éhase cannot physically stop the
slip in these‘éodels.because such a wave will lose energy with distance
whereas the results of the models are independent of d%mension. A healing
wave must %e inte;preted as a wave that propagates into the interior of the
rupture in anuanalogous way, and fPt analogous physical reasons, as the
* stopping of cars ‘on a highway propagates up the stream of traffic.
Causality restri;tS‘it to travel at a velocity slower than a stopping
phase. Thus Madaria;;a (1976, p. 648°) observed, "It api;e,z-ars as if a
'healing' wave propagates inward from the edge of the fault scme time after
the P and § stopping phases."”

Since slip is terminated by the healing wave, the rise time and final
;lip at any point on the fault is determined by the distance to the nearest
boundary (Day, 1979; Das, 1981 ). Therefo;e_ic is easy to see why mean slip
on a rectangular fault should be controlled by the fault width.

A healing wave is the result of the boundary condition that u = 0 at
the‘edges of the fault. If the models are poor representations of large
earthquakes, the most likely problem is that these boundary conditions are
unrealistic. The models are of rectangular faults embedded in an elastic

:whole space. The boundary conditionwu = 0 is imposed on all edges of the
fault and healing waves thus propagate from each edge. Since large earth-
quakes rupture the free surface, slip is unconstrained there and a healing
wave will not propagate "from ;hat edge. However even if an elastic half-
space model were available, we would still expect slip to be width-
dependent since it would be controlled by the healing wave from the base of
the fault.

In large earthquakes the base of the fault is at the bottom of the

seismogenic layer. A plausible explanation for the seismogenic depth is
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that it is the result of a brittle-ductile tramsition. Thus a large

earthquake cannot propagace'to greater depth because the energy at the

crack tip is dissipated in plastic deformation. A more realistic model
then may bt one in which the base of the fault is in a plastic, rather than
elastic, region and therefore the condition u = 0 is no longer valid at

. that edge. -

s

We illustrate in Figure 8 the difference between an elastic model and

an elastic-plastic model. The most significant difference is that in the

. elastic~plastic model (Figure 8b) slip at the base of the fault may be

allowed to be greater than zero as a result of plastic deformation in a

.

zone surrounding the rupture tip. This is simply the equivalent, in shear,

‘of the blunting of a crack tip that occurs in tensile crack propagation in
ductile materials. The plastic deformation afound the base of the fault
smooths out the stress singularity associat;d with finite slip there, and
will continue as lo;g as slip continues. This*may have the effect of
inhibiting a healing wave from originating at the base, and if healiné
waves propagate only Eroﬁ the ends of the fault, slip and rise time will
depend on fault lengéh, not width.
No model ig available with these boundary conditioné but we can
approximate one. If we make’ the approximat%on that slip stops abruptly
;wifﬁ the arrival of the healing wave, then the final slip on the fault will
be, from (7), . .
) -'(x2+y2) /2

o 1
u(x,y) = uo(th 2 ) 9
v

which we can calculate. This is a 'quasidynamic' model (Boatwright, 1980),

i.e.y, a kinematic model that simulates a dynamic model.
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It can readily be shown for the circular case that (9) yields final
slip values that are everywhere within 5% of that of the dynamic numerical

models of Mgdariaga (1976) and Das (1980), and Day (1979) has shown that

(9), vhen properly truncated, also yields a very good approximation to

final slip in his rectangular models. We use it to simulate an elastic-

plastic half-space model by simply assuming that no healing wave propa—’

gates from ?iéher the top or botﬁom of the fault.

The procédure we use is very similar to that used by Day (1979,
pp. 23-26), and simply involves the calculation of ty e We assumed
v m'0.98, for which the corresponding value of K is 0.81 (Dahlen, 1974),

and that the velocity of the healing wave is Y38, 1In Figure 9 we show slip

at the surface as a function of distance from the center of the fault for a

bilateral case with t/w = 4. The mean slip is found to scale as

Aod .
— : 0
L « . (10)

us=

ol

so this model would lead to the interpretation that the linear correlation

between u and L that is observed means that the dynamic stress drop for

large interplate earthquakes is approximately comstant. Equating (10)
with (4) we obtain Acd 2 12 bars and 7.5 bars for thrust and strike-slip

earthquakes, respectively. Returning to Figure 4, the line drawn through

the data is the prediction of this model for Aod = 10 bars. Furthermore,

in this model, where sl%p is unconstrained at top and bottom, static stress
drop will also be a function of fault length, since the scale length that
detemines the strain change will be the fault length. The observation
made earlier that Ac is a function of aspect ratio is due to the incorrect
use of equation (2) to calculate it. According to this model, A¢ is also

approximately constant for these earthﬁuakes.
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DISCUSSION

The observation that slip increases with fault length in large
earthquakes poses severe consequences when viewed in the light of dynamic
rupture models. In conventional dynamic models (W models), slip is deter-
mined by fault width, rather than length. These models can only be recon-
ciled ‘with the observations if it is assumed that the dynamic stress drop
determines the fault length, and the several major objections to this
possibility were detailed earlier. With diffgrenc assumptions concerning
the boundary conditions at the base of the fault, it may be possible 'to
construct a dynamic model in whicﬂ slip depends on fault length (L model).
This model avoids the objections raised to the W model but is based on a
speculative, although not entirely ad hoc, assumption concerning the
boundary conditions.

Furthermore, severe constraints are placed on L models from the geo-
detic data obtained for the 1906 San Francisco earthquake. The simplest
form of L modelmis one in which slip is totally unconstrained at the base
of the-fault. If this were the case; strain release would extend out to
distances comparable to fault length, rather than depth, but as Brune
(1974) has pointed out, the strain release in 1906 was concentrated within
a few tens of km from the fault. From angle changes in the Pt., Arena
triangulﬁtion network [angle 4+ from Thatcher (1975, Fig. 4)] ome can

3 within 12 km of the fault, a figure

estimate a strain drop of 8 x 10~
somewhat more consistent with a W model than an L model. Thus if L models
are relevant, they must be models in whiéh slip is only partially con-

strained at the base of the fault. In the absence of numerical modeling of

.
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this type, one can't tell if this type of modelmwill result in L scaling or,
hybrid scéling intermediate to the L and W extremes.

These L and W models represent, iﬂ:many respects, opposite extremes
concerniné the mechanism of 1arge‘ear€hquakes and so it 1is useful to
discuss the contrasting way in which they scale. For earthquakes in which
L < 2, the models are indiséingdishable in their gross manifestations.
In ?igure 10 we schematically show a comparison between an earthquake of
dimensions about L = 20 and one of the same width but about 15 times
longer. Specifically, this might be a comparison of the 1966 Parkfield
"earthquake, say; and the 1906 San Francisco earthquake.

On the left of the figure we show a snapshot of slip on the fault
during the smaller earthquake. We only show the part that is actuélly
slipping during the snapshot. We also show the time history of slip at
some representative point. For simplicit;,'it is simply shown as a ramp
with a rise time, tpe On che‘right is shown the predictions of the two
models for the longer earthquake.

Ina bilatgral case, as shown, the W model predicts that the slipping
portion of the fault splits into two patches of length ~ W that propagate
away from each other at a velocity 2v.as_they sweep over the fault surface.
Since the Fige time to = W/28, remains the same but the slip is fifteen
times greater, the dynamic stress drop, and hence particle velocity, must
be fifteen times greater.

In the L model, the rupture sweeps out over the fault as an expandi;g
patch, with slip continuing within its boundaries until after the final
dimensions are reached. In th;t model, the dynamic stress drop and par-
ticle velocities are the same as in the smaller event, but the rise time,

.

tg * L/28 is much longer. .
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In terms of predicting the strong ground motions for a 1906 size
__earthquaké, §ay, from observed ground motions for a 1966 size earthquake,
the difference between the W and L model is critical. The W model would
predict that the average particle velocities would be much higher and the
d;ration would be about the same. The L model would predict nearly the
opposite.

Suppose‘we start with a square rupture of width Wo and consider how
peak parciclé velocity, ;p’ and the asngCOCic particlé velocity, Go’
increase for ruptures of greater length. For a séudre rupture with dynamic

stress drop, Aog, the maximum value of up and the asymptotic value u, will

be

and .« (L)

. S« Aqu

o

Using the W model, for a rupture of width Wo and lehgth L > Wo, the stress

drop will have to be greater by the ratio

In.s
]
=]

[~
Q
[a N7}

so that



-
-
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and . ‘ (12)

For the L model, stress drop is the same but the scale length that deter-

mines the maximum peak velocity becomes L rather than W, so that

u « “°d
°p
and (13)
. L S
u o« Acd
o
Comparing (12) and (13), the two models.differ in the ratios
° L
fn_a—\/zz
o W L
u
p 1
and (14)
a b
o _ ¥
1:1w L
()

So that with a W model, from (12), both peak and asymptotic velocities for
a 1906 type earthquake would be about 15- times greater than for the Park-

field earthquake. For the Lsmbdel, from (13), the peak velocities would at

maximum bé about v15.greater for a 1906 than a 1966 event, but the

asymptotic value would be the same.
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v
v

L These remarks, of course, apply only to the simple case of a smoothly
propagating rupture. Any heterogeneiCy‘will produce local high frequency
oo variations in the velocities. However, they serve to point out the impor-

tance of detérmining if large earthquakes are better described by an L

model or W model or by some intermediate case, if such can exist.
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TABLE 1

PARAMETERS OF LARGE INTERPLATE EARTHQUAKES
(AVERAGED FROM SYKES AND QUITTMEYER (1981))

‘ Mo L W u Ao
No. Date Location “ 1027 dyne-cm km km . L/W cm  bars
Strike-Slip Earthquakes
1. 10 Jul 1958 SE Alaska 4.3 350 12 29 325 26
2, 9 Jan 1857 S. California 7 380 12 32 465 36
3. 18 Apr 1906 San fFrancisco 4 450 10 45 450 44
. 4. 19 May 1940 Imperial Va., Ca. 0.23 60 10 6 - 125 13
5. 27 Jun 1966 Parkfield, Calif. 0.03 37 - 10 4 30 4
6. 9 Apr 1968 Borrego Mtn, Ca. ; * 0.08 37 12 3 25 3
7. 15 Oct 1979 Imperial Va., Ca. 0.03 30 10 3 30 4
8. 4 Feb 1976 Guatemala 2.6 270 15 18 150 9
.9. 16 Oct 1974 Gibbs F. Z. 0.45 75 12 6 170 14
10. 26 Dec 1939 Ercincan, Turkey 4.5 350 15 23 285 18
11. 20 Dec 1942 Erbaa Niksar, Turkey 0.35 70 15 5 . 112 8
12. 1 Feb 1944 Gerede-Bolu, Turkey 2.4 190 15 13 275 18
13. 18 Mar 1953 Gonen-Yenice, Turkey 0.73 58 15 4 280 21
14, 22 Jul 1967 tHudurnu, Turkey 0.36 80 15 5 . 100 7
Thrust Earthquakes
15. 6 Nov 1958 Etorofu, Kuriles 44 150 70 2.1 - 840 37
16. 13 Oct 1963 Eruppu, Kuriles 67 275 110 2.5 445 12
17. 16 May 1968 Tokachi-oki, Japan 28 ‘ 150 105 1.4 355 10
18. 11 Aug 1969 Shikotan, Kuriles 22 230 105 2.2 180 5
19. 17 Jun 1973 Nemuro-oki, Japan 6.7 90 105 0.86 140 5
20, &4 MNov 1952 Kamchatka 350 450 175 2.6 890 14
21, 28 Mar 1964 Prince Wm Sound, Alaska 820 750 180 4.2 1215 18
22. 4 Feb 1965 Rat Island, Aleutians 125 650 80 8.1 480 10
23, 10 Jan 1973 Colima, Mexico , 3 85 65 1.3 110 5
24, 29 Nov 1978 OQaxaco, Mexico 3 80 70 1.1 110 5
25. 22 May 1960 S. Chile 2000 1000 210 4.8 -1900 21
0.6 360 12

26. 17 Oct 1966 C. Peru m 20 80 140

s¢
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FIGURE CAPTIONS
Figure 1. Plot of log sz vs. log Mo for the large intraplate earthquakes
from the data set of Sykes and Quittmeyer (1981). The lines of
slope 1 are constant stress drop 1lines, assuming C = 0.6 for the

thrust events, and 0.3 for the strike-slip events.

Figure 2. A plot of mean slip, U, vs. fault length for the strike-slip
events. The line drawn through the data has a slope of 1.25 x 10-5.

Numbers are references to Table 1.

Figure 3. The same as Figure 2, for the thrust events. The slope of the

line is 2 x 1072,

Figure 4. A plot of log sz vs. log Mo. The line drawn through the data

has a slope of 1, for reference.

Figure 5. Stress drop plotted vs. aspect ratio for the strike-slip

‘earthquakes.

Figure 6 Stress drop Vs. aspect  ratio for the thrust earthquakes.
Event 22 is an oblique slip event for which stress drop was calculated
based only on the dip slip component and 1is hence underestimated.
Event 15 is an anomalously deep event in the Kuriles (Sykes and

Qui ttmeyer, 1981).
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Figure 7. Schematic representation of two models of large earthquakes.
In A, it is represented by rupture in an elastic half-space. The
boundary condition at the base of the rupture is u = 0. In B, the
rupture penetrates a ductile region. - At the base u > 0, which is
accommédated by plastic deformation in a zone surrounding the rupture

tip.

Figure 8. Surface slip as-a function of distance along the .fault plane

for two representative strike~slip earthquakes of similar width but

different depth. Data for the Mudurnu earthquake is from Ambraseys

(1969) and for the Ft. Tejon earthquake from Sieh (1978).

o .

A

Figure 9. Dimensionless slip, u' vs. length, L', at the free surface
.from the center to the end of the fault. The model is a quasidynamic
one that simulates a dynamic model with boundary coyditi;ns similar
to those‘shown in Figure 7b2 as described in the ﬁext. The normal-
o

ization relations are u = —Irwu' and L = WL'. The case shown is

bilateral with aspect ratio 4.

Figure 10. A schematic diagram to illustrate the contrasting way in which
a modei in which width determines the slip (W model) scales with

lengch.aé compared to a length dependent model (L model).

-
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