‘"?étjljbhléél fSUJ(L&j__

EMPIRICAL AND .THEORETICAL.STUDY . i ;;--1?
OF NEAR-FAULT WAVE PROPAGATIONI ‘ .}5777?
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The well defined trends of peak ground motion at distances beyond
10-20 km and the sparsity of data for closer distances and for very large
earthquakes invite investigation of the dependence of strong ground mo-
tion on physical processes of faulting and wave propagation. Toward
this end, a number of empirical and theoretical studies are being pur-
sued. Results of present studies isolate some of the critical parameters,
and point up the difficulty of making general predictions of the ground
motions near faults defined only by a few parameters, such as magni—
tude and fault length. s Poin it

INTRODUCTION
The 1969 Santa Rosa (m = 5.6 and 5.7, $6 million damage) and uhe

:] 1971 San Fernando (m = 6.6, $500 million damage) earthquakes in California

and the 1972 Managua, Nicaragua (m = 5.6) earthquake are recent sobering
reminders of the large potential for damage from even moderate-sized
shocks in urban areas. Because of the hazard to life and property in
urban areas, the increasing demand for nuclear power plants in regions
that are tectonically active, and the trend toward optimizing the seis-
mic design of public structures, =nm accurate determination cf eeicmic

. loading imposed by nearby earthquakes is essential. A major concern of

- engineering seismologists then, is the behavior of the various parameters
of strong ground motion, such as peak acceleration, velocity, displace-

- ment, and some measure of duration, at distances within 10-15 km of an

5 earthquake-producing fault. Commonly used empirical curves based on

pre~1971 data generally underestimate the sparsity of data for the close-
-.in region (Boore and Page, 1972). On the other hand, extrapolation of

- the well-defined acceleration—-distance trends established from data at

moderate distances leads to unrealistically high accelerations near the
causative fault. A number of theoretical and empirical studies have
. been undertaken to increase our understanding of the attenuation of ground
motion in the region close to the fault. The results reported here rep-
 Tesent work in progress. il : ‘ '
| DATA’

A plot of peak horizontal acceleration for earthquakes for which
the distance to faulting is established to within 5 km (Fig. 1) shows
-remarkably consistent trends: at any given distance beyond 10-20 km, the

. values in general increase with magnitude, and.the data for all magni-
- tudes show a uniform attenuation at a rate of r~1l.4 to r-1.8, For dis-

lPublication authorized by the Director, U..S. Geological Survey
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- tances within 10-15 kn the few available data.points .suggest'a flattening
. of the attenuation curve as the fault surface is approached. The distance

used in the plot is the closestdistance between the strong motion site’
and the fault surface, usually the zone of surface breakage. If, as
seems plausible, much of the strong shaking is caused by a zone of energy

" release at depth, then the apparent flattening could be an artifact of

the distance measure. There are other possible explanations of a zome of

- flattening, some of these are discussed below. ‘For the data plotted in

Fig. 1, only well-located earthquakes have been used. A number of other

' recordings have been obtained, but the uncertainty in location of the
_earthquakes is often no better than 25 km. The scatter due to such un=-
‘certainty can easily obscure the welldefined trends seen in the plot

(Page and others, 1972). The data show, with a few possible exceptionms,

" mo obvious correlations with site geology; the scatter in bedrock values
. s as great as between alluvium and bedrock sites. A preliminary analysis
- of peak horizontal velocity, however, suggests a much stronger dependence
" of the data on site geology. This could contribute to the scatter in the

data used for the velocity-distance plot (Fig. 2). Despite the scatter,

f{the data'appear to separate with magnitude; the attenuatlon W1th distance
.seems to be less rapid than for acceleration.

The attenuation properties due to transmission path are belng stu-

. died by analysis of S vaves from many small, well-located earthquakes
‘. .near San Benito, California, recorded on three-component portable seismo-
. - graph units. As the events may be considered point sources, finiteness
. - .is eliminated. The recordings are made for distances of strong motion
. . intczcst: less than 5 km to more than 50 km. The ground motions from
" .large and small earthquakes in this distance range should have in com-
© . mon some propagation paths, and study of the small events may give us
" gome insight into the attenuation relations for large events. Peak mo-
~". . tion for two events (m = 2) recorded east and west of the epicenters
. . shows consistent decay at a relatively high rate (Fig. 3). The decay rate
. ..is much faster than that given by strong motion recordings. Part of this
~ probably reflects the influence of inelastic absorption; .the small grounc
;.- motions are characterized by frequencies near 10 Hz, which would have .
- ... greater attenuation than the 3~5 Hz energy characterlstic of most strong
- motion accelerograms.

rsissy The discrepancy may also reflect a greate'

partitioning of energy into guided waves for the large earthquakes. These

. waves would decay less rapidly than the body waves.

A study of transmission properties of energy in dlfferent frequency

. bands is also being made for various strong motion recordings of moderate

earthquakes. Use of band-pass filters on accelerograms recorded during

- the Parkfield earthquake of 1966 reveals some interesting features and

emphasizes the complexity of the near-field motions from rupturing faults®

- of finite size (Figs. 4,5, & 6). The waveforms are arranged according to "

distance from epicenter. The relative positions in time are determined

. . by a tentative identification of the S wave from the epicenter, as most

of the instruments apparently did not trigger on the initial P motion.

'Of more interest to us here is the decay of motions in the various.fre-

quency bands (Fig. 7). The unfiltered peak values suggest a region of
little attenuation. This apparent plateau is defined primarily by the

.. one recording close to the fault (site w) When looked at in detail,
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it is seen'that.the" frequency.structure.of .this.motion is.quite' differ-

" . ent from that at other sitesj;' the motion in the"frequency band contrib-

uting most to the peak acceleration at site 2 decays more rapidly than

. windicated by the unfiltered peak acceleration. Moreover, the peak accel-

- erations at the other sites are controlled to a great extent by the .

higher frequency motions. These high~frequency motions apparently in-
crease with distance from the fault! It may be that a complex inter-
action of various wave types due to the propagating rupture, coupled with
anomalous inelastic absorption near the fault zone and possibly site

- effects have fortuitously produced a simple pattern of attenuation of the

peak unfiltered accelerations. The apparent plateau is not obviously
related to fault geometry. From the acceleration~distance plot (Fig. 1),
however, it is evident that beyond 10 km the peak accelerations for re-

‘cordings out to more than 100 km from the fault show a comsistent atten-

. uation with distance, the filtered motions at sites 8 and 12 agree with

this.
THEORY

Although the complexities of the motions near the fauit make it dlf-

B ficult to predict the details of the ground motion, various simplified

'}'studies are useful in understanding the dependence of the motion on the
- pnysical parameters. For example, it is clear that extrapolation of the
- apparent power-law attenuation to the fault surface leads to unrealis-

tically large ground motions. Several studies relate the peak ground

" ‘motions at the fault surface to various mechanisms of faulting (Ambra-

* seys, 1969; Housner, 1965; Brune, 1970; Ida, 1973). A finite Jimit at

the fault surface corresponds to a flattening in the attenuation curves .

 ‘close to the fault. The maximum velocity and accelerations suggested
- by the various studies are shown in normalized form in Fig. 8. The peak
" Velocity depends on material density and rigidity and the effective stress

~released at the fault surface. The peak acceleration, on the other hand,
- depends on high-frequency cutoff also, as very large accelerations are

possible if the high-frequency motion is not attenuated. It appears
that motions produced by most earthquakes do not contain these high fre-

. quencies, although the data supporting this is sparse. An absence of
“high frequencies and a consequent limit on acceleration may be due to

- both the mechanics of rupture (Ida, 1973) and anomalous inelastic. absorp-

tion of energy in the highly sheared zones surrounding major faults.
Inelastic absorption of energy will control the attenuation of the

.. motions with distance. ‘A.simulation of propagation of the pulses of .

velocity and acceleration corresponding to the source model of Brune
(1970) in a lossy material shows that the effect of absorption is much
less critical for peak veloc1ty than peak acceleration (Fig. 9). Since
a strict application of Brune's model gives infinite peak accelerations,

- all the energy above a given cutoff frequency was removed. All the atten-

A e

“uation with distance shown (Fig. 9) is due to absorption; there is no

geometric attenuation in this model. Note that the peak values are
controlled by a fairly broad range of frequencies, indicating that the
apparent attenuation is not simply given by a decaying exponential at
a given grequency. It was for this reason that a model of the source was
used that produced a waveform in the time domain consistent with current
~concepts of source spectra. :

Aside from inelastic absorptlon and’ transmission path effects due to
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layering of the crust, another critical control in the behavior of the
near-field motions is the geometry and kinematics of faulting. "If fault-
ing takes place instantaneously over the entire rupture surface (Brune,

" '1970), or occurs randomly in space and time over the surface (Housner,

1955), little attenuation of the motions due to the kinematics of fault-

4ing should occur before a distance comparable to the fault dimensions is

reached. At greater distance for uniform, perfectly elastic material of
infinite extent, the fault will appear as a point source with attenuation

" proportional to r~1. This and the role of effective stress discussed

earlier, suggest a simple scaling of the ground motioms dependent on char-.

' acteristic source size, effective stress, and high-frequency cutoff’

(Dieterich, these proceedings). This scaling is more physical than that

- obtained by using magnitude, for it is possible for two events to have

the same magnitude but different effective stresses and thus different
peak ground motions. Unfortunately, predictions of these source parame-

. ters are subject to large uncertainties, and how useful such scaling re-
;" lations would be is not clear. Another difficulty involves scaling with
... source size. It was argued above that for certain time histories of

faulting the near-field ground motions do not depend strongly on-distance
to faulting. For more coherent rupture, this may no longer be true since

* - at any distance the area of the fault contributing motions which define
".the peak motion may not increase at a rate proportional to distance from

the fault. In this case, the motion should decay between 0 (very close
to the fault if accelerations at the fault .surface are limited) and r‘l,
but any break-over (cornmer) distances may not be directly related to

" " fault dimensions. Similar considerations lead to the conclusion that the

“effect of the source dimensions becomes less important as the frequency -

. . .'of the motion of interest increases. Peak ground displacement should be
“.” nuch more sensitive to source dimensions than peak ground acceleration.

Support for this conclusion comes from various dislocation models of
faulting (Fig. 10). Peak displacements computed along a profile normal

f7',to the center of a unilaterally propagating fault are shown in Fig. 10.
~ The 3-D results come from a fault of 10 units length and 2.5 units width

(Haskell, 1969), the 2-D results from a fault of similar length but infi-
nite width (Boore and Zoback, 1973). 1In both cases rupture occurred in-
stantaneously over the entire width but propagated at a finite velocity’

" over the length. The 3-D, 2-D comparison shows that the width of the

fault is important for the peak displacements. ' It is of interest that

- . the 2-D results give an apparent corner although the width is infinite.

This corner seems to be rélated to the product of rise time and rupture

.~ velocity. ‘A similar comparison of peak velocities is also given in Fig.
" 10 (no comparison of. peak acceleration is given because of numerical in-

accuracies). Here the two models show little width dependence at close-

‘in points. Furthermore, it is apparent that displacement is decaying .less

rapidlyAwith'distanée than peak velocity. These results emphasize that

. fault-dimension control of the attenuation of motion is a function not
. only of the details of rupture but also of the dominant frequencies of
the motion. R - . :

CONCLUSION . -

.

Existing data for earthquakes to Richter magnitudé 7-1/2 défine peak

" accelerations to within about a factor of two at distances beyond 10-20.
-km from faulting. The behavior of the data at distanch?;Ioser to the

. . . . Yoo .
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" fault is not as well established. TFurthermore, recent work indicates thatc
the commonly used abscissa given by closest distance to faulting may bear
little relationship to the actual center of radiated energy, and that.

B . near-field radiation patterns can produce significant variations in the
- o motions. Thus, we possibly should abandon the idea of a curve of ground

‘motion against distance when close to faults and use instead a constant
value for any particular parameter of motion. Attenuation relations,
such as suggested in Figs. 1 and 2, can then be used for sites beyond
.this near-field "grey" zone. :

Various theoretical arguments.can aid our insight and help explain

‘existing data but must be used with caution for prediction. It appears

";. that in the near future some of the urgently needed near field data will .

be forthcoming. I expect'that it will show considerable scatter, es-
- pecially for the higher frequency parts of the motion where the seismic

wavelengths are less than the fault dimensions and are comparable to di-

nmensions of geologic heterogeneities. This close—in data, however, should

I
o

- prove very valuable in understanding the mechanics of faulting and hope-
- fully can be used in more reallstlc sxmulatlons of ground motlon than are
now available. : .

Finally, any apparent bias in this paper to the use of peak acceler-

f" ation as a parameter of ground motion is only a result of the availa-
" bility and completeness of the data. Of course, ground motion cannot be
' adequately described by ome parameter,-just as an .earthquake cannot be
described by magnitude alone. We have been using the Newmark-Hall
. -procedure to estimate responSe spectra and thus have parameterized the
5“};j*gl motion by peak displacement and velocity, as well as acceleration. Even’
‘ ' ?; this is incomplete, but seems to be a practical way of including fre-

B RLPTEL S quency information with a small number of parameters.

. -
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L ;p. 2, par. 1, line 15: A more complete analysis of the veloc1ty data no
longer suggests a strong dependence of veloclty on site geology.

._‘;p. 3, par. 2: The first part of the last sentence should read "An
‘.- absence of high frequencies and a consequent limit on acceleration
may be due to the mechanics and kinematics of rupture...“.

R fjﬁ e Flg. 10 caption: Read “total™ for "peak" in 11ne l. Read "1 0 to 1.5"
EPEATE for "0 1 to 0 5" in line 10. Read "3D“ for "ZD" in 11ne 10'
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line to the west of the epicentral region for several small earthquakes
near San Benito, Calif. Vertical bars denote estimated uncertainty of

amplitudes on. three-component recordings. Dominant frequency of motion
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_Fig. 10. Peak velocity (dashed line) and displacement (solid line) for

the normal-cozponent motions from dislocation models of uniform, uni-

"~ lateral rupture of a longitudinal shear fault of 10 units of length and
‘2.5 wits vidth (3D wodel) and iafinite widcth (2D model). In both cases

the rupture velocity is 1 unit/eec and the dislocation function is a
truncated ra=p of 1 sec rise time. The aplitudes are taken normal to
the fault szarting from a point in the middle of the fault plane 6 uaits
from the poiat of initial rupture. The motions are normalized to the
maximm displacezent and velocity of the dislocation function at the
fault plane. The thin lines ia. the 2D case from 0.1 to 0.5 distance

units represent extrapolations of published results of Haskell (1969).

N
5
- .
-

- - - .
- E
- . -~

..

e —

e S PR Pt A e e o Bttt

smaeans

R R et I Lt L LA TR

r

L R L et SEUST R L R

e

e




