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ASSTRACT

This report presents a summary of an investigation into the

applicability of theoretical earthquake source modeling to the

definition of design ground motion environments for nuclear power
plants located in the near-field of potentially active faults. A

variety of theoretical source models are examined to determine the

characteristics of near-field ground motion predicted by such models
ano to isolate the sensitivities of high-frequency radiation
characteristics to specific elements of the models. It is concluded
.that the hign frequency ground motions predicted by the models are
.quite sensitive to particular details of implementation for which

data and theory provide rather poor constraints. Examination of
dynamic earthquake models suggests guidelines for extrapolation of
model. parameters -to new stress-drops and magnitudes which are
contrary to tnose procedures already in use. Guidelines for future
modeling efforts.which may better quantify the uncertainties in such
orocedures are recommended. Also recommended are studies which may

~

. offer constraints useful. for both empirical and theoretical modeling
procedures.
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I. INTRODUCTION

This report, together with the first annual report (Swanger,
et al., 1980) present a summary of the results of a two-year
investigation into the applicability of theoretical earthquake

source modeling to the definition of design motion environments for
nuclear power plants located in the near-field of potentially active

faults. The first annual report presented results of a systematic

literature search in wnich various empirical and theoretical models
which have been proposed for use in estimating near-field earthquake
ground motion parameters were reviewed, compared and evaluated.
With regaro to empirical models for predicting earthquake ground
motion parameters, it was concluded that existing procedures are not
adequately constrained by the available near-field data. This

_

-inadequacy is evidenced by the fact that the variability in

I near-fielo ground motion parameters predicted using the different
procedures can exceed an order of magnitude.

Site-specific computer simulation of earthquake ground motion,
based on . theoretical models of both the source process and the

propagation and oissipation 'of seismic energy in the site geologic
structure, offers a secono tool for the estimation of near-field
grouno motion. This tool has been snown to be an . effective
technioue for predicting low-frequency ground motion (of the - order
of 1 Hz or less) in the near-field, provided the depth-varying

elastic properties of the earth are rigorously- accounted for in the
modeling proceoure. In contrast, .the deterministic simulation of

nigh-frequency. ground motion, which is of primary . concern for
nuclear power plant response, .is highly sensitive to the

specification of the source process.

In the first annual report, the characteristics of the various
proposed theoretical earthquake-source models were reviewed. It was~

noted that all sucn models have in common the requirement to specify
~

values Lfor' a variety of parameters in order. to deterministically
synthesize . near-field . ground - motion. The parameters must be deduced

.

-
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enpiricallj, by applying the model to actual earthquakes and
,

recording sites, then modifying the source model parameters to

achieve agreement with the recorded oata. The available empirical

data may not provide very good constraints on some of the parameters
(e.g., stress-drop, rupture velocity) which have a strong influence
on the computed ground motion. Thus, one way of viewing the current
state-of-the-art of theoretical modeling is as an extension of

conventional empirical procedures. The curve-fitting approach of

the conventional procedure is replaced by a complex computational
procedure which is capable of incorporating in a fairly rigorous

fasnion the influence of fault orientation, geologic structure, and
long-period source characteristics; the high-frequency source

cnaracteristics are normalized so as to fit response spectral

characteristics of some near-field data set. Looked at from this
point of view. the theoretical modeling is subject to uncertainties
wnich are relateo to those of the conventional empirical methods.

In particular, there are uncertainties associated with (1) scatter

in the data relative to t;1e model prediction, (2) extrapolation to

geometrical circumstances for which little data exists, (3)
extrapolation to geologic structures for which little data exists,

| and (4) application to hypothetical earthquakes which may differ
greatly . in their source characteristics from those to which the

,

mooel was-fit.

With respect to -(2) and (3), the theoretical approach has a
substantial degree of- independence from the - purely empirical

approacn, because of its ability to incorporate some well-estab-

licheo geometrically- and geologically-controlled pnenomena into the
extrapolation process'. Furthermore, the theoretical approach admits
parameter studies to ~ delineate the sensitivity of- ground motion

predictions to the various geometrical and geological parameters
(e.g., intrinsic attenuation, surface layering, fault orientation).

This degree of independence from the purely empirical approach
renders theoretical modeling a . potentially useful adjunct to the

empirical method, even though- large uncertainties in the

2

_.



high-frequency source characteristics remain. However, the

usefulness of a given theoretical procedure depends upon its ability
to predict observed trends in ground motion data. Moreover, in view

of its semi-e cal nature, it is essential to critically examine

the applicability of the theoretical model to earthquakes which may
be expected to differ substantially in source characteristics from

those to which the model was normalized.

During the past year, our research effort has centered on the
analysis of various theoretical earthquake models and the character-
istics of near-field motion suggested by these mode 1s. Our objec-

tives are -to determine the applicability of the models for simu-
lation.of near-field ground motions and to assess the uncertainties
in applying such models to new situations, i.e., to hypothetical

design earthquakes which differ substantially in source character-
istics from the recorded earthquakes to which the model was

normalized. This report provides a summary of the research I

conducted in support of these objectives during the second . year of
this contract.

1

Four distinct classes of source models were examined to deter-
mine to which features of each source model the near-field high-fre-

. quency- ground motion is' sensitive. In Section II, the characteris-

. tics of the .near-field ground motion predicted by constant disloca-
tion. kinematic- models were examined. In particular, the dependence
of ground motion predicti~ons on the degree of rupture coherence,-

mode of. stopping, and earthquake magnitude are considered. In Sec-
tion III, this kinematic approach is extended to a consideration 'of

the predicted near-field ground motions associated with isloated
sources of -radiation which may arise as a result of local stress
concentrations. This is followed .in Section IV by an analysis of.

the fault slip functions predicted by fixed-rupture-velocity dynamic
.

models with particular emphasis on their compatibility. with - the
,

- constant dislocation specifications, generally employed in the more
heuristic kinematic models. In Section V, one of the more

3
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sophisticated spontaneous rupture, dynamic earthquake models which
is currently available is described and used to examine the

dependence of the spatial distribution of the predicted slip func-

tion on the assumed distribution of stress on the fault as well as
i on the mechanism by which the fault rupture is made to stop. This

is followed in Section VI by a sumary, together with a statement of
> - conclusions and recommendations for additional research. Finally,

Appendix- A provides a characterization of some of the better

documented near-field strong motion data,
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II. CONSTANT DISLOCATION MODELS

2.1 INTRODUCTION

In this chapter we will examine the class of kinematic
earthquake source models known as constant dislocation models.
Tnese models are of interest in that they have been most widely
applied in seismology for purposes of seismogram synthesis. The

most important characteristic of those source models is that a
single slip function is specified and assumed to be constant over
the entire fault surface. It is known that this assumption is
unrealistic to the extent that there is no known physical process in
the earth which could produce an aarthquake with a uniform slip
everywhere in a confinea area, but for many problems constant
dislocation models have proven useful at describing the radiation
produced over some limited frequency band.

Here we examine the characteristics of near-field motion
suggested by such models, and isolate those model parameters which
appear to have the greatest influence on the predicted near-field
ground motion.- Some of these sensitivities are obvious. For

example, tne radiation produced by these models scales linearly with
tne spectral characteristics of the slip function. However, the

dependence of the high frequency ground motions on the prescribed
rupture history and fault dimensioni, is not obvious.

There are numerous earthquake models in the seismic . literature
wnich fit into this particular class. Here we restrict attention to
simple muoels whicn contain features common to 'most of those which

have been proposeo.- For example, all calculations of ground motion
' are for a wnale space model of the earth. Now, while it is true

that many' of the characteristics of near-field ground motion can not
be duplicated using such a model, the characteristics of _tne
radiation which' are source dependent are more easily isolated in
wholeispace calculations. . By the same token, calculations will be

'

s

5



. _ . . - --_ ._ _ _ _ . _ . _ . __ _ .~

,

restricted to the near-field since even the most basic character-
istics of high frequency ground motions beyono about 25 km are
difficult to ootain without detailed structure and a reasonable
knowledge of the intrinsic attenuations of earth materials.

2.2 VARIALILITY OF GROUND MOTIONS IN THE NEAR-FIELD

The manner in which ground motions vary in the near-field is
particularly important in the specification of design motions where'

theoretical models may be useo _not only to synthesize ground
motions, but also assist in the construction of near-field attenu-
ation relationships. The variability of ground motions suggested by
tneoretical models may also halp in the assessment of the represen-,

tativeness of the few available near-field records. In this sec-

; tion, we examine the spatial variations of motion predicted by a
simple constant dislocation earthquake model. We will assume a
rectangular fault surface with uniform rupture propagation initi-

. ating at a corner of the fault. The slip function will be taken to
be a ramp function in time.

The geometry chosen is shown in Figure 2.1. The fault has
dimensions of 10 x 5 km and is buried 5 km below the receivers.
Tnree profiles were chosen, two along the strike of the fault (A and

' C) and one normal to the fault (B). . Rupture initiates in the lower
. left corner and propagates circularly toward profile A. Source

; parameters are summarized in Table 2.1. All seismograms computed

were banded limited ' to 0 to 8 Hz.. Energy at 8 Hz has wavelengths
considerably smaller than any characteristic physical dimension of
the _ problem, so the trenos observed in the high frequencies here
should adequately . describe the- ~ general behavior at higher

frequencies.

Horizontal accelerations normal 'to the~ fault strike- for1

profiles A,~ B and C are shown in Figures 2.2 through 2.4. Note that
tne accelerations ~ tend to be _ dominated by a few distinct phases,
particularly in profile . A.- The one-second long ramp slip time
function leads to a duplication of every arrival'with. opposite sign

i

delayed one second. An obvious trend is seen where' the ;;eak motions

. 6-
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TABLE 2.1

FAULT AND MEDIA PARAMETERS USED IN SIMULATION

Fault Parameters:

Fault length 10 km

Fault width 5 km

Rise time 1 sec

Slip velocity 1 m/sec

Rupture velocity 2.64 km/sec

Media Paraneters:

Compressional velocity 6.0 km/sec

Shear elocity 3.3 km/sec

Density 2.7 gm/cm34

,
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are comparea for the three profiles. The peak horizontal
accelerations are shown in Figure 2.5 and peak velocities in Figure
2.6. Just above the fault there are variations of about a factor of
two, but as little as 5 km away, the motion in the profiles vary by
an order of magnitude. Note that all of the horizontal motion is in>

the direction normal to the fault strike for Profiles A and C and
tnere is motion in both horizontal directions in Profile B. The

predicted wide variation in amplitude also extends to the far-field-

and this appears to be in conflict with the empirical data in that
such trends have not been observed.

,
.

The strong variation of motion with azimuth from the direction
of primarily rupture propagation is usually referred to as seismic
directivity. The basic physical principle governing directivity is

.

that energy is focused in the direction of tne propagation and hence
there are larger amplitudes in that direction. With this view of ,.

the process, one would expect the dominant motions to be associated
,

with radiation from a large area of the fault and that they would
arrive at tne observation point over a very short time interval.

This appears to be true for the computed velocity but not
necessarily for the computed acceleration. Figure 2.7 shows the;

accelerations computeo for the nearest observation point on Profile
A and notes the arrival times associated with rupture initiation and
a few stopping phases. Note that the largest motions correspond to
stopping phases at the top of the fault, initiating at the time of-

arrival of the earliest such phase. This is true from all of the

stations in Profile A. It appears that directivity in acceleration

shoulo not be vieweo as being due to focusing of energy from the
entire f ault, but rather a. focusing of energy from stopping phases.
Thus, _the smooth rupture- propagation over the fault . plane
contributes very-little to the total motion.-

The .- response spectra for the 10 km stations of the three

profiles are shown in Figures 2.8'through 2.10. The spectral values
of Profile' A exceed .those of Profile C by 'approximately an. order of
magnitude' at all frequencies._ In Profile A. and B there is 'some

.

.
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inoication that the high frequency decay is not proportional to

period as it should be if the peak acceleration is finite. It is

well known that in some cases, simple kinematic models will predict
infinite accelerations in the near-field with ramp-like slip

functions (Fiacariaga, 1978). This might be the case here in the

focuseo direction if an infinite bana width was considereo.

The large variations in ground motions suggested by this
simple model do not appear to oe cor. istent with data sets such as
the strong motion recoroings for the 1979 Imperial Valley,

California, earthquake. In this case, although the data set

includes stations at a variety of locations with respect to the

fault orientation, there is little indication of such large

variations in tne peak motions. To some extent the trends here may

be overly exaggerated. For example, the rupture was assumed to be
unilateral ana, though such motion is often inferred from low
frequency interpretations of earthquake source mechanisms, this may
not ce realistic at the high frequencies. It seems likely that any

Dilateral components in the rupture propagation would serve to

suppress tne prediction variation to some extent.

Another characteristic that may be unrealistic is the uniform
suoden stopping of rupture on a prescribed boundary. This leads to
tne large stopping phases in the focused direction, and it is not
hara to conceive -of alternate physical mechanisms which would reauce

the significance of these phases. For example, one could assume

tnat the rupture decelerates gradually at the edges of the f ault.
In this case, the rate of deceleration will control the high

frequency amplitudes. Another option would be to abandon the

assumption of conerent rupture. Randomization of the rupture

propagation will make the conerent effects of_ stopping less likely
to occur. Unfortunately, there is little physical basis - to guide

a

tne choice of the ranoom parameters. Constant dislocation models
employing incoherent rupture will be discussed further in Section
2.6.
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2.3 RUPTURE VELOCITY

In an earlier report (Swanger, et al., 1980) it was noted that
,

airect measurements of rupture velocity in earthquakes are few and,
consequently, that this parameter is one of the least well

constrained source parameters. It was also noted that the values of
{ rupture velocity may be important in the scaling of high frequency

motions. Inferred values of this parameter suggested in the
'

literature range from about half the seismic shear velocities to the
Rayleigh velocity (i.e., approximately 0.9 times the shear

' velocity). Theoretical studies have suggested the possibility of
supersonic rupture velocities, greater than tne shear velocity

(Andrews, 1976; Day, 1979).

Rupture velocities near the shear velocity are of particular

: interest in ground motion simulations because for such values the
effects 'of seismic' directivity will be most severe. The previous

examples shown in this section employed a rupture velocity of 0.8
times the shear velocity. Figure 2.11 shows the accelerations at 10
km for profiles A, B and C computed using a rupture velocity of 0.9

I times the shear velocity. The level of' motion in Profiles B and C
does not differ by more than 20 percent from the previous case, but
the peak values in Profile A nearly double. The response spectra

shown in Figures 2.12 through 2.14 also illustrate this trend. The

overall level of response is enhanced relative to the slower rupture
velocity case,.particularly at high frequencies.

In the fccused direction the value of rupture . velocity can
,

strongly affect the computed ' amplitudes. The contributions which
are primarily affected are the stopping phases which dominate the

accelerations in the plane of the fault. Variations in rupture

velocity oo not appear to have a significant' effect on the motion ;

computed at locations away from focused areas. Thus, it can be.

inferred that 'if the strong stopping phases were suppressed by

either gradual stopping or by addition of rupture incoherence, then
tne dependence on rupture. velocity might be expectea to be less

oramatic.,

.
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Dynamic modeling studies have suggested the possibility of ,

supersonic rupture when large regions of uniform pre-stress are
present, and examples of the effects of such rupture velocities are
given in Section V. Such rupture velocities are almost r.ever

considered in kinematic mooeling and the consequences of such
effects with respect to near-field, high frequency ground motion are j

not well understood.

;' 2.4 HIGH FREQUENCY MOTION AND THE CHOICE OF SLIP FUNCTION

A constant ' dislocation model by definition is one which is !

characterized by a single slip function which acts over the entire

rupture surface.. The ground motion scales linearly with the nature
of the slip function used. That is, the Fourier spectra of the

motion -is directly proportional to the Fourier spectrum of the

assumed slip functions. The dependence of response spectra on the
slip function is not linear, but it is a reasonable-approximation to-

-.. assume that it, too, will scale roughly w'ith the Fourier spectrum of
the slip, particularly for the case in which the damping is low.

Slip functions. generally. fall into two varieties;. simple

analytic forms like ramps- or exponentially damped ramps, or,

. approximations to some dynamic slip function. Several of the

proposeo alternatives' for simple' analytic forms were discussed in a
previous -report. (Swanger et al... 1980). For ramp-like slipL

functions, high frequencies scale directly with the initial slip

velocity for both peak motions ac.a response spectra as long as the
periods of L interest are. less than the duration of the ramp, which
appears to be the case for most large earthquakes.

On the '0ther hand, the scaling of motions for approximations
-to oynamic slip functions is much more complicated. A major feature

of the mooels is the concentration'of-high frequency energy early.in
the slip ' time : history -For. example, constant ; stress drop dynamic

~

earthquake models do not produce slip. functions which are, constant -

L' over. the entire fault plane. With a uniform _ pre-stress and no-

rupture' boundaries, the slip function is a ramp at- the hypocenter -

25
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ano elsewhere slip velocity contains a square-root singularity at
comencement of slip whose strength increases with distance from the
hypocenter. The only circumstance where the high frequency slip
function characteristics are nearly constant over the entire fault

surf ace is the case of a long, narrow fault. For this case, the

early slip oehavior becomes relatively uniform after the rupture has
progressed a few fault widths (Madariaga, 1977; Day, 1979). The

equilibrium behavior has a square-root singularity with strength
airectly proportional to stress-drop and approximately proportional
to the square-root of the width of the fault (Day, 1979).

Approximations to oynamic slip functions can only be fairly

evaluated by analysis of the assumptions behind these models and by
direct comparison with the functions which they approximate. This

will be examined thoroughly in Sections IV and V which sumarize in
detail results of dynamic earthquake simulations.

2.5 CONSIDERATIONS IN THE MAGNITUDE DEPENDENCE OF NEAR-FIELD
GROUND MOTIONS

Magnitude is a measure of earthquake size obtained from the
amplitudes of some instrument recording of the ground motion

normalized to a particular distance and predetermined scale. The

instruments used in magnitude determinations generally have sorrawhat
~ lower resonant frequencies that the frequencies of interest here.

The relationship between magnitude and high frequency ground motion
characteristics depends very_ strongly upon the relationship between
the high frequency spectrum and the spectrum near the frequencies
passed by the instrument for which the magnitude is measured. For

local magnitude this instrumental frequency is approximately one
Hertz. Within the framework of constant dislocation models, there

are two elements of the model which may contributed to a

relationship between magnituae and the radiated ground motion.
First, independent of any consideration of the slip function, there

is the possibility that the increase in the size of the fault area

with magnitude might. produce larger motions. Second, there is the

26
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possibility that the slip function might change with the fault

dimensions (and tnerefore magnitude) in a manner which may affect
the hign frequency motion.

Considering the first case in which the slip function is

assumed to be independent of source size, dimensional analysis
suggests that there must be a limit to the extent which fault

dimension affects the high frequency characteristics of the

near-t ielo motion. A possibility whicn is sometimes suggested is
that a larger fault surface will cause directivity effects to be

enhi.ncea. If one assumes seismic airectivity to be a focusing of

energy from a large area of the fault surf ace, one might expect a
larger fault surface to amplify tnis effect. In Section 2.2 an
alternative view of the effect of seismic directivity on

acceleration was suggested. There it was inoted that the largest

motions appear to be due not from focusing of radiation from the

ent. ire slip surface, but rather for stopping phases at tne fault

edges. If this is the case, one would not expect the degree of

focusing to be very aimension dependent. As a test of this
nypothesis, the fault of Figure 2.1 was extended to the left and the
hypocenter relocated at tne new lower left corner. Figure 2.15
shows the acceleration above the right end of the fault (Profile A)
for a 20 km fault length compared to tne previously calculated case
of 10 km. Note that the peak motion has actually decreased. The

largest motions arrive at times near the arrival of tne least time
stopping phase. Thus, for the longer fault, the dominant . stopping
pnase raciates from f artner away from the observer and, hence, are
smaller in amplituae. A similar effect was observed when the fault
width was doublea.

Tnese results strongly_ suggest that the relationship between
the extent of seismic directivity and fault dimension is not une of

a simple focusing, at least for tne simplest kinds of constant

aislocation models. That is, while the low frequency components of
tne motion are quite sensitive to increased fault dimensions -(1.e.,
magnituoe), tnis is not necessarily the case Lfor the higher

frequency components ~ which control the peak accelerations f n thei

near-fielo.
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The remaining question concerning the possible magnitude
dependence of the near-fielo ground motions is the potential vari-
ation of the slip function with magnitude. For example, seismic

scaling studies suggest that larger final fault slip usually
accompanies larger fault dimension (Kanamori and Anderson, 1975;
beller, 1976). However, there is little observational information

relevant to the magnitude scaling of high frequencies in the slip
function. Dynamic earthquake simulations suggest that, for uniform
stress drop and uniform rupture propagation, tne strength of the
high frequency part of the slip function should scale with the

square-root of the fault width (Day, 1979). These results were
obtained allowing material strength to be unbounded.

On che other hand, Del Mar Technical Associates (1978, 1979)
have argued that if a finite material strength is included, there is
an upper counu to the high frequency content of the slip function,

whicn they express as a maximum slip velocity. This assumption is

baseo primarily on the theoretical results of Ida (1973). However,

calculations by Day (1979) using a bounded material strength do not
appear to support this hypothesis. This important issue will be

aaoresseo in more aetail in Section V.

Another possible reason why the high frequency part of the

slip function may not scale with source dimension is that rupture

propagation and stress orop may not be uniform enough in large

earthquakes to permit the growth of high frequencies in the slip

function whicn are observed in dynamic earthquake simulations. That

is, if a magnitude seven earthquake is in reality a superposition of
a few events of smaller spatial extent occurring over a short time
scale, than we would not expect the average slip function to scale
witn cagnituoe oeyond a certaf9 point. However, it is not known at

the present time if there is a limit to the source dimension over

which a uniform rupture can be maintained.

'2.6 . CONSTANT DISLOCATION MODELS WITH NONUNJFORM RUPTURE PROPAGATION

It was noted in earlier sections that constant dislocation

models with uniform rupture propagation can lead to large variatiens
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in the computed grouno motions which are directly controlled by some
poorly constrained model parameters. Recent models developed by Del
Mar Tecnnical Associates (1978,1979) and Hadley ano Helmberger
(1980) avoid tne possibility cf high frequency focusing by making
tne rupture incoherent on a small scale. In these approaches, a

minimum length scale is arbitrarily chosen (usually on the order of
one km) for whicn conerent rupture effects can exist. Incoherence

is incorporated by an introduction of random perturbations on the
rupture arrival time at a point or by perturbations on the travel

times of tne radiation to the observer, which has the same effect.

The choices for the minimum length scale and randomization
parameters are aroitrary since there is little observational or

theoretical evidence to assist in either choice and, in fact, the

incoherence is generally prescribed with the objective of incurring
that the computeo ground motions are " reasonable."

Such incoherence in the rupture will lead to complicated

acceleration time histories which are generally consistent with the
observeo data. However, there are counter-examples, such as the

recording of the grouno. motion from the 1979 Imperial Valley
earthquake at station 7. Here, the horizontal accelerations are

cominateo by very simple pulses ano the smoothness of the signal
puts a oefinite limit on the complexity of the rupture.

The major motivation behind rupture incoherence is to remove
what are perceived as unrealistic effects of seismic directivity.

As noted earlier, such effects are due not to focusing of radiation
over the entire fault surf ace, out rather due to radiation from the

abrupt stopping of rupture at the fault edges. Removal of the
instantaneous stopping of rupture will also produce the desired

effect. Thus, the absence of observations of' strong focusing

effects does not necessarily mean that rupture is generally
incoherent; it coulo just as well be an indication that the rupture

does'not terminate suddenly in actual earthquakes.

30



. _ . _ _ . _.-____ _

i

2.7 CONCLUSIONS

In this chapter we have examined the behavior of simple
constant oislocation earthquake source models. The models examined

here also contain uniform rupture propagation terminating at a
prescrioed boundary. The major conclusions of this chapter are:

1. Simple constant dislocation models predict highly
variable motion in the near-fielo due to seismic
directivity.

2. In terms of high frequency radiation the large
directivity effects are not caused by a focusing of
rddiation from a large fault area, but rather the
motion i dominated oy large stopping phases on the
fault euges which are considerably larger in the
direction of focusing than elsewhere.

1 3. Motion in the focused direction can be very
sensitive to the choice of rupture velocity.

i

4. For simple models, there is not necessarily in-
creased focusing of high frequency radiation with
increased fault dimension independent of the choice

i of the slip function.

5. The most important issue regarding the possible
depen'dence of the near-field motion on earthquake
magnitude is whether or not the high-frequency part

i of the slip function is allowed to vary with
i magnitude. Some' dynamic earthquake simulations

suggest the -high-frequency part of the slip
functions should scale with the square-root of the
fault . width. Other dynamic arguments suggest ~ that
there is a' limit to this increase. At present this
issue is unresolved. This is an important matter
since it has a significant- influence on the
near-field ground motions predicted by such models.

6. A few models proposed in the seismic literature have
incorporated random incoherence in the - rupture
propagation to suppress the strong effects of
seismic ~ directivity. . Lack of strong focusing in the
high~ frequency' data does not necessarily imply that
rupture. is incoherent on. a small scale. These
~ bservations could be equally well explained by 'o

assuming that rupture does not terminate suddenly in
real earthquakes.
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III. KINEMATIC MODELS OF ISOLATED SOURCES OF RADIATION7

3.1 INTRODUCTION

In the previous section, we examined the characteristics of*

| ground motion produced by models with coherent rupture over large
- spatial dimensions. In this section we examine the characteristics
j of the ground motion when the rupture is incoherent or when a local |

| feature, sucn as a stress concentration or fracture barrier,

controls the nature of the high frequency radiation.,

4 Several studies have noted the existence of local areas of r

"

stress concentrations in earthquakes (Hanks,1974; McGarr, et al., '

i 1979; Bache .and Barker, 1978; Hartzell and Brune, 1979), and I

attempts have been made to interpret near-field accelerations ine

terms of these local stress fields (Hanks and Johnson,1976). In a
few events th6 accelerations observed have been linked to fracture
barriers or localized unusual stopping behavior (Bouchon,1978; Aki,

I1979). In cases where.a local phenomena is. the main source of high
frequency radiation, one would expect the attenuation of motion in
the near-field to be quite different from that when slip and rupture

,

is uniform over a large area.
E

Examination of the radiation characteristics due to local

features in the fault surface may also help in the understanding of
1

| ore: comp 1'icated fault models which. employ incoherent rupturem

f . propagation or. varying . slip over the f ault plane. When rupture of
slip characteristics vary over the f ault surf ace, the constructive;

and destructive interference. will not occur in the high frequency,

j radiation produced i assit does when rupture velocity and slip are~

uniform. As a result the ground motion at high frequencies will most'

-likely appear to be due to radiation from many small sources rather
~

than one large source. 'The accelerations produced by such models
| will generally be considerably more complicated.than those produced
: by a uniform ' rupture ' propagation. model. . Examples of this -can be

found ~ .in ' the parametric' studies conducted by . Del' Mar- Technical
Associates (1978, 1979).

.
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In this section we will first examine the consequences of a
localized source on the near-field attenuation characteristics. The

relative spatial distribution of motion will be examined both with

and without seismic directivity effects. The absolute levels of
acceleration as a function of stress drop and rupture

characteristics will be inferred using kinematic models suggested in
the seismic literature.

3.2 SPATIAL VARIABILITY AND RADIATION PATTERN

The most fundamental characteristic of the radiation from an
,

isolated dislocation source is . the double-couple radiation pattern

.of P and S waves. As the source of seismic radiation becomes

smaller, the radiation from such sources will tend to be like that

from an isolated dislocation rather than that shown in the previous
,

section of this report. No source with coherent rupture on some

: scale will' radiate like a point double-couple, no matter how small
i-

it is out such a radiation pattern will be appropriate over some

limited frequency range.

Though the double-couple- radiation pattern is simple to'

visualize' in a whole space,__the projection of motion onto the

surface of.. tne earth is 'not, particularly it the near-field. When
,

the observer is- within a range of a few source depths of the

-epicenter, the-attenuation of' motion v:ith range can be controlled as
much t+ radiation pattern effects as by . geometrical spreading and
intrinsic . attenuation in earth materiz;15. . One might expect any

~ conerent rupture _ effects to add to the co.nplications in the spatial
' distribution of motions in the near-field so that the variations due
to radiation. pattern alone' could be considered to be the minimum
amount of complexity _expecteo.

1

. Expressions for -tne radiation pattern _due -to ~ an isolated
: dislocation can be foundtin numerous sources (Haksell.,_1964; Aki and

~

Ricnaros, ~1980, Chapter 4) and neec not be reviewed here. The

, surface - projection _of the radiation . pattern with ; r-1 geometric.
spreading was' computed- for strike-slip and dip-slip sources for the

,
_
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geometry shown in Figure 3.1. For vertical faults the motion is

synnetric about the fault plane and about the fault normal for pure
strike-slip or dip-slip sources, so only one quadrant need be

examined.

Figure 3.2 shows the contours of magnitude of S-wave motion
projected to the surf ace for both types of slip. For strike-slip

sources there is a node just above the source. The maximum ampli-

tuces occur in the fault plane and fault normal at an epicentral

aistance of one source depth. For oip-slip sources the maximum

motion occurs just above the source. The attenuation is quite

sensitive to the particular azimuth chosen.

The attenuation of motion with distance for azimuths at 0, 45

ano 90 degrees from the fault strike are plotted for strike-slip

sources in Figure 3.3 and for dip-slip sources in Figure 3.4. For

strike-slip sources the motions at azimuths of 0 and 90 degrees are
the same. The smallest motions are at an angle of 45 degrees. In

. the f ar-field the difference in amplitude is roughly a factor of

tnree. For dip-slip sources the radiation pattern is considerably

- more homogeneous with azimuth with the exception of the node located
at one source depth normal to the fault

3.3 CONTRIBUTIONS FROM LOCALIZED' DIRECTIVITY

Localized coherent rupture on virtually any length scale

results in some form of. cirectivity effects which can significantly
mooify the primary radiation-pattern. This is partict erly true for

the nigh frequency radiation. It was shown in the previous chapter

that the near-field motion from constant dislocation models can be
- quite sensitive to the rupture characteristics. The same is true

for'the models examined in this section.

The motion' due to a uniformly expanding shear crack is well
known.- ' Differences between - the various models arise from how the
stopping'is treated. In general, analytic expressions for the char-

.

-

acteristics -of the fault slip are not available when the rupture is

allowed to, stop, althougr. approximations to the behavior of the
-

1
.
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faulting have been suggested (Sato and Hirasawa, 1973; Bouchon,
1978, Boatwright, 1980). In this section we will consider only the
initial radiation and the effects on the resulting acceleration.

The initial shear wave acceleration from a uniformly expanding
shear crack as a function of space and . time can be written (Sato and
Hirasawa,1973):

2+.

y ovag Su(t) - H (t - r/s)
[1 - (v/s sin e)2 23 er

where

do = slip velocity at the center of the crack,

V rupture velocity,=

hypocentral distance,- r =

shear velocity,s =

angle from the fault normal,e =

Rs 5-wave double-couple radiation pattern,-

.

H(t) - unit step function,

t time.=

The spatial oependence of the motion ~ contains the double-couple
radiation pattern, . geometrical spreading. factor, and. a seismic
directivity term [1 - '(V/s sin e)2]-2 The . consequence of.

directivity is' to enhance the motion in the plane of the fault
relative to 'that ..at the fault normal. If the rupture velocity is
near the shear velocity of tne medium this effect is quite large.

'At the fault normal the amplitude dependence.is the same as if there
were no coherent. rupture.

Tne surf ace . projection .of -the .RMS amplitudes i nc l uding--

cirectivity.-is shown in Figure.3.5 for- the strike-slip source and in
Figure .3.6' for dip-slip source for two' rupture velocities. For the

. strike-slip case ,the distribution of motion is skewed considerably<
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to enhance the motion in the plane of the fault. The motion in the
plane of the fault at an epicentral distance of tnree source depths
is larger than tne motion at any distance in the normal direction
for a rupture velocity of 0.8 s and nearly so for 0.9 s. Symmetry

of amplitudes about the two horizontal axes is preserved. Similar
effects are found for the dip-slip case.

Figures 3.7 and 3.8 show the attenuation of motion with

distance for the two types of sources with a rupture veocity of 0.8
6. Tne range of variation with azimuth expected increases
significantly. The large variations suggest that if large
accelerations result from isolated concentrations of stress release,
any coherent rupture may cause the near-field distribution of motion

to oe highly variable. As a consequence, one or two isolated

recordings ' of the ground motion may not be representative of the
ground motion-levels at other regions in the vicinity of the source.

The spatial -dependences~ described here are for the motions

generated by the initiation of a circular shear crack with uniform

rupture velocity. Additional high frequency motions are generated
when the rupture is forced to stop. The characteristics of such
motion will be discussed in Subsection 3.5.

3.4 PARAMETEKIZATION OF DISTANCE FROM THE FAULT

The most commonly'used parameterization of distance for use in

attenuation -relationships is the nearest distance to the ruptt. e
surface. This choice assumes that the faulting closest to the
ooserver is -the most likely source of the high frequency radiation.
Though this _ is' convenient and possibly is. more reasonable than
alternatives' suggested, there is some _ doubt that evidence of
permanent slip necessarily implies a source of high frequency
radiation. .In . the 1971 San Fernando, California, earthquake, for
example, static and * long. period dynamic _ studies have suggested - a -
very large fault surface ( Alewine, 1974; Heaton and ~ Helmberger,
1979) while' studies of the high _ frequencies tend to suggest-

radiation eminating from smaller, more concentrated regions (Hanks,

42
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.1974; Bache and Barker, 1978; Bouchon, 1978). In the 1966

Parkfield, California, earthquake it has been suggested that the
inferred timing of tne largest motion observed in the perpendicular
array is consistent with the with a disturbance located at Gold

Hill,10 km to the ~'rth of the array and not from the slip which

. ray (Lindh and Boore, 1973). In thisoccurred nearest ;

section we examine tne consequences on attenuation relationships
using the closest slip measure of distance if the motion is actually

due to a stress concentration on some other point on the fault

surface.

Suppose we are given the geometry in Figure 3.1 and the

largest motions radiate from the origin - as in the previous cases.

If slip on the fault were evident along the fault strike, the dis-

tance from the source would usually be taken from the horizontal

axis and not from the origin as in the presious plots. Figures 3.9

and 3.10 show the attenuation of motion from the fault strike at
distances of one, two and three source-oepths from the actual source
for two rupture velocities. Note .that in each case, we observe a

" roll-over" or change in slope in the rate of decay with distance as
one approaches the fault plane. Such an effect has been hypothe-

,

sized for the near-field (Donovan,1973; sfor example), and appears
consistent with some data sets like the 1979 Imperial Valley earth-

qu a.:e. Tne constant . oislocation models examined in the previous

section did not show such prominent roll-over in near-field attenu-

ation of acceleration.

If one compares the observed maximum' horizontal accelerations
from ' the Imperial Valley earthquake located along a perpendicular
line from tne fault (Stations -1 through :13) to the decay suggested
by tne initiation of a crack . located at the published hypocenter
(Porcella and riattniesen, 1979), one -finds very good agreement

~(Figure 3.11). For purposes of this calculation, a rupture velocity
.of 0.8 6 was assumed and amplitudes are scaled to match the average

of stations 6 and 7 ~ at a distance of 1 km. The' agreement here is

not to suggest that a concentrated release of energy is necessarily-
~
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a good model of this particular earthquake, but it demonstrates that
an isolated stress concentration can produce reasonable near-field

rates of attenuation. For vertical strike-slip faulting, the use of

closest distance from the fault as a distance parameterization may

not be reasonable unless one anticipates a scatter in the amplitudes

of possibly a factor of two, if indeed the energy radiates primarily
from localized sources.

3.5 AMPLITUDES OF NEAR-FIELD ACCELERATION AND LOCAL CONCENTRATIONS
OF STRESS

In the previous sections, only the relative spatial dependence
of the computed peak amplitudes were examined. In this subsection,

the absolute' amplitudes of near-field acceleration suggested by

kinenatic models of stress concentrations will be . considered. In

most models of the stress release, there are two distinct facets to

the radiation of high frequencies which must be considered

separately, namely, contributions aue to the initiation and

termination of the rupture. Boore (personal communication, 1980)

has examined various kinematic models of localized stress

concentrations and noted that all of the well known models of this
type tend to emphasize either the starting or stopping effects of
the rupture propagation. Those models emphasizing one or the other

effect tena to give results which are consistent with other models
employing the same basic assumptions.

~The model of Sato and Hirasawa (1973) includes contributions
from both the starting and stopping of rupture and this model will
be -emphasized here. Expressions for the radiation from the

initiation 'of_ ' rupture were presented earlier. - The stopping of the
rupture' is " assumed to be instantaneous 'over the entire fault-
surface._ This could be considered an extreme case. There are many

-otner ways in which stopping 'can be treated, and Boatwright (1980)
suggests a variety of possible alternatives.

The expression for the acceleration due to crack initiation
was given in Section 3.3. That formula relates' acceleration to the

49
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velocity of slip at the initiation point on the f ault and this

quantity is nearly proportional to stress drop. Complicated

expressions relating the two quantities were first derived by,

Kostrov (1964) and, subsequently, Danlen (1974) evaluated these
expressions from various rupture velocities. A good approximate
relationship for rupture velocities considered here is

b m0.8V"o

where D is the slip at the canter of the~ f ault, V is the rupture0
velocity, o is the stress drop and.y the material shear modulus.

Using the above approximation, we lave evaluated the
acceleration peak amplitudes radiated from the rupture initiation
as a- function of rupture velocity and azimuth for a fixea stress

drop and observation distance. The results are shown in Figure 3.12
for tne case in which the stress orop was fixed at 100 bars and the

distance at 10 km. A shear velocity of 3.3 km/sec ar.d density of
32.7 km/cm were selected for purposes of illustration. The,

double-couple radiation pattern, which is always less than unity, is
not incluaed. The response of the earth, particularly the
interaction at the earth's surface, would, in general, increase the
amplitudes given here by a factor on the order of two.

For fixed .itress-drop there is- clearly a strong dependence on
rupture velocit, At tne fault normal, the amplitudes are
proportional to rupture- velocity cubed. In the plane of the fault

amplitudes vary by a factor of five for rupture velocities between
0.8 and 0.9 times - the shear velocity. |If the initiation of rupture
at a stress concentration is the cause of large accelerations, high
. stress drop anofor rupture velocities near the shear velocity are
impliea.,

'The' amplituces of - the stopping phases predicted by the Sato-

-and Hirasawa -(1973) model are somewhat more . difficult to quantify
since the model suggests singular accelerations. .The shear wave
accelerations radiated in tnis case can be expressed by the relation
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2).

y D v g$0u(t) = H(t')-H(t'h(1-K))|Br (1-K )22

2- o v g'
H(t'-h(1-K))-H(t'-h(1+K))4sr K(1+K)2

+.

-D VLR
'I - (I'5))4sr K(1-K)

>.

+0 VLR
6(t'-h(1+K)4sr K(1+K)

where L is the fault radius, K = V/s sin e, t' = t - r/a and 4(t) is
the Dirac-delta-function. The characteristic shape of this

far-fielo (r >> L) acceleration is shown in Figure 3.13 where it can
be seen that the singular behavior of this motion leads to
unrealistic ground motions. The response of the earth will probably
not permit accelerations to become too large, and, in any case, the
fregues.cy cand of interest in hazaro assessment is limited.

However, even when the accelerations predicted by this
stopping model are viewed through a realistic passpand, the absolute
level of the peak accelerations can become unreasonably large (>10
g) at some azimuths suggesting that this model is not plausible.

3.6 CONCLUSIONS

In .tnis Section we have examined the consequences of high
frequencies radiated from isolated stress concentrations using

,

kintsnatic approximaticas to tne oynamic stress release process. The

major conclusions of this Section are:

1. If ,the high' frequency -motion is dominated by
~

radiation from isolated sources rather than from
uniform raoiation from the entire f ault surface,
there is likely to be;-considerable variability 'in

'
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the peak motions within a few source depths of the
disturbance due to radiation pattern alone. Thus,
in such a case, a single close in station may not be
representative of the largest motions from the
Source.

2. Coherent rupture accompanying the stress release
will increase the variability of the motion by
increasing the radiation in the plane of the f ault
inaependent of the length scale over which the
rupture is coherent.

3. The distance attenuation relationship derived using
closest distance to the entire fault (not the stress
concentration), can lead to very reasonable looking
results, but the relationships obtained may not be
representative of the levels of motion over the
entire fault.

4. When stopping of rupture- is included in these
models, the stopping phases radiated dominate the
high frequency motions. The levels of motion
suggested by existing kinematic approximations are
too large to be realistic. That is, as is the case
of the constant dislocation models considered in
Section II, abrupt terminatien of the rupture
propagation leads to unreaslistic near-field ground
motion characteristics.
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IV. DYNAMIC EARTHQUAKE MODELS WITH FIXED-RUPTURE-VELOCITY

4.1 INTRODUCTION

Dynamic earthquake models are models in which the initial

stresses acting along a fault are assumed known; in contrast to

kinematic models, no a_ priori assumptions are made about the form of
the fault slip. The fault slip is obtained as part of the dynamic

modeling process.

We can aistinguish two types of cynamic earthquake models
which nave been investigated. In the first type, tne rupture

history, i.e., tne growth of the fault surface, is prescribed. This
will be referred to as the fixed-rupture-velocity model. In the

second type, the constitutive properties ' of the fault plane, or

fault zone, are prescribed, and the subsequent growth of the rupture
is not prescribed _ a, priori, but results from the constitutive
properties, the prestress, and the ensuing dynamic stresses in the
medium.- Tnis will-be referred to as the spontaneous rupture model.

The current section deals with _the fixed-rupture-velocity

model. .In particular, we will attempt to characterize the slip

-function for the dynamic model, compare this " dynamic" slip function
witn -slip functions previously .used in kinematic modeling, and
assess'tne importance of various modeling assumptions in controlling

. the near-field ground motion characteristics predicted by this type
of model. All but the.most elementary dynamic crack problems (those
for whicn closed-form solutions exist) require extensive numerical
computation in order to obtain ground motion predictions. Since

such numerical computation . is beyond _ the scope of this study, we
will' focus- primarily on analyzing = numerical results _obtained in
earlier. dynamic studies.

Closed-form theoretical solutions''are available for only the

:most idealized cases. Restricting : consideration- to three-oimen -
sional analyses, probably' the most advanced ' and useful of such
analytical results is ithe solution of Burridge and Willis- (1969).

-

.Tnat solution (gives the slip history?on :an elliptical. shear crack
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4

which initiates at a point in a prestressed whole-space and grows at
a fixed rupture velocity without stopping. While this theoretical
result is very useful for interpreting the results of more complex
numerical studies, it cannot be applied directly to strong motion
simulation, since it cannot account for effects of the stopping of
rupture growth and the cessation of slip which ensues.

Numerical methods have been applied to investigate
fixed-rupture-velocity faulting in which rupture is confined to

circular regions (Madariaga, 1976), semi-circular regions (Archuleta
and Frazier 1978), and rectangular surf aces (Madariaga,1977; Day,
1979; Archuleta and Day, 1980). Co trally, in these simulations,

'

rupture is prescribed to originate at . a point and to grow at,

constant rupture velocity until a prescribed region of the f ault

plane is encompassed (an exception was the study by Madariaga
-(1977), in which rupture was initiated simultaneously across the

j fault width, in order to. facilitate comparison with the kinematic

| model .of Haskell (1964)).

Tne simulations performed by Day (1979) will provide the basis-
for . the 'suosequent analysis. The main reason for this emphasis is-

that nigh-frequency,' near-source motion was the particular focus of
~

tnat investigation. The other work cited focused on the far-field
.

waveform and/or. on low to intermediate frequency (say one- Hertz)
ground motion.

Following the investigations cited above, we will characterize
the ' fixed-rupture-velocity. dynamic model by the following
assumptions:-

1 Rupture initiates at a point.

2. Subsequent rupture . growth occurs .at constant,
prescribed . rupture velocity. until a prescribed
region'of.the fault plane.is encompassed..

3.- Stress-drop ' is- prescribed . to be uniform - over the
fault plane.

' -4. nupture growth stops abruptly ~at the fault edge.

56'

..



. - . __ _- ,

5. Material behavior outside the rupture surface is
linear, so that the solutions scale with the
prescribed stress-drop.

The remainder of this chapter is divided into four parts.

Section 4.2 deals with the slip functions predicted by the

fixed-rupture-velocity earthquake model. The role of fault

dimension in controlling the slip is particularly emphasized, and

tne final product is a closed-form approximation to the slip

function predicted from the fixed-rupture-velocity dynamic model.

The slip function derived in Section 4.2 is compared in

Section 4.3 with sone constant-dislocation kinematic models

previously employed in ground motion simulation studies. In Section
4.4, we examine - the consequences of some of tne main modeling
assumptions. We note the sensitivity of the ground motion

predictions to the prescribed rupture velocity, as well as the

dominance of stopping phases. Section 4.5 summarizes our assessment
of the fixed-rupture-velocity models.

4.2 SLIP FUNCT10i45 FOR FIXED-RUPTURE-VELOCITY MODELS

4.2.1 Introduction-

Our primary- objective in this section is to develop an

approximate analytical expression for the slip function for the

fixed-rupture-velocity dynamic model, setually, the slip function

obtained from. dynamic modeling is ' spatially varying over the ' fault
surface. It is found, however, that the initial onset of slip, for

points on the fault more than one fault width removed from the
hypocenter,. is spatially ='quite uniform. This slip function will be
oesignated the " dynamic slip function," s, and will be compared

d
in the suosequent section to some slip functions which have been
widely employed in kinematic modeling ~ studies, out which . are not
based'on rigoraus dynamic. solutions.

4.2.2 Dependence of Slip Function on Stress Drop and Fault Width
1

As a first' step, we analyze the relationship of . the . slip
: function - to fault wiath and stress drop,. on the basis of the
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parametric study by Day (1979). In that study, several finite

difference simulations were performed for a fixed-rupture-velocity,
rectangular fault surface in a uniform wholespace, with rupture
initiated at the center of the rectangular fault, as shown in Figure
4.1. The prestress direction was aligned with the long dimension of
the f ault in each case. The fault width w was varied, while the

following parameters were held fixed for all calculations:

P wave velocity a - 6.0 km/sec

S wave velocity e = 3.46 km/sec

- 2.7 gm/cm3Density o

Rupture velocity VR = 3.12 km/sec

Stress drop to = 100 bars

Stress Drop Scaling: Stress drop, aa, is here defined to be

the difference between the shear prestress and the sliding
frictional stress. This quantity nas also been called " effective

stress" by some investigators. For the fixed- rupture-velocity

dynamic model, as defined in Section 4.1, the slip time function

which is obtained as a result of the modeling process scales
directly with tne assumed value of ae.

The relationship of Ao to the so-called static stress drop is

a possible source of confusion. In the dynamic. model results

discussed here, static stress drop is nearly equal to ao over most
of the fault, -since no physical mechanism is incorporateo into the

C 'model to pin the f ault' at a stress level higher than the prescribed
sliding frictional level. In practice, however, seismic estimates

of ~ static stress drop are actually estimates of average static

offset divided by gross f ault dimension. If an earthquake leaves

unbroken patches, or 'if -some regions heal at stress levels above the
' dynamic friction level,. then the seismically: 1nferred static stress

. drop may be: substantially lower than ae. Static stress drop

estimates represent, in general, a lower bound on ae.
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Effect of Fault Width: We will use the static slip and the
rise time to characterize the low-to-intermediate frequency behavior
of slip in the dynamic simulations. Peak slip velocity will be used
to characterize the high-frequency behavior of the slip function,
which is of primary importance for predicting high frequency ground
motion.

Figure 4.2 shows the static slip along the fault centerline
for fault width w - 4 km and w = 1.5 km (with fault length R = 8 km
in both cases). The horizontal lines show the static solution for
an infinitely long fault (Knopoff, 1958). Except near the end of

the fault, the static slip is essentially constant along the length
of the fault, and is very well predicted from Knopoff's static
solution, according to which the static slip on the fault centerline
is

5(=) = ^*2 * I4*II*

08

Figure 4.3 shows the slip. rise times T along the fault IR

centerline for w - 4 km and w - 1.5 km (R - 8 km). Rise time was-

defineo to oe the time required to attain 90 percent of the static
value of slip. The horizontal lines represent the time for a shear

wave to travel from the edge to the-centerline. For w = 1.5 km, the
rise time at first decreases with distance from the hypocenter, then
. approaches -a constant level of w/28. For w = 4 km, the rise time

again . decreases with -distance from the center, but the effects of
the end J:/ -the fault interferc to further reduce the rise time

~

~

before a constant ' level can -be - established. It appears that an,

appropriate value 'for the rise time, for points on the fault center-
line more :than a fault- width away from the hypocenter, is
approximately

.

g-k 14.2)T
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We turn our attention now to the high frequencies. Here it is

appropriate to focus on the slip velocity function, and particularly
on the peak . slip velocity. The potential importance of peak slip

velocity for strong motion prediction has been demonstrated by the
kinematic earthquake simulation studies of TERA / DELTA (Del Mar
Technical Associates, 1978). They found that near-field response

spectral predictions, for frequencies above about 1 Hz, were

proportional to the assumed peak slip velocity in their earthquake

model.

Figure 4.4 illustrates the spatial variation of peak slip

velocity for the dynamic models. The broken curves represent the

peak- slip velocities (low-pass filtered, with a 5 Hz cutoff, since

the numerical solution is valid only up to approximately ".is

frequency) obtained along the fault centerline for 1.5 km x 8 k.n and
4 km x 16 km ' fault simulations, respectively. In both cases, the

peak slip velocity apparently approaches a uniform level with

-increasing ^hypocentral distance.

Day (1979) interpreted these results for peak slip velocity

with the aid of the closed-form analytical solution of Kostrov

(1964) for an expanding circular crack, which is plotted as a solid
curve' - on - Figure 4.4. He concluded the following for the

fixed-rupture-velocity model:

1. Peak slip velocity increases with distance from the
focus up to a distance of about one fault width. In
that region, the- peak low-pass filtered slip

velocity s is well approximated by

T-Ch(2rf/V + 1) (4.3)
R

where f is the cutoff frequency, r is the distance
from the center of the crack to ' the observation
point,- and C is _ a constant (derived from Kostrov's>

solution) which equals 'approximately 0.9 V /s forR
'a Poisson's ratio-of 0.25 (Dahlen, 1974).

~

-- 2 . - Peak slip velocity then remains _ nearly uniform ove-
the remainder of the fault plane.
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3. Over most of its length, a long, narrow fault will
experience a peak slip velocity (after low-pass
filtering with cutoff frequency f) of approximately

A's= - (4.4)

4.2.3 Analytic Approximation t. 'ne Slip Function

: Now we are ready to derive a closed-form expression to

approximate the slip function obtained from the dynamic model. The

rise times TR plotted in Figure 4.3 can be approximated by the
expression

TR * *s - # +*
R

where

2' 1 / wq /X/2+7+i(7-|Y|h
I 1- w

I j
i

ts " *I" 4

m[r + x + 1 1-m
2 II 1 E 2 1 I E.

,

n i

Referring to Figure 4.5, t3 is a rupture arrest time given by tne --

. smaller of (1) the sum of. the rupture travel time over path A plus
the ' shear wave travel time over path A', or (2) the sum of the
rupture travel time over path B plus the shear wave travel time over

path B'. .The criteria for peak. slip velocity set out -in points 1 to

-3 aoove'are met by the expression.

AC *- VTLT + 2-min (r,w)/V ]
08 R ,

is the: retardea time t - r/V . Finally, this expression,wnere T f
R

' evaluated at T approximates very, well the. static slip valuesg, -

shown in Figure 4.2. ) Thus,- our completed approximate expression for
-

'

-the slip function,-s ,-isd

~
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(

Cg/T[T + 2 min (r,w)/V ] 0<T <T
R R

4s (T) . (4.5)d C g SLr + 2 min (r,w,)n ] T >Tg g a
.

For points on the fault which are more than one fault width removed

from the hypocenter, and for retarded time - T less than the rise

time, sd is spatially uniform. In the subsequent section we

; compare s , which we -will call the " dynamic" slip function, withd
some slip functions which have previously been employed in kinematic

-eartnquake modeling.

4.3 COMPARIS0N TO KINEMATIC MODELS

4.3.1 Introduction

.0ynamic earthquake modeling provides a tool to assist in

interpreting existing kinematic earthquake models in terms of
- physical parameters. ~ In this section, we compare the dynamic slip
' function of Section 4.2 witn- (1) the. TERA / DELTA three-parameter slip
function and (2) the two-parameter ramp slip function. The

objective 'of the comparison is- to determine the relationship of the
kinematic slip-function parameters to the dynamic model parameter ae.

4.3.2-The TERA /0 ELTA 51ip Function

.In the kinematic modeling studies of TERA / DELTA (Del Mar
;Tecnical Associates,1979), a ' three-parameter slip furvtM; which
w'e. will' call ~ has' been used to approximate M.".hqu ak es TD,

. dynamics. ;This. slip - function incorporates the . parameters g, T R'
and ' v , . which . 'are, respectively, .the? final . slip, the rise time,0-

Land.the peak slip-velocity. -It is given by the expression ;
f

-l 'AT" -0 < T < t'

-

s IT) " ' '

TO

AT T>T
R - Re

wnere, for. time-step at, the-constants a and'A are

~
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The following procedures have consistently been followed in the

TERA / DELTA modeling:

'l. The slip furction is assumed to be spatially uniform.

2. Tiie peak slip velocity vo has been assumed to be
independent of TR and s , and is fixed at 8 m/sec.

3. The ti.ne step ' At has been taken as 0.025, so that
the Nyquist frequency is 20 Hz.

In its general charcteristics, the slip function s
TD

resembles the dynamic slip function derived in Section 4.2.3 and

given . in Equation 4.5. In both cases, the slope is singular at T =
0 -and monotonically decreases until T =T We know from SectionR.

'4.2.2 that the assumption of spatial uniformity of slip is, in

general, inconsistent with the results of dynamic modeling.

However, for points on the fault more than one fault width away from
the hypocenter, and for time short compared with the rise time, s

d
~is snatially uniform. . It is reasonable, then,.to compare the

TERA / DELTA slip function with Equation 4.5, for hypocentral distance
greater 'than w and fc.' the initial few tenths of a second. -It is

-this onset which controis the ground ' motion prediction in the

high-frequency range which is of primary importance for the design
of nuclear power plants.

In Figure 4.6, the TERA / DELTA slip function- is shown for 2
sets of -modal . parameters, the. set employed to model design motion
for the. San Gnofre Nuclear Generating Station, and the set used to
model the 1966 Parkfield earthquake. These are sumarized in Table
4.1. . - The - dynamic slip function is shown in Figure 4.6- for VR=
3.1 km/sec, s - 3.46 km/sec, w .- 9 km and for hypocentral- distance
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greater than w. It is evident that s and s are substantiallya TD
different in oetailed shape, so that we cannot use the comparison to
uniquely identify the value of stress drop implicit in the TERA /
DELTA slip function. At early time, s follows the high-stressTO
drop curves, and as time progresses, it crcsses over to lower
stress-drop, reflecting the fact that the dynamic slip function

II2initially oehaves at T whereas the TERA / DELTA slip functions,

nave exponents a less than 1/2.-

To make this' comparison more meaningful, we consider the
: response spectra of the slip velocity functions, since it has been
argued- (ljel Mar Technical Associates) that high-frequency ground
acceleration varies with fraquency in a manner similar to that of
slip velocity. As shown in Appendix B, the (undampea) pseudo-
velocity response spectrum V of the dynamic slip function, ford .

oscillator period T less than approximately twice the rise time,0
is

V (T ) = j (4.6)D O.

dno the response spectrum V of the TERA / DELTA slip velocity,TD
y also for T less than about 2 T ''iS. 0 R

._

.
. T

_ .VTD(T ) =.aA (23)" sin (wat/T ) * T (4.7)O t. 0 a 0
. -

- The term in . brackets results from the discretization of s andTD,
approacnes 1 --for T >> at and .2/3 for T 2at; [o]'iscO O

=

constant which depends on a.-

Figure 4.7 compares- the response. spectrum for the TERA / DELTA

San .0nofre 1slipf function with that 'of - the dynamic ' siip function.
Tnis figure : indicates that the- TERA / DELTA model1 slip function, in:

^ the '0.05 40"0.5/second . period range, behaves approximately ' as does
- the slip # unction of a dynamic model with'a stress drop of about 50
bar s'.' - The' discretization ~~effect--in Equatior.- 4.7 is in considerable

-

u

,, . 71
'~

.-
..

. --



|
t

. .m

100 -

-

DYNAMIC MODEL ,

~

TERA / DELTA !.100EL_ _ _ _ .

(V = 8, TR * 2*9)
.

'

g

g100 __ _

<> -

- , %hs'\- @
~ Sf sSV,w
~

$ / h

sf "'o .hh
~ p

I5$
- .s* j

w a
/o

4* -i - ,4 .

s : s

5 _ @e
E _

'

_

_

! t t ieit,I I t t I I f II | t I f1

.0.01 0.1 1.0

= PERIOD (sec)

!ipre 4.7. Comparison of response spectrum of the dynamic slip
function with that of the TERA / DELTA San Onofre slip function.

.

72
-

__-__ _ - _ _ - - -___-____-_-__- ___-_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _



. - -

measure responsible for the fact that the TERA / DELTA spectral shape
conforms moderately weli to that of the dynamic model in this period
range. This is also shown, in terms of Fourier spectra, in Figure

4.8.

- As far as energy at 0.05 to 0.5 second periods is concerned,
then, the TERA / DELTA slip function for San Onofre is a reasonable
representation of the dynamic slip function scaled to ao - 50 bars.
As Figure 4.7 indicates, the sensitivity to s is minimal in this

range:for tne TERA / DEL % slip function. In fact, it has been shown

(Del Mar Technical Associates, 1979), that the TERA / DELTA slip
-function spectral level in this period range is essentially

proportional- to . v ; this is also demonstrated by Figure 4.9. On0
the other hand, -the spectral level of the dynamic slip function in

'

this range scales directly with ao. Thus, the TERA / DELTA modeling

. assumption (2) above, that v is invariably equal to 8 m/sec, is0
approximately the same as assuming that ao is invariant and equals
about 50 bars.

4.3.3 The Ramp Slip Function

A -large' number of kinematic earthquake simulation studies (for
example, Aki,1968; Kawasaki,1975; Bouchon, - 1979) have employed a

,

slip time : function s with the form of a ramp with constant slip
R

vel.ocity v and duration Tg:0
f

I v 0oT<T
0 R'

~

.SR"<
l.v T T >T

0 R R

v

The response spectrum of this function, for oscillator periods.
~

,

shorter than twice the rise time, is-

.v gg):- [V -T: (4.8)g

Figure 4.10 Lcompares this' response spectrum with' that of s . The. . d

= ramp slip . function differs substantially. in spectral shape. from the
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dynamic slip function over the period range of engineering
importance. Its deficienty in short period energy relative to the
dynamic model probably renders the ramp time function unsuitable for
design motion simulation, except perhaps over a narrow frequency
band.

.

Del Mar Technical Associates (1979) attempted to model the
Parkfield earthquake using - the ramp slip function. They reported
' difficulty in matching observed response spectra over a broad period
range with this slip function. In order to fit observed

short-period . spec tral levels of ground motion, with reasonable rise
times, it was necessary to tolerate a large overestimate at long

periods. The above comparison with t; .2 dynamic model provides a
physical basis for this result.

4.4 -ASSESSMENT OF MODELING ASSUMPT;0NS

In tnis section, we attempt to assess the importance of the

main modeling' assumptions. The sensitivity of computed ground

motion to assumed rupture velocity is t. st considered. Then we

evaluate the importance of the assumption . of. abrupt stopping of
. rupture, growth,

io assess uie behavior of the fixed-rupture-velocity dynamic

-model,- we apply Equation 4.5 to compute ground acceleration near a
buried strike-slip fault. Figure 4.11.shows the f ault geometry and
receiver ' location. The fault is 15 km long, 5 km wide, buried

between the depths of 2.5 and 7.5 km. The receiver is located at

tne' surface,-;in' the plane of the fault, so that the only non-zero

component of motion:is in a direction normal to the fault plane, and
.

is predominantly shear waves. A two-dimensional . numerical. integra-

' tion over the fault. surface was performed, using the integral solu-
tion of Haskell (1969) with' the slip' function of Equation 4.5. 'e

~

Lintegrationi mesn was- sufficient to retain - accuracy for frequencies
up to 10 Hz. .The: calculation was for a' uniform wholespace (with the-
: free surface: effect approximated - by doubling the' computed motion).
The computed acceleration' was scaled to represent a stress-drop of

'

251 bars.
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First we consider the sensitivity of ground motion predictions
to the assumed rupture velocity. This is a model input which is only
rougnly constrained by observational evidence. Figure 4.12 shows
the computed accelerations for three choices of rupture velocity,
all well within tne range of plausibility. Peak acceleration
' increases with rupture velocity, ranging from 0.24 g to 0.90 g.
Without some independent constraint on rupture velocity, then, there
is substantial uncertainty in the model's ground motion prediction.

.Tne main acceleration peak in each accelerogram in Figure 4.12
.can be clearly identified with the first-arriving stopping phase
raoiated when the rupture front impinged on the upper edge of the
fault surface. The two peaks near the end of each record are

first-arriving stopping phases from the right edge and bottom edge,
respectively. The predominant acceleration signal, then, is
controlled by the admittedly artificial assumptions of uniform

rupture velocity and abrupt stopping.

Further support for this essessment is provided by Figures
4.13 and 4.14. These show far-field waveforms, computed at 2

particular azimuths, for a simulation of a4x 8 fault. Again,
' sharp, disc' ete stopping phases from each edge of the fault are ther

doainant features of the acceleration records, and the remainder of
the acceleration record 'is relatively quiet. This simple ' character

.is in poor. ' qualitative accord with observed earthquake

accelerograms.- Complexity in cbserved accelerograms results from
some comnination of complexity in the reeponse of the earth model
and ~ complexity in -the source model; since these. near- and far-field
calculations employed a' highly simplified. earth podel, they do not

: offer. conclusive evidence that the. source model is inconsistent with
data..

4 .'S CONCLUSIONS

'

'In this- chapter we' have -reviewed resul t's of.-

fixed-rupture-velocity dynamic earthquake modeling. The- first

oofective was?to characterize the slip function- resulting from ' his
model. .In'this. connection, the following conclusions are obtained:
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1. High-frequency content of the slip function
increases with the stress-drop aa, which in turn is

- bounded below by the static stress drop.

2., The slip function resulting from the dynamic model
varies spatially over the fault surface. For points
on the fault more thar one fault width away from the
hypocente , however, and for time short compared to |
the slip rise time, the slip function is spatially l

quite uniform. l

- 3 .- Static slip, along the fault centerline, is about i
-

the same .as given by Knopoff's two-dimensional |
' static solution:

s(e) = ^*2 *

08

4. - Tne slip rise time TR, along the fault centerline
at oistance greater than w, is approximately

.

.

I WIg= .

~

-5. The: onset of L slip ' has the form of a square root-

singularity, and the peak, low-pass ' filtered - slip
velocity s, . for points more than a fault width from
the hypocenter, is well approximated by

i
I

] ;/ S/2wf .g '
98 I

where w:is the fault width,:8 the shear speed, o'the
density, ~ao the . stress-drop, and f :the cutoff.
f

*requency. |

. 6. ; A.' relatively' simple analytic . expression,- Equation
4.5,= approximates'the spatial and temporal behavior
of the. slip. function reasonably well.

A second objective was to use results'from' dynamic modeling'to-<

-

y -- LinterpretL kinematics earthquake. .models Lin terms: of physical; |

=parametersi -It is.found:that
.

._

- 1 . 1. The 4 TERA / DELTA ' 3-parameter slip function '(San-

;.Onofre model):'is1 representatije, in its J spectral-

,
+

r

." - '

t.
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. =. -



. . . .. . - . - .
,

content in the 0.05 to 0.5 second period range, of
the slip function from the dynamic model scaled to a

'
stress-drop of about 50 cars.

-2. The- ramp slip function is deficient in
short-perico energy relative to the dynamic slip
function.

The third objective was to assess the sensitivity of simulated
ground motion to the main modelng assumptions. The conclusions are:

- 1. Predictions of peak acceleration are highly
' Lsensitive to the specification of rupture velocity,

which-is a poorly constrained model input.

2. The predominant acceleration pulses . predicted by the
- model _ are controlled by the model assumptions of
uniform rupture growth and abrupt stopping of
rupture.

,

p

4

.

b

-
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a
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V. DY?iAHIC EARTHQUAKE MODELS WITH SP0t4TAf4E0VS RUPTURE

5.1 ItiTRODUCTI0ff

The dynamic earthquake model considered in Section IV assumes
that rupture velocity and stress-drop are uniform over the fault
plane, and stopping of rupture occurs abruptly at the fault edges.
Large stress concentrations were permitted to develop at the rupture

~ front. We have seen that these assumptions lead to a slip function
which is well approximated by a square root singularity, for

frequencies of engineering interest. The peak (low-pass filtered)
. slip. velocity is proportional to the stress drop (" effective
stress") and to the square root of the fault width. A small number
of discrete stopping phases are responsible for the main
acceleration pulses radiated by tne moael, and this is true in both
the near-fie7i~and the far-field.

In tnis chapter we examine the consequences of relaxing these
constraints. . e will look at slip functions and acceleration pulsesW

from dynamic earthquake simulations with spontaneous rupture. In
.such simulations, rather than specifying a rupture velocity, one
-specifies a' failure criterion and permits rupture to ensue

-spontaneously. . For the numerical simulations'. (Day, 1979) that form
~the basis for this chapter, the failure criterion is such that shear

stress in the fault. plane is limited to a prescribed strength,
.o0 In Section 5.2, we briefly overview the rupture model used in
those simulations.

In - Section 5.3, 'we consider the slip functions from
,

spontaneous-rupture simulations. It is inferred from these

-simulations tha.t the main conclusions regarding' the scaling of the
-slip function 'for the . fixed-rupture-velocity model are still valid
for the- spontaneous rupture case. This -~ conclusion may equire

'

.modificaton' when more advanced constitutive models for the fault
' zone are .available;f simulations lincorporating _ higher values for the

~

: cohesive stress (excess .of strength above the prestress) might also
result in'a modification of this conclusion.

.

|
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'In. Section 5.4 we compare acceleration pulses predicted from7

spontaneous-rupture simulations with those predicted from the.

fixed-rupture-velocity model. It is found that when f ault growth

accelerates, decelera ds, and stops spontaneously in response to

stress inhomogeneity, the acceleration time histories are more'

,

complex than in the fixed-rupture-velocity case, ano no longer

dominated by-a few discrete stopping phases.
.

Sec; ion 5.5 sumarizes the conclusions from spontaneous-rup-

.ture aynamic modeling.

5.2 FAULT CONSTITUTIVE MODEL

Very little work has been done to date on the
,

three-dimensional- simulation of spontaneous rupture. Our analysis
is based on the~ simulations performed by Day (1979) using a

.three-dimensional- finite difference method. Here, we briefly

, overview the slip-weakening ' f ault-plane constitutive model used in
that study..,

In : the-- slip-weakening model, shear' traction on the fault

Lplane,. which L is initially eT, is limited by a frictional strength
i e. . Wnen tre ' shear traction Dreaches a ,-further stress buildup

, g n
is relieved.by fault slip. The' slip _ velocity at- a point is opposed
.by - a frictional - traction which is' a-- prescribed, decreasing function

' ~ 'of ' the total s1;,, which .has' occurred at the point. When the -total
' slip reaches f a-- constant, - d , cohesion ,is considered destroyed, and '

.

o
-the~' frictional -traction :is held at a fixed "s1iding friction" level

9
- 'The quantity; eTJ - ' "f we. will continue. to call the

stress-drop (ae),Las.in Chapter 4, although it.has oiten been called-
' errective ~ stress." .Tne qdantity o - eT, the " cohesive"e g

ist.ress," represents :the : amount by which the shear- traction at a-
'

;pointimust:be' elevated, due Lto slip elsewherelon the fault,:before
rupture tensiles. fThe:qu'antity:.a . ef. we .will call - dynamic-"

.

_ (stress drop,"'since. this is1 the : sense in'which that . term _ is used by" ~~

-

-:alnumberJ of fautnors :(forL example. Cherry et al . , .1976; . Del .- Mar
'm .

?[)

4
/.y-

'

'. 86

\=
-

.



. ___ . _ __ - - -

-Technical Associates,1978). The dynamic stress drop is, then, the.

difference oetween peak shear traction and sliding frictional trac-
1 tion on tne fault plane. It has been suggested by some investi-

'

gators (for example, Ida, 1973; Brune, 1976) that the dynamic stress
'

drop '.should control the high-frequency behavior of the slip func-
| tion;,this contrasts with the fixed-rupture-velocity model, in whirh

the high frequencies scale with ae. This hypothesis about the role -

of. dynamic stress drop is important, because, unlike ae, dynamic '

stress drop is independent of the tectonic stress, and may ulti-
mat'ely be predictable from rock properties.

At tne present, estimates of tne appropriate distribution of
cohesive. stress for large earthquakes are somewhat speculative. The 1

'three-dimensional simulations considered in this chapter were
-

pcrformed assuming relatively low average values of cohesion.

5.3 SLIP FUNCTION FOR SPONTANEOUS RUPTURE
,

5.3.1 Uniform Prestress-

Figure 5.1 shows rupture front contours at 0.3 second inter-
vals for a spontaneous rupture simulation. In this particular Simu-

lation, ~ oth the stress orop and the cohesive stress are uniform,o

:and. rupture'has been' artificially restricted to a rectangular region
4'Km Dy.16 km in aimension. For-this. simulation, the material para-

~' 3. meters a, s ana o and 6.0 km/sec, 3.46 km/sec, and 2.7 gm/cm ,
4respectively, Eand d . i0.08 m, a'e - - 100 bars, and the ~ dynamic-

istress-drop.isD1.5 Ae.. Tnis represents' fairly low cohesion, and the4

.
.

'

analyses of Das and Aki (1977) - and 5 Andrews (1976) would predict
'

-rupture' velocities?in excess of the shear; speed. This is indeed the
case,' as seen from the; contour. spacing-in the figure.- Tne very high

.

average : rupture : velocity,- nearly 4 km/sec, suggests that, on the
average, fan unreal.istically low value=of cohesion :has been used.

~ .

Low-passeoJ(5' Hz)| slip velocities alon'g1 the ' x . axis are shown
sin? Figure 5.2. J0verithe 8 km distance: range, the peak slip velocity

''

has notDyetisettled ati a 'nearly constant value, oas occ6rred for the-
;samejfault geometryLat.. fixed 1 rupture' velocity (Figure 4.4). This?is.7

'

- .

,, $
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Figure 5.1. Rupture front contours at 0.3 second intervals,
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apparently due to the fact that the rupture velocity is still
accelerating, even at 8 km focal distance. Figure 5.3 demonstrates
that the peak slip velocity is nearly uniform across the fault

width, as for the fixed rupture velocity case. Recall that

stress-orop is uniform, and rupture termination has been

artificially enforced at the fault edges.

Peak values of slip velocity from Figures 5.2 and 5.3 are very
close to the estimate of

s =f f h (5.1)

.deduceu in Section 4.2.2 for the fixed-rupture-velocity case. At 6
km focal distance, for example, peak slip velocities from Figures
5.2 and 5.3 agree within a few percent with the value 3.6 m/sec

given by Equation ' (5.1) . This is appreciably larger than would be
predicted from tne hypothesis that high-frequency slip is controlled
exclusively by dynamic stress drop. For example, Ida's (1973)
formula.for peak slip velocity in terms of-dynamic stress drop is

r- o - ofs- Y (*2 R
08

which gives ' a' value about 70 percent of that shown in Figures 5.2
and' 5.3 at a': distance of 6; km (taking V in Equation (5.2) to beg

the " local" rupture velocity of about 5.5 km/sec). Furthermore, the

peak slip ! velocities in Figures 5.2 and 5.3 are lower limits, by
virtue of- ~ the .5 Hz :- frequency . cutoff. Thus, .the high-frequency

~

components : of the 7 slip function ~ for- the ' spontaneous rupture . model

, appear. to scale with stress-drop, as predicted by Equations 4.5 and
- 5.1, rather.L tnan being independent of stress-drop, as predicted oy
Equation _5.2.

There is really no theoretical - discrepancy nere, since Ida's

- formula was derived on the assumpt' ion, _ among ' others, that dynamic

stress-drop is much greater than.Aa. : Equation 1(5.2) can then. be '
viewed as' ar, asymptotic limit ~ on peak slip velocity, appropriate as

'

. dynamic-stress drop becomes very large relart e to ao.

90
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The simulation under discussion was performed for a very low
value of dynamic stress-drop, as discussed above. The asymptotic
formula (5.2) predicts increasing peak slip velocity with increasing
dynamic stress-drop, although the increase may be offset somewhat by
a cecrease in rupture velocity. Additional simulations, incorpo-
rating a range of cohesion values, would be useful to quantify the
relationship between stress-drop, dynamic stress-drop, and high-fre-
quency content of the slip function. Given our current under-
standing of this relationship, however, we have no theoretical basis
in earthquake dynamics for reducing the high-frequency content of
the slip function below that of Equation (4.5).

5.3.2 Non-Uniform Prestress

As a further step toward understanding the slip functions for
spontaneous rupture, we consider the three non-uniform prestress
configurations, denoted A, B and C, shown in Figure 5.4. In each
case, rupture initiated at the origin. In cases A and B, rupture

growth was permitted to stop spontaneously. In case C. rupture

growth decelerated considerably as it progressed into the low

stress-drop _ region, but still reached pre-specified strength
! ' barriers which delimited a 6 km x 18 km rectangular region.

For case A, the stress drop is 100 bars over a circular region
:1.43_ km in radius, and is equal to zero outside that region. The

dynamic stress drop is. uniform, 120 bars. Figure 5.5 shows contours
of- the' rupture front at 0.3 second intervals. The rupture

accelerates rapioly over the 100 bar stress-drop patch, then

abruptly oecelerates as it. breaks into the zero-stress-drop region.
In . the y direction,- deceleration is very abrupt, and the rupture

penetrates only about 150 r.;aters into the low-stress region. 'In the
x -direction, however,- the rupture . penetrates about 500 meters into
the low-stress region. By 1.5 seconds, rupture growth has ceased.

Figure . 5.6 shows' both peak slip ' velocity ' low-passed, 5 Hz)
and rupture velocity clong the x axis. We note that the two
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4

quantities rougaly parallel each other. When the rupture

1 decelerates, the peak slip velocity falls off. A maximum rupture-

velocity of a ';m/sec is reached at the edge of the prestressed zone.

. Case differs from case A only in having a stress-drop of 25

bars outside the circular 100 bar stress-drop patch. Dynamic stress
crop k : gain uniformly 120 bars. In spite of this non-zero

stress-drop, we see from Figure 5.7- that the rupture still stops

spontaneously, this time at about 2.1 seconds. Rupture again
decelerates outside the nigh-stress patch, but overshoots it by 0.6

I km in the y direction and 1.5 km in the x direction.

Fi ure 5.8 again demonstrates the strong linkage between peak9

slip velocity and rupture velocity. Rupture velocity in the x

direction peaks at aoout 4 km/sec, drops sharply at the edge of the
circular patch, then recovers to about 1.7 km/sec and smoothly

aecelerates to zero. The slip velocity mirrors this behavior.
.

Case C contains several patches of 100 bar stress-drop,

surrounaeu by a 25 bar stress-drop regior., with dynamic stress-drop
uniform at 120 cars (see Figure 5.4). Figure 5.9 snows the rupture
frcent contours at 0.1 second intervals. A fairly complex pattern of

rupture oevelops. Along the y axis, for example, rupture stops just
after 1_second. -As rupture advances on the other parts of the fault
plane, however, the stress intensity along the y axis increases, and

-rupture recomences at about 'l.8 seconds. Along the x axis, rupture
accelerates rapidly as it breaks each high-stress patch, and

decelerates between patches. At 1.1 seconds, and then again at 1.9
seconds, the rupture front- " jumps," leaving unbroken areas behind,
whicn subsequently break.

In case C, the average value cf stress-drop over the 6 x 18 km
fault is about 42 bars. On the average, the cohesive stress is

consioerably nigner . relative to the stress-drop than it was for the

ui;iform . stress-drop model studieo in Section 5.3.1; on the average,
tne ' ayna.nic stress-drop . is about 2.9 ao for case C, compared to 1.5
ao L for the Tuniform stress-drop model.- 'As a result, the. average

'

rupture velocity- has oeen reducea from' well above the shear wave
'

'
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speeu to about 5 percent below the shear wave speed. This result
agrees well witn tne analyses of Das and Aki (1977) and Andrews

; (1970), wnich preoict suo-shear rupture velocity when the dynamic
stress drop exceeos 2.63 ao. It is gratifying that their theo-

retical preoictions, which were based on two-dimensional formula-
j tions and uniform stress-drop conditions, are in reasonable accord ,

with the gross average behavior of the three-dimensional, non-uni-
form stress-drop model.

4

Figure 5.10 snows slip velocities and rupture velocities along
the x axis, lhe close relationship between slip velocity and rup-

ture velocity is especially visible here. The dashed portions of

the rupture velocity curve represent regions that ruptureo out of
7

sequence as _ the rupture front jumped ahead to a high-stress-drop
' paten.

- Also shown in the top section of Figure 5.10 are peak slip

velocity as estimated two different ways from Equation (5.1). The

line labelled a was obtained using the cimension of the high-stress-
orop patches (2.2 km) in place of w in Equation (5.1), and using 100
bars for_ tne value of. ao in tnat equation. Line a seems to be a
rather good prediction of peak slip velocity in the high-stress-drop
regions. Line b was obtained setting w equal to the overall fault

;

.wioth (6 km) ano ao equal to .its overall' average value (42 bars).,

This level, .in turn, appears to be quite representative of tne.

i . average value of peak slip velocity. In contrast, Equation (5.2),
in . terms of ' dynamic : stress-drop, would predict substantially lower
peak slip--velocities than ~ those shown in Figure 5.10. Using the
~ average.-rupture velocity .of 3.2 km/sec, for example, Ecuation (5.2).

giv.es the -low value' of 1.2 m/sec .for peak slip velocity. Thus, in'
~

tne case off no'n-uniform stress-crop, the spontaneous rupture model
. continues to ' support our earlier conclusion that the high-fre-

~

_ quency benavior'of the slip function scales with oo.

f .4 ' EFFECT 0F-NON-UNIFORM ST'RESS-DROP ON'.FAR-FIELD RADIATION
'

5
~

iIn section 4.4, Eit - was',notea that. the fixed-rasture-velocity
(model- produces . near Dand - far-field = acceleration. ' pulses which are-

.
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the average stress-drop (42 bars) in Equation 5.1.
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cominatea oy a few sharp stop)ing phases. In the spontaneous rup-

ture' model, we have relaxed the artificial constraints that rupture
growth occur at constant velocity anc rupture deceleration at the
fault edges ce instantaneous. As Figures 5.5 to ! .10 show, when
rupture is nalted by stress inhomogeneities, rupture decelera: ac is,

somewhat-spreaa out in time, and we might expect this me,hanism to
oeempnasize the stopping pnases.

Figures 5.11 and 5.12 show far field accelerations computed
from spontaneous rupture cases A and B of Section 5.3. In both

cases, acceleration time histories are considerably more complex
than in the case of fixed rupture velocity, and thus in better

qualitative agreement with strong motion ooservations (figures 5.11
and 5.12. cannot be- directly compared quantitatively with 4.14 and
4.14, nowever, because the source dicension is considerabl,' smaller

,

for the spontaneous rupture calculations).

Encouraging as this is, we are still faced with the problem of
assigning f realistic distributions of stress and strength to the
f a. it,' an'd- nere f tnere' may be substantial uncertainty. For example,

seismic -investigations have suggested that local stress concentra-
~

% .tions can lead gto - stress-drops as high ' as 500 .to 1000 bars over
~

f ault ' dimensions; of 'the ' order - of a few 'ililometers (for example,.
- Hanks', .1974;. : Hartzell and Brune, 1979); on the other hand, the

average? stress-drops for large . earthquakes are generally less than
1001 bars (Kanamori and Anaerson, 1975) . Large localized stress-'

/ drops' u'ndoubte31y. wouldiimply large local accelerations,; but their
~

importance: forL surf ace strong ground motion has not been rigorously <

examined. ? Parametric stuaies of.near-field ground motion generation
'

Loi tne spontaneous : rupture model are required-'before we can
~

facequately. assess 1the sensitivity _-of the| model predictionsito . the
L imocel~ inputs.-51f the' ground. motion predictions are. highly ~ sensitive-

2to the cetails of the stress-drop and. cohesive stress distributions,'

* - qthen Ltne utility'ofnthe 'mo'oel' will ultimately oepend 'on , constraining-
" ~

~

these values ^on the' basis' of rock mechanics -and; strong' ground motion
p

,

xcata.
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obtained from spontaneous rupture simulation Case A. Observer is at spherical
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5.5 CONCLUSIONS

In this chapter we have considered one of the more

sophisticated spontaneous-rupture dyramic earthquake models which is
currently available. We have examined the dependence of the spatial
and temporal distribution of predicted slip on the assumed

distribution of stress on the fault, as well as on the mechanism by

eich rupture is made to stop. The main conclusions from this study

are:

1 The high-frequency behavior of the slip functions
predicted by the spontane0us-rupture model appear to
scale with stress-drop. For the rupture model
consioered here, Equation 5.1 in terms of stress-
drop (" effective stress") is a better approximation
to the peak slip velocity than is Equation 5.2,
which instead involves oynamic s'.r es s-dr op . This
conclusion may require modification when more
advanced constitutive models for the fault zone are
oeveloped; future model studies incorporating higher
values for tne cohesive stress (excess of strength
above the prestress) might also result in a

modification of this conclusion.

2 When the stress-drop varies spatially on the fault
plane, a relatively complex pattern of rupture
growth can develop. Rupture accelerates in regions
of nigh stress-drop, decelerates in regions of low
stress-drop, and can stop, even if stress-drop is
everywhere positive. Even for fairly simple stress
configuratinns, rupture can " jump," leaving unbroken
patches, slip at a point can cease and subsequently
recommence, anc rupture velocity can locally exceed
that of P waves (average rupture velocity is, of
course, always subsonic). Spatial variations of
peak slip velocity and rupture velocity are strongly
coupled.

3 Results of spontaneous rupture modeling with
spatially varying stress-drop further support the
conclusion that high frequencies in the slip

function increase' with increasing stress-drop.

Again, Equation 5.1, interpreted in terms of average
stress-orop and fault width, provides a more
accurate characterization of the slip function onset

than does Equation 5.2.

4 Far-field acceleration pulses computed from the
spontaneous-rupture dynamic model are substantially
more complex than those computed' from the fixed-rup-
ture-velocity dynamic model, and the accelerations
,are not dominated by a few large stopaing phases.
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VI. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

,

6.1 SUMMARY

' . This report, together with the f Nst annual report (Swanger et
4 , 1980) present a summary of the resal'.s of a two-year investiga- !

tion into the applicability of theoretical earthquake source

mooeling to the definition of design m; tion environments for nuclear
power' plants located in the nea*-field of potentially active

faults. The f'irst annual report presented results of a systematic
,

[ literature search in which various empirical and theoretical models
which have Deen proposed'for use in estimating near-field earthquake

.

g'round.motioff parameters were reviewed, compared and evaluated.
,

During _the past year, our research effort has centered on the
analysis of various . theoretical earthquake models and the charac-

<

'

teristics of near-field motion suggested by these models. Our
~

oojectives have been to determine the applicability of the models
fort simulation of near-field ground motions and to assess the

uncertainties in applying such models to new situations, that is, to
hypothei.ical : design 1 earthquakes - which may' differ substantially in

~

. sour (e Ecnaracteristics from the ' recorded earthquakes to which the
,

i' 'model wa'' normal 12ed.' s
;;

Four -distinct classes 'of source models were examined to deter-
,

mine to whicn features of each source ~model the near-field high-fre-,

'

quency' grouna motion -is: sensitive.- I'n Section II, the characteris-L

~

|. ticsToff thefnear-fie.l_d. ground > motion predicted by constant- disloca--

p
' -tion > kinematic mooels'were examin~ed; -It was found that the simplest

~ ff this : type, ; employing coherent- ' rupture _ propagationmooel o

; ; L terminating instantaneously on; prescribed Looundaries, did not pro-'

auceirea'sonable behavior.tof;near-field accelerations. The degree of
,

_
Erupturelincoherenc~e -together' with1theTmode of L rupture 1 stopping, are-

,

t ;very (important;to .the natur.e f of high(frequency radiation. . It'was- F1
-

(concluoed1 th'at
_

an important! consideration; when extrapolating to ' a '
.

olargerj magnitude is thelassumed ; dependence of the slip 1 function -on ' :

~

fault oimension.1 ,

-

-
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,
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In Section III kinematic models of stress concentrations were
examined. As in constant dislocation models, coherent, sudden

stopping of rupture results in unrealistic near-field ground motion
characteristics. When stopping effects are suppressed, these models
do predict reasonable spatial variations in near-field accelerations.

Dynamic earthquake moaels were considered in Section IV and
V. Section IV examined dynamic models with uniform stress-drop and
prescrioed rupture propagation. These models predict that the high-
frequency content of the slip function increases with increasing

stress-crop' (" effective stress"). Also these models predict an

increase in the high frequency content of the slip function with an
increase of the narrower fault dimension. These models also exhibit
a strong dependence of the predicted near-field motions on the
prescrioea rupture velecity and the sudden termination of rupture
propagation.

Dynamic models with spontaneous rupture propagation were

examined in Section V. In these models the history of rupture

propagation is a oirect consequence of the prescribed pre-stress and
medium constitutive properties, rather than an a priori input of the

- moael. The rupture growth predicted by these models accelerates in
regions of high stress-drop, decelerates in regions of low stress-
arop, and can stop spontaneously as a result of stress-drop inhomo-
geheity. . . Locally, rupture velocities can be supersonic (greater
tnan tne shear velocity). Tne spontaneous rupture modeling results

furtner support the conclusion that the high-frequency content of
tne slip function increases with increasing stress-drop.

6.2 CONCLUSIONS,

I

The analysis summarized aoove has noted several distinct

characteristics of theoretical models 'of earthquakes which affect

tne high. frequency raciation predicted by such models, and these
moael characteristics' must be scrutinized carefully when applying
such' models to the simulation of motion f. om a hypothetical design
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earthquake. These charactcrMtics are poorly constrained by a lack
of current understandicg of certa..; earthquake processes important
to hign-frequency radiation.

The lack of proper constraints of theoretical model parameters
is closely related to similar difficulties with empirical proce-
dures. For example, the near-field data set for magnitudes larger
than seven is very sparse and different assumptions about proper
extrapolation procedures lead to a highly variable estimate of
near-field ground motion levels (Swanger et al., 1980).

By the same token, the magnitude dependence of the slip func-
tion theoretical models is not constraineo by the data, but there
are pnysical considerations which might constrain such a dependence
to some extent. Another difficulty which is common to both
empirical approaches and theoretical earthquake modeling involves
assumptions as to the inherent similarity of earthquake processes
from one event to another. Observational evidence suggests that
some events appear to radiate high-frequency energy from a . few
discrete regions of the fault surface, like the 1971 San Fernando
earthquake, while others show little evidence of such features, like
the'1966 Parkfield earthquake. One would expect the characteristics
of~near-field motion to be quite different for these two cases.

Given a theoretical earthquake source model which has demon-

strated. its ability - to reproduce characteristics of the existing
near-field data, there are several elements of the model which have
some oegree of uncertainty when ' applied to the simulation of ground
motion from a hypothetical design earthquak'e:

1. Rupture history' characterization It was.-

shown that models -wif.h uniform rupture growth
whicn stops- instantanaously on. a regular
boundary .are ~probably not representative of
earthquakes in terms of their predicted high-
frequency radiation.- Thi*, observation has been
used . for' justification . of ' incoherent rupture

~

propagation. -It .is . nGt i yet ~ known over what
spatial scale earthquake ' rupture can remain
coherent.. Itimay'be that.some earthquakes have
reasonably. coherent rupture propagatico but the-
rupture terminates gradually.
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2. Slip function characterization -- There are
three issues to be aadressed concerning the |
construction of a slip function; whether it
should be spatially uniform over the entire
fault surface, how it should scale with
stress-drop and how it should scale with
magnitude.

a). Spatial uniformity of the slip func-
tion - Dynamic earthquake simulations
predict a slip function which is
spatially varying. The only case
where dynamic simu!=tions suggest some
degree of spatial uniformity is the
case of long narrow faults for which
the predicted high frequency portion
of the slip is uniform over much of

_'

the fault surface. In such cases, the
assumption of a spatially uniform slip
function may be reasonable if one is
simulating a uniform stress-drop
earthquake. In modeling of spatially
varying stress-drop sources, this
assumption may not be appropriate.

'b). Scaling with stress-drop Dynamic--

earthquake simulations indicate that
the high-frequency content of the slip
function scales with the stress-drop
(i.e., shear prestress minus fric-
tional sliding stress, sometimes
called " effective stress"), which in
turn is bounded below by the static
. stress-drop. Dynamic modeling studies
performed to date do not support the
. hypothesis- that the spectral content
of the slip function, in the frequency
range. of design importance, is inde-

: pendent of stress-drop and propor-
tional instead to dynamic stress-drop
~(i.e., rock . shear strength minus
frictional sliding stress).- This
conclusion _ may require modification
wnen more advar.ced constitutive models
for _the -fault zone are developed;
future aynamic : model studies incorpo-
rating _ higher values for the: cohesive
stress ;(excess ' of strength above the
shear prestress) mignt also result in
a modification-of.this conclusion.

T
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c.) Scaling witn magnitude - Dynamic
simulations predict that tne high
frequency content of the slip
function, for a particular value of
stress-drop, shoulo increase with
increasing fault wioth.

3. Uniformity of assumed pre-stress -- Most
modeling perfc med to date has assumed that the
characteristics of slip are contralled by some
average stress-orop which is representative of
the entire fault surface. It has been demon-
strated, by means of seismic modeling studies,
that some events, notably the 1971 San Fernando
earthquake, are clearly not uniform stress-drop
events. Sucn earthquakes have regions where
local stress-drops are consideraoly larger than
tne average, ano the possioility of such cir-
cumstances in a hypothetical design earthquake
should oe considered.

6.3 REC 0hMEf4DATIONS

ne recoarnend that the definition of design motion environments
for nuclear power plants located in the near-field of potentially
active faults ce supported by site-specific computer mooeling of
earthquake _ ground motions if the modeling studies satisfy the

following conditicas:

1. teormalization of the earthquake source model to
existing data should include comparisons to
strong motion data beyond 20 kilometers dis-
tance from the fault. Beyond this distance
empirical studies have identified well
established trends which a source model, in
conjunction witn appropriate tecnniques for
simulating wave propragation in stratified
meoia, shoulo duplicate. This normalization
can be used .as an indepenoent verification of

_ the eartn Q (intrinsic attenuation) models used
in'the simulations.

2. Comparisons of simulated near-field ground
motions with recorded strong motion . data should
include time comain comparisons to verify
duration and timing of largest motions.
Detailed -mooeling of observed velocity and
displacement- time histories -is strongly
recommendeo.
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3. Quality of fit to observed grouna motions
should be quantified statistically to assess
uncertainties in model normalization.

4. When extrapolating to a hypothetical design
earthquake, the principles obtained from
dynamic earthquake simulations should be
employed. Scaling of the slip properties with'

stress-drop and fault dimension should be'

compatible with ev sting dynamic modeling
results, unless support for less conservative
scaling can be demonstrated on the basis of
improved dynamic modeling studies in
conjunction with detailed analysis of strong
motion recordings.

5. Possible deviations from the normalized model
obtained from comparison to a few events must
be considered. Two important considerations
are the presence of local regions of higher
tnan.: average stress-crop and the presence of
extens'ive (dimensions greater than 1 km)
regions of coherent rupture propagation.

6. Sensitivity studies -should be made on all m del
parameters which affect the high-frequency
response and. results- of such sensitivity
studies should be used to ootain a quantitative

estimate 'of the uncertainties of the model in
.its application to a site-specific prediction.

'7 . Ground motion -predictions obtained through
theoretical modeling should be considered
complementary to existing empirical estimates.

= Substantial differences between empirical' and
'modeling ' predictions should be justified on a-
. site -specific basis and should be supported by

~

independent. laboratory'and field data.

- Given _our- existing near-field strong motion data set, there
are means . by' which some of the uncertainties in .the high-frequency
source characterist'ics can: be partially' resolved. More emphasis on~

,

:the -analysis' ~of: time domain ' characteristics. of . strong motion
~ x velocities ~~ano' accelerat Sns mav _ give :more detailed information-

- aoout? rupture processes andistrGs-drop . configurations associated
.

witn theleartnquakes. ' At '. pres ent, there are- only a. few events for'
-

- n x . .

i wnich the ; locations of' the , origins of' recorded Lhigh frequency strong
' - motion have.been identified. . Witn th'e computational tools; developed

,

W

'

J111:
-

, ,

e,..'.



_ . .

4

recently for rigorously modeling the seismic response of a strati-

fied geologic structure, the analysis of these earthquakes can

certainly be improved upon. This kind of information could also
prove valuable for the refinement of empirical procedures. The time
domain characteristics should also put bounds on the spatial extents
over which coherent rupture can be maintained. ~

Dynamic earthquake simulations k.3v e proved valuable to the
construction of reasonable slip function characteristics, but there
still remains several unanswered questions which can be addressed by
future studies. For example, the effect of material strength on the
scaling properties of tne slip function should be further

,

quantified. This information, along with the properties of earth

materials measured in the laboratory and deduced from seismic

observations, may constrain the slip function behavior. Dynamic

simulations can also provide an improved understanding of the manner
in which earthquake ruptures stop.

As is indicated in Appencix A, the near-field strong motion
oata sample has recently grown .to the point where it can be used as
a oasis to . test - at least some of the assumptions implicit in the
theoretical source and propagation models. Therefore, it is our

recommendation that ' a program be initiated to use the best avalable'

-aynamic source' models in conjunction with the 5est avalable
propagation models to attempt to synthesize - the neat -field ground
motions which . nave been _ recorded from a variety of the better-docu-
mented recent Western 01ited States earthquakes. The results of

such an -investigation mignt well help to narrow the range of
credible ~ values of the more inipertant dynamic source parameters and
11ead to ac capability to place- reasonable - bounds on the types of
-near-field motions to be expected from future earthquakes on faults
of the type considered.
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APPENDIX A

NEAR-FIELD GROUND MOTION DATA

Although the available near-field ground motion data sample is
not complete enough to provide a definitive, empirical data base for
engineering aesign purposes, it does provide the primary basis for
assessing the applicability of various theoretical models and for
testing competing hypotheses regarding the initiation and

propagation of rupture. Table A-1 provides an updated list of

earthquake strong motion data recorded in the geometrical

near-field; i.e., in an area surrounding the source within a

oistance approx.imately equal to the dimensions of the fault

rupture. The list consists of 63 observations from 27 different
eartnquakes covering the magnitude range from 4.5 (Hollister,1945)
to 7.2 (Gazli,1976). - The peak acceleration levels range from 0.05

_(Long Beach, 1941) to 1.74 g (Imperial Valley, 1979).

This information,.by itself, is of limited utility in choosing
between competing theoretical models,. because it does not identify

-many of the common ~ model input parameters. In order to be~

-definitive, it.is necessary that the associated _ source and recording
site parameters be known. The following information concerning~ the

source'ano receiver'is of interest:

EART4 QUAKE SOURCE CHARACTERIZATION

e- epicenter,' focal death, magritude-

-e- orientation of fault, er';ent of rupture surf ace

e -fault plane solution-(i.e., sense of. motion on fault
'

determined from seismic' data)
.

e determinatiunu 'of | seismic moment, stress drop,
'

ano nature (i.e.,
rupture' velocity, ; direction ~ rupture . propagation,unilateral - vs.- bilateral)_ of
etc.-

;
i
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.

STRONG MOTION RECORDING CHARACTERIZATION

e location and near-surface geology of recording
station

e instrumentation.

Complete information on all of the above parameters is
. available for "ery _ few of the earthquakes listed in Table A-1.

However, repren.. .tive data from seven of the better-studied events
are. presented in Taoles A-2 - through A-8. It can be seen that even

for these few' selected events, the amount of available information

varies significantly (e.g., 1971 San Fernando versus 1933 Long

Beach). Moreover, even for those events which have been extensively
studied, the variations- in the estimates of the source parameters

between different ' investigators is quite large (cf. Table A-6a).
This ' represents : fandamental limitation which will have to be

' overcome before a tr,aly ' adequate near-field prediction capability
qan be dmelopeo.
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. TABLE A-1'
,

.

[NEAR-FIELD: GROUND iMOTION..-DATA SAMPLE |

''

DISTANCE TO.

~ '

NEAREST PEAK
-EARTHQUAKE .M' STATION FAULT SLIP,km ACCELERATION,9

#g;c. ~ :Long. Beach |. ;3-11--33 , 6.3 Public Util. Bsmt. <5 0.29
HelenaRMontana 10-31-35 .6'.01-.Carrol' College. <7 0.15
LFerndale . :.9--12-38 ' 5.5 c ' Fe rndale City Itall. e12 0.14

J JSanta Barbara.
'

!5-19-40 -6.4d El Centro- 5.5 0.35:ImperialCValley;-
<7-01-40: -6 0? Courthouse m10 0.24

liollister-
. 11 -14-41. 5.4 Public Util.'Bsmt. <5 0.05Long. Beach

~

4.5 City ;ilall Basement <2 0.06
~

'.' 5-17-4 5 :
*

; old Gilroy. 3-09--49 5.2. Ilolli' ster Library al5 0.20
; _. : Port . Ilueneme : 3-18-57- 4 . 7f ' alo 0.17'

E .- ; San;i Pranciscoi 3-22--57; 5 '. 3 Golden 1 Gate Park- 11 0.10
.Cienega-Rd.JWinery1 -08-61. 5 .' 6 Ifollister City Itall m15. 0.184
Parkfield'

'

6-27-66' 5.5 Station #2 <1 0.49
, ,

' Station-#5 5 0.43
Station #8 9 0.28
Station #12 15 0.06

"Temblor 6 0.35
; ;Koyna~ 12-10-67. 6.5 ;Koyna Dam <1 0.62

':Lytle Creek- - -9-12-70 - 5.4 ~Lytle Creek al2 0.20
San:'Fernando. '2-09-71 _6.4 Pacolma Dam <5 1.174

8244. Orion <10 0.26
~15107: Van Owen <10 0.12' '

Ancona, Italy 6-14-72' .4.9 .Rocca- 5-6 0.40
:

. Stone: Canyon- y'9-04-72 . 4.6 811-2 0.71

.

'Managua' 12-23-72 - 6.2
~

5 0.38 ,

Pt..Mugu- 2-21-73 . 6.0 220 0.15
'

- Ilorse: Canyon 8-02-75 4.8 Anza Post' Office 12 0.13
Oroville1 8-06-75' 4.7 Oroville Medical Center 11 0.43

Johnann' Ranch- 14 0.70

,

L
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TABLE'A-1:(CONT'D)'
,

'NEAR-FIELDEGROUND; MOTION DATA SAMPLE'-
.

:- t

DISTANCE TO
'

NEAREST- PEAK>

' J. LEARTHOUAKE M' STATION FAULT SLIP,km ACCELERATION,9

LFriuli;JItaly~ 5-06-763-6.3 .m20 0.36
LGazli;.' _5-17-76 ~7 2 Karakyr Point >20 1.30

~.

Santa Barbara 18-13-78 5.1 UCSB North IIall 215 0.40
UCSB Goleta- 'm15 0.35
Freitas-Building. 210 0.23-

'

. ._ .
1 Courthouse 210 0.20

LCoyotetLake: 8-06-79- . 5.9 Gilroy 6- 1 0.42
Coyote Creek 0 0.23

J_; ; Gilroy 4 3 0.44,

'

-O| Gilroy 3' 5 0.27
Gilroy 2 7 0.26

,

. .. .

Gilroy 1: 8 0.13
. Imperial. Valley- 10-15-79 6.6 El. Centro 6 1 1.74

-El Centro 7 1 0.65-

Aeropuerca 2 0.32
Bonds Corner 3 0.81

. El Centro 8 4 0.64"

El Centro 5' 4 0.71
El Centro Differential 5 0.93
El' Centro.9 6 0.40
^El Centro 4 7 0.61
.Brawley Airport 7 0.22
lloltville 8 0.31
El Centro 10 9 0.23
Calexico Fire Station 11 0.28
'El Centro ll 13 0.38
El Centro 3 13 0.27
Mexicali 13 0.46

,

d

d'
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TABLE A-l- (CONT ' D)
c ..

NEAR-PIELD-GROUND MOTION DATA SAMPLE

' DISTANCE TO
NEAREST PEAK

~

EARTHQUAKE- M STATION 'PAULT SLIP,km ACCELERATION,9

[
- Cucapah

-

14 0.31
'

. Parachute Test' Site 15 0.20
El' Centro 2 16 0.43
El CentroJ12 18 0.15

'Greenville Sequence 1-24-80 5.5; San Ramon, Eastman Kodak '16 0.15
1-27-80 5.7' Morgan Territory Park 9 0.27

Pagundes Ranch 6 0.25
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TABLE A-2

LONG BEACH EARTUQHAKE OF MARCH 11, 1933

Origin Time 01:54:08 GMT-

Epicenter : 33*34.5'N, 117*59'W

Focal Depth : 10 km

Magnitude : M - 6.3 (Richter, 1958)

Focal Mechanism: The event occurred on the Newport-Inglewood fault
wnich strikes NW in the vicinity of Long Beach. No seismic focal
mechanism is available, but historic displacements on this fault
have included vertical as well as strike-slip components.

Source Parameters:

Seismic Moment Mo, dyne-cm: '

2.0 x 1025 (Hanks et_ al., 1975)

2.8 x JS (Kanamori and Anderson, 1975)

Average Stress ' rop:

- 8 bars i.anamori and Anderson, 1975)'

g Rupture Propagation: No surface faulting was observed for this
'

event ano, consequently, the ' extent of faulting is not well
= defined. Bentoff (1938) estimated that the faulting extended from
the focus approximately 27 km in a northwesterly direction with an
average rupture velocity of about'4.2 km/sec. Kanamori and Anderson
(1975) have estimated the' rupture area to be 450 km2,

Strong Motion Recording: The single near-field strong motion record
from inis- eartnquake was measured in the basement of the Long Beach
Utilities Building. -This_ building is situated on a thick' deposit of
sandy -soil , overlying ' shale. Near-surface compressional wave
veloc_ities and densities have 'been determined by Woodward-Lundgren
-and Associates'(1973).

125~-



TABLE A-3

IMPERIAL VALLEY EARTHQUAKE OF MAY 19, 1940

Origin Time : 04:36:41 GMT

Epicanter : 32*42'N, 115*30'W

Focal Depth : 12 km (TERA, 1978)

Magnituce : Ms = 7.1 (Richter, 1958)

6.4 (Trifunac andML =

Brune,1970)

Ms - 6.9 (TERA, 1978)

' Focal Mechanism: The earthquake occurred on the Imperial fault
wnicn is a nc7tnwest trending fault of the San Ancreas system in
soutnern California.. Recent motion on this fault has oeen almost
pure rignt lateral strike-slip (Trifunac and Brune, 1970).

Source Parameters:

Seismic homent Mo, cyne-cm:

1.1 to 1.4 x 1026 (Trifunac and Brune,.1970)

2.9 to 4.4 x 1025 (Trifunac, 19720)

5.6 x 1026 (Kanamori and Anderson, 1975)

3.0 x 1026 (Hanks et al., 1975)

3.6 x 10E (TERA, 1978)

Average Stress-Drop:

- 90 cars (Kanamori and Anderson, 1975)

Average Slip: 2.7 m (Trifunac, (1972b)

Rupture Propagation: According to Trifunac and Brune (1970), most
_

of the seismic energy radiated from this earthquake was generated by-
a series of oistinct events whicn propagated SE from the vicinity of
the initial epicanter along-a'25 km section of the fault. The total
lengtn of surf ace rupture was about 60 km and Kanamori and Anderson.
(1975) nave _estimatea the rupture area to be 780 km2,
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Strong h'otion Recording: The single near-field strong motion
' recoroing from tnis eartnquake.was measured at the ground level of a
two-story ' building in El Centro. The site is situated on thick

- alluvium.which extends to a depth of at least 300 m (Porcella and
.Matthiesen, 1979) . Detailed geologic, geophysical and dynamic soil
.' properties ,. of - the near-surf ace material at this site have been

-

.. publisned by' Woodward and Lundgren ano Associates (1973) and Shannon
~

and hilson, Inc. and Agbabian Associates (1978).
.
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TABLE A-4

PARKFIELO EARTHQUAKE OF JUNE 28, 1966

I

- Origin Tiaie . : 04:26:13.4 GMT

Epicenter : 35*37'N, 120*30'W

Focal Depth : 5 km (Harding and Rinehart,
1966)

' Magnitude : ML = 5.5 (Serke'

ML = 5.8 (Pa _no)

Ms = 6.5 (Palisades)

mb = 5.3 (USGS)

Focal . Mechanism: The P wave first motion data indicate right
lateral strixe-siip on a plane which strikes about N30*W and dips
about 80*SW . (McEvilly, 1966) . This ' agrees with the strike of the
- observea surface cracking and with the local strike of the San
. Andreas fault zone.

'

Source Parameters:

Seismic Moment Ma, cyne-cm: -

1.4 x 102L (Aki, 1968)

1.9 x 1025 (Scholz et al., 1969)

4.4 x 1025'(Trifunac and'Udwadia, 1974)

3.9 x 1025 (TERA,'1978)

, Average Stress-Grop: 24 bars.(TERA, 1978)

Average 51ip: *--

60 cm.(Aki, 1968)
-30 cm (Scholz'et al., 1969)
-93 cm (Haskel171'E9)
25 cm;(Anderson, 1974):
200 cm :(Levy and Mal, .1976)

: . Rupture ' Propagation: A wice variety of rupture moaels have been
'

. proposeo for tnis lvent. For example, Maskell (1969) used a fault
.

a
"

. . . . .
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. length of 19.8 km, a fault widtn of 2.48 km and a unilateral
dislocation velocity of 2.2 km/sec wnile Anderson (1974) defined a

. bilateral _ rupture spreading 5 km f W and 33 km SE from tne epicenter
Lat a -propagation : velocity between 2.8 ano 3.0 km/sec. Otners sucn

~

as Trifunac and Udwadia (1974) and TERA (1978) have proposed n ore
complex . faulting- models for this event, consisting of several

.
separate planes with different-orientations.

~ Strong ' Motion ~ Recordings: As is- indicated in Tacle A-1, five
near-fielo strong motion recordings were obtaineo from this event.

'

All . tne stations appear to be sited on unconsolidated caterials of-

. varying .. tnickness. Detailed geologic, geophysical and cynamic soil
properties -of the near-surface materials at these sites have been
publisnea by'Woodwarc Lundgren and Associates-(1973) and Snannon and
Wilson, Inc.,_.and.Agbabian Asscciates-(1978).

us

s

-

!

,

.-

W

_ -.',-

4 .

s

e

- i- 4

,''
# '' - .]

^

.

'

'~
..: - v . .-

'

..



4 . _ - + . .#._

.

TABt.E A-5

K0YNA EARTHQUAKE OF DECEMBER 10, 1967

Origin Time : 21:51:17 GMT

.Epicanter : 17*31.l'N, 73*43.9'E

LFocal Depth : 10 km (Singh et al., 1975)

12 km (Guha et al., 1971)

hagnituoe : Ms - 6.3 (Singh et al, 1975)

: Ms = 6.2 (Narain and Gupta,
1968)

6.5 (Gorbunova et. : MsF 1970)
--al.,=

mo = 6.0 (USCGS)
.

.-

Focal hechanism: .A large number of solutions have been derived from
various components' of' the seismic. motion recorded from this event.
Tne consensus of these st""'s appears to favor lef t-lateral strike-
-slip ! faulting on a ' vc.r :al f ault plane striking- approximately ' N-S
(Sinshiet al.,'1975)

.

.

.

Source Parameters:

Seismic. Moment Mo, dyne-cm:

8.2)x'1025 (Singh'et al.,'1975)

1I8~x.'10 o (Tsai.'an'd Aki,-1971).2

Average' Stress-Drop: 6 to 20 bars (Singh et al., 1975)
,

-Average Slip, cm:
,

108.-(Singn-et:al.,-1975)
40 (Tsai.ano-Aki, 1971).

.EnergyfRelease: 2.25 x=1021' ergs (Singh et al., 1975)
.

.

'

Rupture Propagatio'n:. Gupta et' al . . (1969, '1971) - and Singh et .al. , . -

~ ~
'

' (1915J sestimateo that 'theJ rupture ;propagateo southward from . the
- hypocenter 7over a : 40 km Tsegment .of theif ault ' plane. The ' average
rupture propagation' velocity was determined.to lie inithe range from'

<

-3;0.to 3.4 km/secq(Gupta et al.. 1969;L1971).:
'

=

s
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Strong Motion Reccrding: The strong motion record was measured in a
galley of tne Koyna Dam (Chopra and Chakrabarty,1973). The dam is
si.uated on the volcanic Dasalt rocks of Peninsular India known as
the Deccan Traps. The lava flows are alternated by thin layers of
trap asn or red ooles.

t
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TABLE A-6

SAN FERNAND0 EARTHQUAKE OF FEBRUARY 9, 1971

Origin Time : 14:00:41.8 GMT

Epicenter : 34*24.7'N, 118*24'W (Allen et-
al.,1973)

34*27'N, 118*24'W (Hanks,
1974)

Focal Depth : 8.4 km (Allen et al., 1973)

13 km-(Hanks, 1974)

14 km (Canitez and Toksoz,
1972)

'

Magnituoe : ML E,4 (Allen et al.,=

1973)

Ms = 6.5 NOAA

mb = 6.2 M0AA

Focal Mechanism: . According ' to Allen et al., (1973), the faulting-
ouring < tnis earthquake corresponded to aisplacement cn a thrust
fault or zone' of . thrust faults dipping. abnut 35* and striking' about-

. N70*C Tne : first motion data indicates that 'the initial rupture

- nccurred along a plane striking about N65*W and dipping.about 55* to
-- the northeast (Dillinger,1971; 'ahitcomb,11971).

: Source Parameters: A very large ' number of determinations of
aislocation parameters have been made for this- event. Some
representative values are given in Table A-6a.

: Rupture Propagation:- Most investigators have concluded that the
rupture surf ace. is - segmented, (with a . lower -surf ace _ dipping at an
angle.. of about 50* at ceptns below about 8 km 'and ~an upper surf ace-

: dipping at an angle of about 30* and extending-from tne surface down
.to La .deptn_ of. aoout 81 km (e.g. ,, Bouchon,1978; Niazy, 1975; Bache

_

and Barker, 1978;1 Hanks,:1974). Furthermore, it is generally: agreed
tnat tne earthquake initiatiec witn .a hign . stress- crop event on the .

_ lower fault surface and propagated upward and southward toward the.-

: free surf ace. - As is' indicatec in, Table A-6a, tne average rupture
velocity has been estimatea toilie.in the range of 1.5;to 2.8 km/sec.

~

..
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Strong Motion Recordings: hore than 100 strong motion systems were
triggereo by tnis eartnquake. However, as is indicated in Table
A-1, only three of these are near-field according to the definition
usekd in this appendix. The well-known Pacoima Dam recording was
made on hararock on the abutment to the dam. The other two sites,
situated in the San Fernando Valley, were located on alluvium, the-

thickness of which exceeds 200 m at both sites. Detailed subsurface
geologic and geophysical profiles have been determined for these

- sites and reported by Woodward-Lundgren and Associates (1973).

-
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3 TABLE A-6a

ESTIMATED SOURCE PARAMETERS FOR- TIIE 1971 SAN FERNANDO . EARTilOUAKE

AVERAGE AVERAGE
AVERAGE SEISMIC. STRESS RUPTURE

1 STRIKE- DIP ' AREA SLIP MOMENT Mo DROP VELOCITY
2

SOURCE OFfDATA (deg) (deg) (km ) (cm) (dyne-cm) (bars) (km/sec)
_

~

'

Wesson et al. .N72W. 50: 440-

~(1971)
26

Wyssc(1971) 1400 31 'l.9x10 6'
180 240 1.3x1026460 .100 1.4x10 30

26
.Trifunac (1972a) 320 150 1.5x10 60 2.0

26
1 Canitez.and Toksoz N70W 52 0.75x10

(1972); N70W- 52 26
N67W 52 196 280 1.64x10 70

Savage et al. 26
'( 19 7 5) - N80W 45 120 283 1.0x10

26
Wyss ' ar.1 11anks . 708 22 0.47x10 6 2.5

;(1973) 440 67 0.88xlg6 1

440 100 1.3x10 34

26
~ Mikumo - (197 3) :N64W 50 255 140 1.1x10 40 9. 0

.N70W 52. 65 2.5

Jungels and 25
:Frazier (1973) . 6x10 24

26
Trifunac (1974) <N72W 40 130 393 1.53x10 2.0

t..
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. TABLE A-6a'(CONT'D)
'

, , ESTIMATED SOURCE : PARAMETERS FOR TIIE 1971 SAN FERNANDO EARTl! QUAKE,-

| AVERAGE AVERAGE,

' :' AVERAGE SEISMIC STRESS RUPTURE
- STRIKE- DIP- . AREA SLIP. MOMENT M- DROP VELOCITYSOURCE'OFLDATA , '(dog) (deg) ~(km ); (cm) '(dyne-cmf (bars) (km/sec)

2

.

|Doore and
Zoback '-(1974) 100 1.86

2.5
. 11aiiks (1974)

.

.5213 28-113 4.6 1.7 .85 350 2.8

~

'(Initial; Event): .N6716W
9.2 26 1400x10

fhk- Niazy (1975)J 400 100 1.5
2.5

Langstonf(1978). N7018W 53 230 110 .861.33 1.8
26x10

21-Bouchon (1978) 7.07 250 3.5x10 460 2.0
-(Initial: Event) .

Ileaton' and '
26Ileinberger (1978) 1x10 1.8

RBache and Darker
-(1978) . '(Initial Event) 600

.
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TABLE A-7

C0Y0TE LAKE EARTHQUAKE OF AUGUST 6,1979

'

Origin Time : 17:05:22.3 GMT

Epicenter : 37*t.t'N, 121*31.8'W

' Focal Deptn : 9.6 km

Masgnitude : ML - 5.9 (Uhrhamer,1979)

Focal' Mecnanism: The earthquake ~ occurred on the Calaveras fault.
Tne focal mecnanism as cecuceo from the first motion data indicates
right-lateral strike ' slip on a vertical fault plane striking N27*W,
Jin agreement with tne observed orientation of the Calaveras f ault in
- this area (Uhrhammer, 1979).

Source Parameters: - (Uhrhamer, 1979)

Seismic Moment M : .6 ( 1024 dyne-cm; o
.

Average Stress-Drop: - 9_ bars

Average Slip: ~21 cm
.

~ Rupture Propagation: Discontinuous surface faulting was _ observed
along a 14.4 -km-length 'of the Calaveras extending southeastward from -

: a point- ~ about 61 km southeast if. the epicenter - ( Archuleta, 1979).
-iTnus, ..tne total rupture L ength 'is " estimated to have been about120 -i
km. .. Tne strong -motion- data has been interpreted to ' point - to the
fact -that the rupture propagated unilaterally from xthe epicenter

: southeast- -towaro- the Gilroy strong - motion instrument array-

-(Archuleta,1979).

Strong Motion : Recordings: -Six Enear-field stations ' recorded ~ this
~eartnquaKe. Of these, tnree -are on rock- sites (Coyote Lake, Gilroy
-1 and Gilroy16) and three are. on alluvium sites (Gilroy 2, ~ 3 and
'4). Reflection surveys and downhole shear wave velocity ' studies are

..- . currently:being1conoucted- to determine .the subsurf ace : conditions at
each of the'Gilroy array stations.

_
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TABLE A-8.

IMPERIAL VALLEY (CALEXIC0) EARTHQUAKE OF OCTOBER 15, 1979

Origin Time : 23:16:54.3 GMT

Epicenter : 32*38.6'N, 115*18.7'W

Focal Depth : 5.9 km

. Magnitude : ML = 6.6

Ms - 6.8

Focal Mechanism: This earthquake occurred on the same northwest
trending Imperial fault wnicn. ruptured during the May 19, 1940-

event. The sense of motion on this fault is predominantly right-
lateral strike slip.

L ource Parameters: (McNally,1979)S

. Seismic Moment Mo: 6 x 1025~ dyne-cm
,

Average Slip: 40 cm

Rupture Propagation: The rupture apparently | propagated northwest-
ward from the: nypocenter in a unilateral . mode. The . length of
observed surface rupture was approximately 30 km (McNally, 1979)..

Strong Motion Recordings: Twenty of the strong motion instruments
wnicn were triggereo (including. 3_ in Mexico) by this event are in
the' near-field acenrding to the criterion used in this Appendix. As-

- Ecan - be seen from1 Table ~ A-1, this .makes this -earthquake the best
' documented event to date :with regard to near-field ground motion,

: characteristics. According to Brune et al., (1980) none of the
three Mexican stations listed in Table A T was located on rock.

-

Porcella et- al.,- (1979) specify -site- geology for only six' of the 17 '

North . Americaii stations 1in Table A-1 and each -of ~ these is char-
acterizeo |as 'being situated' on more than 300 m of alluvium. Deter-
mination of detailed geological and ' geophysical prof.iles of these
sites isiin progress.

~
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APPEhD:X B

HIGH-FREQUENCY FOURIER AND .sESPONSE SPECTRA 0F SLIP FUNCTIONS
.

,

Each of the slip functions considered in Section 4 has

singular behavior, ncar T = 0, of the form

-s(T) - ?.t* H(T) (B.1)

- The hign-frequency asymptotic Fourier spectrum of i is (Lighthill,
1958,.p.52)

.

\

,

(f) (23)-* aA T (a)f " (B.2)

LThe :zero-damping response spectrum of i can also be obtained

' analytically, wnen the oscillator period T is : less than the slipo

crise time fT The undamped oscillator response, prior to tg.- =

T, is
R

* 1u(t)-= e,(2st/T )-T +" (B.3)
'

.,. g

~

in'which the time dependence e, is-

x. x
'

[YSf" Y - dy.e,jx)-sinx y dy~- cos x- c
,

y '

10:

,

7 , ,1 +a :-C"; ~x "
. n-0 -

.~ :,

-
TheC{satisfytnerecursion. relation

'

,.C,y - -1i --

(B.5)
- ,

_ --C;_1 :
4 C; =:(a+2n)(a+2n+1).,,

.

'
^ '

. .

& ' e

is
,.

" '
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The pseuco-velocity response spectrum V(T ) is thusg

V(T )'= aA(23)" e, T*, (B.6)g

where ~| e,| represents. the peak absolute value attained by

8,(x). In practice, the form : of e,(x) is such that Equation
.is valid for T less than about 2Tg.o

Dynamic Slip' Function. In this case,

"
A = ,-

1
m. = 7.

,

e' = 2.38
m

i

so-tnat] [ and V are, respectively,
_

S(f) .
-f-ll (B 7)*

-

..

as 1/2
TV(T )'

O -:T (B.8)g g

,

Ramp Slip Function.- In tnis case,-

LA - V, -=

' 1.ta_ =

~

_
e, = 2.0

3 ; .

so' :nst |} s | anc V are, respectively,-~ T

.~

'),~ '.

; ) ..
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[v f-1 (B.9)
v
s(f), -

v

V(T ) - .T (B.10).g

TERA / DELTA Slip Function. This slip function has three parameters,

.s,, Tg, and V ; a and A are.given by_g
,

s.o
in atvo

. . - . -

T Rin g

l-aA = at y ,

wnere at 'is the time step used to discretize the problem. In all

modeling studies r.eportea using this slip functica. At has been set
to 0.025 seconds. .As a result of this choice, the Nyquist frequency
in these studies is 20 Hz, and the discretization has an important

~~

effect . on ' the spectrum of the slip velocity. The slip velocity

function is the first difference of Equation B.1, so we have to
'

introduce the factor - sin (vatf)/(watf) 'into Equation B.2 for the-

Fourier. spectrum of ' the - slip velocity. Also, the lactor

sin (vat /T )/(vat /T )- is .an excellent approximation to theg . g
_ discretization effect on the' undamped. response spectrum of the slip

velocity; this is intuitively apparent, and can be verified by.

comsarison with' the numerically. computed slip function response
spectra given by Del Mar Technical Associates (1979). This leads to
thefolicwingexpressionsfor|I|andV':

,-

-
s(f) --(21)-*aAf(a)[ sin (watf)/(watf)]f" (B.ll)

,

V(T)_(21)-*mA[[osin(h] e, : T* ' . -(B.12)g
.

o

.

,,_%d,
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For the TERA / DELTA slip function used in the San Onofre modeling
0.394, A = 0.855,stuay (Del Mar Technical Associates,1979), a =

o,{=2.81.and

,
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