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ABSTRACT

This report presents a summary of an investigation into the
applicability of tneoretical earthquake source modeling to the
definition 0of design ground motion environments for nuclear power
plants located in the near-fiela of potentially active faults. A
variety of theoretical source models are examined to determine the
cnaracteristics of near-field ground motion predicted by such models
ang to isolate the sensitivities of high-frequency radiation
characteristics to specific eiements 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 ana theory provide ratner poor constraints. Examination of
dynamic earthguake 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
mogdeling efforts which may better gquantify the uncertainties in such
orocedures are recommended. Also recommended are studies which may
‘otfer constraints useful for both empirical and theoretica! modeling
proceaures.
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[. INTRODUCTION

This report, together with the first annual report (Swanger,
et al., 1980, present a suvmmary of the resuits of a two-year
investigation into the applicability of theoretical earthgquake
source modeiing to the definition of design motion environments for
nuc lear power plants located in the near-field of potentially active
fauits. Tne first annual report presented results of a systematic
literature search in wnich various empirical and theoretical models
wnich have been proposed for use in estimating near-field earthquake
ground motion parameters were reviewed, compared and evaluated.
With regarg to empirical models for predicting earthquake ground
motion parameters, it was concluced that existing procedures are not
agequately constrained by the available near-field data. This
inadequacy 1is evidenced by the fact that the wvariability in
near-fiela grouna 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
prupagation ana aissipation of seismic energy in the site geologic
structure, offers a secona tool for the estimation of near-field
ground motion. This tool has been snown tc 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 procecure. In contrast, the deterministic simulation of
nign-frequency ground motion, which is of primary concern for
nuclear power plant response, 1s  highly sensitive to the
specification of the source process.

In tne first annual report, the characteristics of the various
proposed theoretical earthquake source models were reviewed. It was
noted tnat all sucn models have in common the requirement to specify
values for a variety of parameters in order to deterministically
synthesize near-fiela ground motion. The parameters must be deduced



empiricall,, by applying the model to actual earthquakes and
recoraing sites, then modifying the source model parameters to
achieve agreement with the recorded cata. The available empirical
vata may not provide very good constraints on some of the parameterc
(e.g., stress-arop, rupture velocity) which have a strong influence
on the computed ground motion. Thus, one way of viewing the current
state-¢f-the-art of theoretical modeling 1s as an extension of
conventional empirical procedures. The curve-fitting approach of
the conventional procedure is replaced by a complex computational
procedure which 1is capable of incorporating in a fairly rigorous
fasnion tne influence of fault orientation, geologic structure, and
long-period source characteristics; the high-frequency source
characteristics are normalized so as to fit response spectral
characteristics of some near-field cata set. Looked at from this
point of view, the theoretical modeiing is subject to uncertainties
which are relatea *o tnose of the conventional empirical methods.
In particular, there are uncertainties associated with (1) scatter
in the data relative to tae 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 thcse to which the
mogel was fit.

with respect to (2) and (3), the theoretical approach nas a
substantial degree of indepengdence from the purely empirical
approacn, because of its ability to incorporate some well-estab-
lichea geometrically- and geoiogically-controlled pnenomena into the
extrapolation process. Furthermore, the theoretical approach admits
parameter stuaies to delineate the sensitivity of grourd motion
predictions to the various geometrical and geclogical parameters
(€.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 methoa, even though large uncertainties in the



nigh-frequency source cnaracteristics remain, However, the
usefulness of a given theoretical procedure depends upon its ability
to predict oosrved 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 substantiaily in source characteristics from
tnose to wnich the model was normalized.

During the past jear, our reseach effort has centered on the
analysis of various theoretical earthquake models and the character-
istics of near-field motion suggested hy these models. OQur objec-
tives are to determine the applicability of the models for simu-
lation of near-field ground motions and to assess the uncertainties
in appiying such models to new situations, i.e., to hypothetical
design earthquakes which differ substantially in source character-
istics from the recorded eartnquakes to which the model was
normalized. This report provides a summary of the research
condgucted in support of these objectives ouring the second year of
this contract.

Four distinct classes of source models were examined to deter-
mine to which features of each source model the near-field high-fre-
quency grouna motion is sensitive. In Section I, the characteris-
tics of tne near-field ground motion predicted by constant disloca-
tion kinematic models were examined. [n particular, the dependence
of ground motion predictions on the degree of rupture coherence,
mode of stopping, and earthquake magnituade are considered. In Sec-
tion III, this kinematic approach is extended to a consideration of
the prediciea 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 [Y by an analysis of
the fault siip functions predicted by fixed-rupture-velocity dynamic
mouels 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



sophisticated spontangous rupture, dynamic earthquake models which
is currently available 1is aescribed and used to examine the
dependence of tne spatial distribution of the predicted slip func-
tion on the assumed distribution of stress on the fault as well as
on the mechanism by whicn the fault rupture is made to stop. This
1s followed in Section VI by a summary, together with a statement of
conclusions and recommendations for additional research, Finally,
Appendix A provides a characterization of some of the better
gocumented near-field strong motion data.



IT. CONSTANT DISLOCATION MODELS

2.1 INTRODUCTION

In this chapter we will examine the class of kinematic
earthquake source models known as constant dislscation 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 1is known that this assumption is
unrealistic to the extent that there is no known physical process in
the earth which could produce an =arthquake with a uniform slip
everywhere in a confinea area, but for many problems constant
disiocation moaels have oroven useful at describing the radiation
producea over some |limitea 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 sonsitivities are obvious. For
example, tne radiation produced by these models scales linearly with
the spectral characteristics of the slip function. However, the
depenaence of the nigh fregquency ground motions on the prescribed
rupture history and fault dimension. is not ocbvious.

There are numerous earthquake models in the seismic literature
which fit into this particular Zlass. Here we restrict attention to
simple moaels whicn contain features common to most of those which
have been proposea. For example, all calculations of ground motion
are for a wnole space model of the earth., MNow, while it is true
that many of the character.stics of near-field ground motion can not
be duplicatea wusing such a model, the characteristics of tne
ragiation which are source dependent are more easily isciated in
whole-space calculations. By the same token, calculations will be




restricted to the near-field since even the most basic character-
istics of hignh frequency ground motions beyond about 25 km are
difficult ©o obtain without detailed structure and a reascnable
knowleage of the intrinsic attenuations of earth materials.

2.2 VARIALILITY OF GROUUND MOTIONS IN THE NEAR-FIELD

The manner in which ground motions vary in the near-field is
particulariy important in the specification of design motions where
theoretical models may be used 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
theoretical models may also n2lp 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 te
be a ramp function in time,

The geometry cnosen is shown in Figure 2.1. The fault has
gimensions 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 iniriates in the lower
left corner and propagates circularly towara profile A. Source
parameters are summarized in Table 2.1. Al]l seismograms computed
were bandea limited to O to 8 Hz. Energy at 8 Hz has wavelengths
considerably smaller than any characteristic physical dimension of
the problem, so the trencs observed in the high frequencies here
should adequately describe the general behavior at highar
frequencies.

Horizontal accelerations normal to the fault strike for
profiles A, & and C ar2 shown in Figures 2.2 through 2.4. Note that
the 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
delayed one second. An obvious trend is seen where the _eak motions
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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

Stip velocity 1 m/sec
Rupture velocity 2.64 km/sec

Media Paraneters:

Compressional velocity 6.0 km/sec
Shear ‘=2locity 3.3 km/sec
vensity 2.7 gm/cm3
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are cCompared for the three profiles, The peak horizontal
accelerations are shown in Figure 2.5 and peax velocities in Figure
2.0. 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 1s 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 witn the empirical data in that
such trends have not Deen observed.

The strong variation of motion with azimuth from the direction
of primarily rupture propagation is usually referred to as seismic
airectivity. The basic physical principle governing directivity is
that energy 1s 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 ussociated
with ragiation from a large area of the fault and that they would
arrive at tne observation point over a very short time interval,
Tnis appears to be true for the computed velocity obut not
necessarily for tne computed acceleration. Figure 2.7 shows the
accelerations computea 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 1s true from all of the
stations in Profiie A. It appears that directivity in acceleratinn
snould not be viewed as being due to focusing of energy from the
entire fault, 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
ot Profile A exceec 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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ingication that tne high frequency decay 1is not proportional to
period as it should be if the peak acceleration is finite. [t is
well known that in some cases, simple kinematic models will predict
infinite accelerations in the near-field with ramp-like slip
functions (Macariaga, 1978). This might be the case here in the
focusea direction if an infinite bang width was considereaq.

The large variations in ground motions suggested by this
simple model do not appear to pe cor.istent with gata sets such as
the strong motion recoraings for the 1979 Imperial Valley,
Calirtornia, earthquake. In this case, although the data set
includes stations at a variety of locations with respect to the
fault orientation, there 1is little ingication of such large
variations in the 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 pe realistic at the nigh frequencies. It seems likely that any
pilateral components in the rupture propagation would serve to
suppress tne prediction variation to some extent.

Another characteristic that may be unrealistic is the uniform
suuden stopping of rupture on a prescribed boundary. This leads to
the large stopping phases in the focused direction, and it is not
hara to conceive of alternate physical mechanisms which would reduce
the significance of these phases. For example, one could assume
that the rupture decelerates gradually at the edges of the fault.
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 wiil make the conerent effects of stopping less likely
to occur. Unfortunately, there is little physical basis to guide
thne choice of the random parameters. (Constant dislocation models
employing inconerent rupture will be discussed further in Section
2.6.
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2.3 RUPTURE VELOCITY

In an eariier report (Swanger, et al., 1980) it was noted that
girect measurements of rupture velocity in earthquakes are few and,
consequentiy, that this parameter is one of the Jleast well
constrained source parameters. [t 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 (.9
times the shear velocity. The level of motion in Profiles B and C
coes not differ by more than 20 percent from the previous case, but
tne 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 nigh 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 do not appear to have a significant effect on the motion
computea at locations away from focused areas. Thus, it can be
inferrea that if the strong stopping phases were suppressed by
eicher gradua! stopping or by addition of rupture incoherence, then
tne aependence on rupture velocity might be expectea to be less
dramatic.
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Dynamic modeling studies have suggested the possibility of
supersonic rupture when large regions of uniform pre-stress are
present, ancd examples of the effects of such rupture velocities are
given in Sectien V. Such rupture velocities are almost rever
considered in kinematic mogeling and the consequences of such
effects with respect to near-field, high frequency ground motion are
not well unaerstood.

2.4 HIGH FREQUENCY MOTION AND THE CHOICE OF SLIP FUNCTION

A constant dislocation model by definition is one which is
characterized by a singie 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
assuimed siip functions. The dependence of response spectra on the
slip function is not linear, but it is 2 reasonable apprcximation to
assume tnat it, too, will scale roughly with 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 exponentialiy damped ramps, or
approximations to some dynamic slip function. Several of the
proposed alternatives for simple analytic forms were discussed in a
previdus report (Swanger et al., 1980). For ramp-like slip
functions, high frequencies scale directly with the initial slip
velocity for both peak motions a.u response spectra as long as the
periods of interest are less than the duration of the ramp, which
appears to be the case for most large earthquakes.

On the uther hand, the scaling of motions for approximations
to aynamic slip functions is much more complicated. A major feature
of the mogels is the concentration of high frequency energy early in
the slip time history. For example, constant stress drop dynamic
earthguake models do not produce slip functions which are constant
over the entire fault plane. With a uniform pre-stress and no
rupture boundaries, the slip function is a ramp at the nypocenter




ana elsewhere slip velocity contains s square-root singularity at
commencement of slip whose strength increases with distance from the
nypocenter. The only circumstance where the high frequency slip
function characteristics are nearly constant over the entire fault
surface 1s the case of a long, narrow fault. For this case, the
early slip oehavior becomes relatively unifarm after the rupture has
progressed a few fault widtns (Madariaga, 1977; Day, 1979). The
equilibrium behavior has a square-root singularity with strength
girectly proportional to stress-drop and approximately proportional
to the square-root of the width of the fault (Day, 1979).

Approximations to aynamic slip functions can only be fairly
evaluated by analysis of the assumptions behind these models and by
girect comparison with the functions which they approximate. This
will be examined thoroughly in Sections [¥ and V which summarize in
detail results of dynamic earthquake simulations,

2.5 CONSIDERATIONS IN THE MAGNITUDE DEPENDENCE OF NEAR-FIELD

GROUNL MOTIONS

Magnitude 1s a measure of earthquake size obtained from the
amplitudes of some instrument recording of the ground motion
normalizec to a particular distance and predetermined scale. The
instruments used in magnitude determinations generally have somawhat
lower resonant freguencies that ths 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 frequencisas
passed by the instrument for which the magnitude is measured. For
local magnitude this instrumental frequency is approximateiy one
Hertz. Wwithin the framework of constant dislocation models, there
are two elements of tne model which may contributed to a
relationship between magnitude and the radiated ground motion.
First, independent of any consideration of the slip function, there
i1s the possibility that the increase in the size of the fault area
with magnitude might produce larger motions. Second, there is the
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possibility that the slip function might change with the fault
dimensions (and therefore magnitude) in a manner which may affect
the hign frequency motion,

Consigering the first case in which the slip function 1s
assumed to be independent of source size, dimensional analysis
sugyests that there must be a limit to the extent which fault
dimension affects the high freguency characteristics of the
near-tfielu motion, A possibility whicn is sometimes suggested 1s
that & larger fault surface will cause directivity effects to be
enh.nced. If one assumes seismic airectivity to he a focusing of
energy from a large area of the fault surface, one might #xpect a
larger fault surface to amplify tnis effect. In Section 2.2 an
alternative view of the effect of seismic diractivity on
acceleration was suggested. There it was noted that the largest
motions appear to be due not from focusing cf radiation from the
entire siip surface, but rather for stopping phases a' 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 extende¢ to the left and the
hypocenter relocated at tne new lower left cormer. 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 kin. 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 radiates from fartner away from the observer and, nence, are
smalier in amplituce. A similar effect was observed when the fault
width was doubled.

Tnese results strongly suggest that the relationship between
the extent of seismic directivity and fault dimension is not une of
3 simpie focusing, at least for tne simplest kinds of constant
agislocation models. That is, wnile the low freguency components of
tne motion are guite sensitive to increased fault dimensions (1.e.,
magnituge), this is not necessarily the case for the higher
frequency components which control the peak accelerations in the
near-fiela.
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The remaining question concerning the possible magnitude
dependence of the near-fiela ground motions is the potential vari-
ation of the slip function with magnitude. For example, seismic
scaiing studies suggest that larger final fault slip wusually
accompanies larger fault aimension (Kanamori and Anderson, 1975;
weller, 1976). However, there is little observational information
relevant to the magnitude scaling of high frequencies in the <lip
function. ODynamic earthquake simu'2tions suggest that, for uniform
stress arop and uniform rupture propagation, tne strength of the
nigh 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 bounu Lo the high frequency content of the slip funciion,
whicn they express as a maximum slip velocity, This assumption is
vbasea primarily on the theoretical results of [da (1973). However,

calculations by Day (1979) using a bounded material strength do not
appear to support tnis nypothesis. This important issue will be
agaresseu in more getail in Section V.

Anotner possible reason why the high frequency part of the
slip function may not scale with source dimension is that rupture
propagation and stress drop may not be uniform enough in large
earthquakes to permit the growth of high frequencies in the slip
function which are observed in dynamic esrthquake simulations. That
is, if a magnitude seven earthguake is in reality a superposition of
a few events of smaller spatial extent occurring over a short time
scale, then we would not expect the average slip function to scale
witn cagnituce peyond a certai” point. However, it is not known at
the present time if there is a limit to the source dimension over
which a unmiform rupture can be maintained,

“2.6  CUNSTANT DISLOCATION MODELS WITH NONUN]FORM RUPTURE PROFAGATION

[t was noted in earlier sections tnat constant gislocation
models with uniform rupture propagation can lead to large variaticns
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in the computed ground motions which are directiy controiied by some
poorly constrained model parameters. Recent models developed by Del
Mar Tecnnicel Associates (1978,1979) and Hadley and Helmberger
(196U) avoiu tne possibility cf high frequency focusing by making
the rupture incoherent on a small scale. In these approaches, a
minimum length scale is arbitrarily chosen (usually on the order of
one km) tor which conerent rupture effects can exist. Incoherence
15 incorporated by an introduction of random perturbations on the
rupture arrival time at a point or by perturbations on the travel
times of tne ragiation to the observer, which nas the same effect,

The choices for the minimurm iength scale and randomization
parameters are arpitrary since there 1is 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 computed ground motiocns are “"reasonable."

Such incorerence in the rupture will lead to complicated
acceleration time nistories which are generally consistent with the
observea data. However, there are counter-examples, such as tne
recording of the grouna motion from the 1979 Imperial Valley
earthquake at station 7. Here, the horizontal accelerations are
gominatea by very simple pulses ana the smoothness of the signal
puts a definite 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
cver the entire fault surface, obut rather due to radiation from the
abrupt stopping of rupture at tne fault edges. Removal of the
instantaneous stopping of rupture will also produce the desired
effect. Thus, the absence of observations of strong focusing
effects aoes not necessarily mean that rupture 1is generally
incoherent; it coula Just as well pe an indication that the rupture
dues not terminate suddenly in actual earthquakes.



2.7  CUNCLUSIONS

In tnis chapter we have examined the behavior of simple
constant aislocation earthquake source models. The models examined
here also contain wuniform rupture propagation terminating at a
prescrioed boundary. The major conclusions of this chapter are:

I. Simpie constant dislocation mndels predict highly
variable motion in the near-fiela due to seismic
directivity.

¢. In terms of high frequency radiation the large
girectivity effects are not caused by a focusing of
radiation from a larce fault area, but rather the
motion 1 dominated uy large stopping phases on the
fault euyes which are considerably larger in the
direction of focusing than elsewhere,

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

4. For simple moaels, there 1is not necessarily in-
creased focusing of high frequency radiation with
increased fault dimension independent of the cnoice
of the slip function.

5. The most important issue regarding the possible
dependence of the near-field motion on earthquake
magiitude is whether or not the high-frequency part
of tne slip function is allowed to vary with
magnitude. Some aynamic earthquake simulaticns
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 1t 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 1is incohereat on a small scale. These
observations could be equally well explained by
assuming that rupture does not terminate suddenly in
real earthquakes.
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I11. KINcMATIC MODELS OF ISOLATED SOURCES GF RADIATION

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
of the ground motion when the rupture is incoherent or when a local
feature, such as a stress concentration or fracture barrier,
controls the nature Oof the high frequency radiation,

Several studies have noted the existence of local areas of
stress concentrations in earthquakes (Hanks, 1974; McGarr, et al.,
1979; Bache and Barker, 1978; Hartzell and Brune, 1879), and
attempts have been made to interpret near-field accelerations in
terms of these local stress fields (Hanks and Johnson, 1976). In a
few events the accelerations observed have been linked to fracture
barriers or localized unusual stopping behavior (Bouchon, 1978; Aki,
1979). In cases where a local phenomena is the main source of high
frequency radiation, one weould expect the attenuation of motion in
the near-field to be quite different from that when <lip and rupture
is uniform over a large area.

Examination of the radiation characteristics due to local
features in the fault surface may also help in the urderstanding of
more complicated fault models which employ incoherent rupture
propagation or varying slip over the fault plane. When rupture of
slip characteristics vary over the fault surface, the constructive
and destructive interference will not occur in the high frequency
ragiation produced as it dces 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 ¢mall 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).



In this section we will first examine the consegquences 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 pe inferred using kinematic models suggested in
the seismic literature.

3.2 SPATIAL VARIABILITY AND RADIATION PATTERN

Tne most fundamental characteristic of the ragiation from an
isolatea dislocation source 1s the double-couple radiation pattern
of P ana S waves. As the source of seismic radiation becomes
smaller, the radgiation from such sources will tend to be like that
from an isolated agislocation 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 smail
it is put sucn a radiation pattern will be appropriate over some
limited freguency range.

Though the double-coupie radiation pattern is simple to
visualize in a whole space, the projection of motion onto the
surface of tne eartn is not, particularly i1 the near-field. When
the observer 1is within a range of a few source depths of the
epicenter, the attenuation of motion with range can ue controlled as
much (2 radiation pattern effects as by geometrical spreading and
intrinsic attenuation in earth materials. One might expect any
conerent rupture effects to add to the coumplications in the spatial
distribution of wotions in the near-field so that the variations due
to radiation pattern alone could be considered to be the minimum
amount of complexity expectea.

Expressions for tne radiation pattern due to an 'solated
gislocation can be found in numerous sources (Haksell, 1964; Aki and
Ricnaras, 1980, C(napter 4) and nreec not be reviewel here. The
surface projection of the radiation pattern with r=} geometric

spreading was computed for strike-slip and dip-slip sources for the




geometry shown in Figure 3.1. For vertical faults the motion is
symmetric about the fault plane and about the fault normal for pure
strike-slip or aip-slip sources, so only one quadrant need be
exainined,

Figure 3.2 shows the contours of magnitude of S-wave motion
projected to the surface for both types of slip. For strike-slip
sources tnere is a node just apove the source. The maximum ampli-
tuces occur in the fault plane and fault normal at an epicentral
gistance of one source depth., For dqip-slip sources tre maximum
motion occurs Jjust above the source. The attenuation is quite
sensitive to the particular azimuth chosen.

The attenuation of motion with distance for azimuths at 0, 45
ana Y0 ogegrees 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 O and 90 degrees are
the same. The smailest motions are at an angle of 45 degrees. In
tne far-field the difference in amplitude is roughly a factor of
tnree. For dip-slip scurces 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 airectivity effects which can significantly
moaify tne primary radiation pattern. This is partict .rly true for
the nigh frequency radiation. It was shown in the previous chapter
that the near-fiela mo%ion 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 & uniformly expanding shear crack ic 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
allowea to stop, althougn approximations to the benavior of the
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pattern from concentrated sources to follow.
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Amplitude as a function of epicentral distance from a
vertical strike-slip dislocation for three azimuths from

the fault strike.
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vertical dip-slip source.
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faulting have been suggested (Sato and Hirasawa, 1973; Bouchon,
1978, Boatwrignt, 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 ’
» DO v RS
u(t) = - w— H (t - r/8)
Ll - (v/g sin @)% " sr
where
0g = siip velocity at the center of the crack,
v = rupture velocity,

r = hypocentral distance,

8 = Shear velocity,

- = angle from the fault normal,

ﬁ; = S-wave double-couple radiation pattern,
H{t) = unit step function,

t = time.

Tnhe spatial ogependence of the motion contains the double-couple
ragiation pattern, geometrical spreading factor, and a seismic
directivity term [1 - (V/8 sin 0)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 the medium this effect is quite large.
At the fault normal the amplitude dependence is the same as if there
weére no coherent rupture.

Tne surface projection of the RMS  amplitudes including
girectivity is shown in Figure 3.5 for the strike-slip source and in
Figure 3.0 for dip-siip source for two rupture velocities. For the
strike-slip case the distribution of motion is skewed considerably
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L J

“ne Source Depth

X MAXIMUM

@ MINIMUM

Ak

i

Contours of surface acceleration due to shear waves from
the initiation of a vertical strike-slip circularly ex-
panding shear crack with uniform rupture velocity. Every
other contour represents a factor of two difference.
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Figure 3.6. Contours of surface acceleration due to shear waves from

the initiation of a vertical dip-slip circularly expand-
ing shear crack with uniform rupture velocity. Every
other contour represents a factor of two difference.
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to ennance tne motion in the plane of the fault. The motion in the
piane of tne fault at an epicentral aistance of tnree source depths
's larger than tne motion at any distance in the normal direction
for a rupture velocity of 0.8 8 and nearly so for 0.9 8. Symmetry
of amplituges about tne two horizontal axes is preserved. Similar
effects are found for the dip-slip case.

Figures 3.7 anu 3.8 show the attenuation of motion with
distance for the two types of sources with a rupture veocity of 0.8
B. Tne range of wvariation with azimuth expected increases
signmificantly. The large variations suggest that if large
accelerations result from isoiated concentrations of stress release,
any coherent rupture may cauv:se the near-field distribution of motion
to oe nighly variable. As a consequence, one or two isolated
recordings of the ground motion may not be representative of the
grounc motion levels at otner regions in the vicinity of the source.

The spatial dependences described here are for the motions
genereted by the initiation of a circular shear crack with uniform
rupture velocity. Additional nigh frequency motions are generated
when the rupture 1s forced to stop. The characteristics of such
motion will be discussea in Subsection 3.5.

3.4  PARAMETEXIZATIUN OF DISTANCE FROM THE FAULT

The most commonly used parameterization of distance for use in
attenuation relationships 1s the nearest distance to the rupti.e
surface. Tnis choice assumes that the faulting closest to the
coserver 1s the most likely source of ihe high frequency radiation.
Thougn 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, Califernia, 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,
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Acceleration as a function of epicentral distance from the
initiation of uniformly expanding vertical strike-slip
shear crack it three azimuths, Pupture velocity is 0.83,
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Figure 3,8. Acceleration as a function of epicentral distance from the
initiation of uniformly expanding vertical dip-slip shear
crack at three azimuths. Rupture velocity is 0.8g.
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1974; Bache and Barker, 1978; Bouchon, 1578). In the 1966
Parkfield, California, earthquake it has been suggested that the
inferred timing of tne largest motion observed in the perpendicular
array 1s consistent with the with a disturbance located at Gold
Hill, 10 km to the =~ rth of the array and not from the slip which
occurred nearest . ray (Lindh and Boore, 1973). In this
section we examine tne consequences on attenuation relationships
using tne closest slip measure of aistance if the metion 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 ctrike, the dis-
tance from the source would usually be taken from the horizontal
axis and not from the origin as in the previous plots. Figures 3.9
and 3.10 show the attenuation of motion from the fault strike at
distances of one, two and tnree source aepths from the actual source
for two rupture velocities. Note that in each case, we observe a
“roll-over" or change in siope in the rate of decay with distance as
one approaches the fault plane. Such an effect has been hypothe-
sizea for the near-field (Donovan, 1973; for example), and appears
consistent with some data sets like the 1979 Imperial Valley earth-
qua:e. Tne constant gisiocation mcaels examined in the previous
section did not show such prominent roll-over in near-field attenu-
ation of acceieration.

If one compares the observed maximum horizontal accelerations
from the Imperial Valley earthquake locatea along a perpendicular
line trom tne fauit (Stations 1 through 13) to the decay suggested
by tne initiation of a crack located at the published hypocenter
(Porcella ana wmattniesen, 1979), one finds very good agreement
(Figure 3.11). For purposes of this calculation, a rupture velocity
of U.8 8 was assumed ana 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 tnat a concentrated release of energy is necessarily
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Acceleration versus distance along a perpendicular line from
the fault strike for a vertical strike slip fault. Curves
are labeled by the number of source depths from the epicenter
along the fault strike to the prc®ile. Rupture velocity is
0.88.
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Figure 3.10, Acceleration versus distance along a perpendicular line
from the fault strike for a vertical strike-slip fault.
Curves are labeled by the number of source depths from
the epicenter along the fault strike to the profile.
Rupture velocity is 0,98,
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Figure 3.11.
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Decay of peak acceleration predicted from the initiation
of a crack at the published hypocenter to the peak hori-
Zontal accelerations observed at Stations Number 1 through
Number 13 in the 1979 Imperial Valley earthquake. Computed
accelerations scaled to the average of Stations Number 6
and 7. Rupture velocity is 0.82,

48



a gooa 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 reascnaole 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
kinematic 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 due to the initiation and
termination of the rupture. Boore (personal communication, 1980°
has examined various kinematic models of iocalized stress
concentrations and noted that all of the well known models of this
type tend to emphasize either tne starting or stopping effects of
the rupture propagatiun. Those models emphasizing one or the other
effect tend 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 tne raaiation from the
initiation of rupture were presented earlier. The stopping of the
rupture 1is assumed to be instantaneous over the entire fault
surface. This coula 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
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velocity of slip at the initiation point on the fault and this
guantity is nearly proportional to stress arop. Complicated
expressions relating the two quantities were first derived by
Kostrov (1964) and, subsequently, Danlen (1974) evaluated these
expressigns from various rupture velocities. A good approximate
relationship for rupture velocities considered here is

- ~- 1
where 00 is the slip at tne _enter of the fault, V is the rupture
velocity, o is the stress drop and y the material shear modulus.

Using tne above approximation, we ive evaluated the
acreleration 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 whicn the stress arop was fixed at 100 bars and the
distance at 10 km. A shear velocity of 3.3 km/sec anu density of
2.7 km/cm3 were selected for purposes of illustration. The
double-coup'e radiation pattern, which is always less than unity, is
not incluged. The vresponse of the earth, particularly the
interaction at the earth's surface, would, in general, increase the
amp l1tudes given here by a factor on the order of two.

For fixed <tress-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
U.8 and C.9 times the shear velocity. If the initiation of rupture
at a stress concentration is the cause of large accelerations, high
stress drop anc/or rupture velocities near the shear velocity are
impliea.

The ampliituces of the stopping phases predicted by the Satn
ana Hirasawa (1973) model are somewhat more difficult to quantify
since the model suggests singular accelerations. The shear wave
accelerations radiated in this case can be expressea by the relation
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Figure 3.13. Typical shape of the Sato and Hirasawa mode! geometrical far-
field acceleration. Arrows represent delta functions.
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where L s the faulc radius, K = V/g8 sin e, t' =t - r/g ana s(t) is
the Dirac-delta-function. The characteristic shape of this
far-tiela (r >> L) acceleration 1s 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
frequeicy oana of interest in hazard 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 sume 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 wusing
kinenatic approximaticns to tne aynamic stress release process. The

major conclusions of th:s Section are:
| If tne high frequency motion is dominated by
radgiation from isolated sources rather than from

uniform raciation from the entire fault 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 racgiation pattern alone. Thus,
in such a case, a single close in station may not be
representative of the largest motions from the
source.

Coherent rupture accompanying the stress release
will increase tne variability of the motion by
increasing the radiation in the plane of the fault
inaependent of tne length scale over which the
rupture 1s conerent.

The aistance attenuation relationship aerived using
closest distance to the entire fault (not the stress
concentration), can lead to very reasonable iooking
results, but tne relationsnips obtained may not be
representative of the levels of motion over thne
entire fault.

wnen stopping of rupture 1is included in these
models, the stopping phases radiated dominate the
hign frequency motions. The ievels of motion
suggested by existing kinematic approximations are
too large to oe realistic. That 1s, as is the case
of the constant dislocation models considered in
Section 1[I, abrupt termination of the rupture
propagation leads to unreaslistic near-field ground
motion cnaracteristics.
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IV. OYNAMIC EARTHQUAKE MGODELS WITH FIXED-RUPTURE-VELOCITY

4.1 INTRODUCTION

Uynamic eartnquake 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 *he dynamic
mogeling process.

we can gistinguish two types of aynamic earthquake models
whicn nave been investigated. In tne first type, tine rupture
history, 1.e., tne growtn 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 grow*h of the rupture
IS not prescribed a priori, but resuits from the constitutive
properties, the prestress, and the ensuing dynamic stresses in the
medium. Tnis will pe referreg to as the spontaneous rupture model.

The current section deals with the fixeg-rupture-velocity
modei. In particuiar, we will attempt to characterize the slip
function for the dynamic mocgel, compare this “"dynamic" slip function
witn slip functions previously wused in kinematic modeiing, and
assess tne importance of various modeling assumptions in centrolling
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) regquire 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 resuits obtained in
earlier uynamic studies.

Llosea-form theoretical solutions are available for only the
most 1icealized cases. Restricting consideration to three-cgimen-
sionat analyses, propaply the most auvanced and useful of such
analytical results is the solution of Burridge and Willis (1969).
Tnat solution gives the slip history on an elliptical shear crack
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wnich initiates at a point in a prestressed whole-space and grows at
a fixea rupture velocity without stopping. While this theoretical
resuit 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 whick ensues.

Numerical methods have been applied to investigate
tixed-rupture-velocity faulting in which rupture is confined to
circular regions (Madariaga, 1976), semi-circular regions (Archuleta
and Frazier, 1978), and rectangular surfaces (Madariaga, 1977; Day,
1979; Archuleta ang Day, 1980). r- .rally, in these simulations,
rupture 1is prescribed to originate at _a point and to grow at
constant rupture velocity until a prescribed region of the fault
plane is encompassed (an exception was the study by Madariaga
(1977), n which rupture was initiated simultanecusly across the
fault width, in order to facilitate comparison with the kinematic
mouel of Haskell (1904)).

Tne simulations performed by Day (1979) will provide the basis
for the suosequent analysis. The main reason for this emphasis is
that nign-frequency, near-source motion was the particular focus of
tnat investigation. The other work cited focused on the far-fiela
waveform and/or on low to intermeaiate frequency (say one Hertz)
grounag motion.

Following the investigations cited above, we will characterize
the fixeo-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. wupture growth stops abruptliy at the fault edge.
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5. Material Uuoehavior outside the rupture surface is
linear, so that the solutions scale with the
prescribea 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 fina. product is a closed-form approximation to the slip
function predicted from the fixea-rupture-velocity dynamic model,

The siip function derived in Section 4.2 1is compared in
Secition 4.3 with some constant-dislocation kinematic models
previousiy employed in ground notion simuiation 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 SULLIP FUNCTIONS FOUR FIXED-RUPTURE-VELUCITY MODELS

4.2.1 Introduction

Qur primary objective in this section 1is to develop an
approximate analytical expression for the slip function for the
fixea-rupture-velocity aynamic model. ~ctually, the slip functior
obtained from dynamic modeling 1s spatially varying over the fault
surface. It is found, however, tnat the initial onset of slip, for
points on the fault more than one fault width removed from the
hypocenter, 1s spatially quite uniform. This slip function will be
uesiynated tne “aymamic siip funciion,” S4» and will be compared
in the suosequent section to some slip functions which have been
wideiy employed in kinematic modeling studies, out which are nrot
based on rigorous dynamic solutions.

4.2.2 Depenaence of Slip Function on Stress Drop and Fault Width

As a first step, we analyze the relationship cof the slip
function to fault wiath and stress darop, 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 fault in each case. The fault width w was varied, while tne

following parameters were nelo fixed for all calculations:

P wave velocity a 6.0 km/sec

S wave velocity B 3.46 km/sec

Density o = 2.7 gm/cm3
Rupture velocity VR = 3.12 km/sec
Stress drop re = 100 bars

Stress Urop Scaling: Stress drop, 4o, is here defined to be
the difference between the shear prestress and the sliding
frictional stress. This quantity nas 21so obeen called “effective
stress™ Dby some investigators. For the fixed-rupture-velocity
dynamic model, as qgefinea in Section 4.1, the slip time function
which 1s obtaned as a result of the modeling process scaies
airectly with tne assumed value of ag.

The relationship of ac to the so-called static stress arop is
a possible source of confusion. In the dynamic model results
aiscussed here, static stress drop is nearly equal to as over most
of the fault, since nu physical mechanism is incorporatea into the
mogel to pin the fault at a stress level higher than the prescribed
sliding frictiona! level. In practice, however, seismic estimates
of static stress drop are actually estimates of average static
offset dividea by gross fault dimension. If an earthquake leaves
unbroken patcnes, or if some regions heal at stress levels above the
dynamic friction ‘evel, tnen the seismically inferred static stress
drop may be substantially lower than ae. Static
estimates represent, in general, a lower pound on ac.

stress drop
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Figure 4.1.

Rupture geometry and coordinate system for fixed-
rupture-velocity model.
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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
or slip in the dynamic simulations. Peak slip velocity will be used
to characterize the high-frequency behavior of tne slip function,
wnich 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 ¢ = 8 km
in both cases). The horizontal lines show the static solution for
an infinitely long fault (Knopoff, 1958). Except near the end of
tne fault, tne static slip is essentially constant along the lengtn
of the fault, and is very well predicted from Knopoff's static
solution, according to whicn the static slip on the fault centerline
15

Ac

S(ﬂ) = 7 w . (4.1)
P8

Figure 4.3 shows the slip rise times Tp dalong the fault
centerline for w = 4 km ana w = 1.5 km (L = 8 km). Rise time was
defined to oe the time regquired to attain 90 percent of the static
value of slip. The horizontal lines represent the time for a shear
wave Lo 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 gecreases with distance from the center, but the effects of
the ena < the fault interfere to further reduce the rise time
before a constant level can pe established. It appears that an
appropriate vaiue for the rise time, for points on the fault center-
line more than a fault width away from the hypocenter, is
approximately

TR = 5-.— (4.2)
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We turn our attention now to the nigh 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 eartnquake 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
mogel.

Figure 4.4 iliustrates the spatial variation of peak slip
velocity for the dynamic models. The broken curves represent the
peak siip velocities (low-pass filtered, with a 5 Hz cutoff, since
the numerical solution is valid only up to approximately *.is
frequency) cotainea along the fault centerline for (.5 km x 8 ki anc
4 km x 16 km fault simulations, respectively. In both cases, the
peak slip velocity apparently approaches a wuniform level with
increasing hypocentral aistance.

Day (1979) 1interpreted these results for peak slip velocity
with tne aid of the closea-form analytical sclution of Kostrov
(1¥64) for an expanaing circular crack, which 1s plotted as a solid
curve on Figure 4.4, He concluded the following for the
fixed-rupture-veiocity model:

1. Peak slip velocity increases with distance i.-om the

focus up to a aistance of about one fault width. In

that region, the peak low-pass filtered slip
velocity ¢ is well approximated by

T2 oty + 1)1/2 (4.3)

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 Vg/s for
a Poisson's ratio of 0.25 (Dahlen, 1974).

2. Peax slip velocity then remains nearly uniform ove
the remainder of the fault plane.
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Peak slip velocity as a function of focal distance, along the center of the
long dimension of the fault. The large-dashed curve is for the 1.5 km x

8 km case, the small-dashed curved is for the 4 kiv x 16 km case. The solid
curve represents the analytic solution for an expanding circular crack. Peak
velocities were determined from low-pass filtered slip histories with a 5 Hz
cutoff.



3. Over most of its iength, a long, narrow fault will
experience a peak slip velocity (after low-pass
filte~ing with cutoff frequency f) of approximately

S = /-Tv-‘- %-L. (4.4)

4.2.3 Analytic Approximation t ne Slip Function

NOw we are reauy to derive a closed-form expression to
approximate the slip function obtained from the dynamic mccel. The
rise times T plottea in Figure 4.3 can oe approximated by tne

expression
1 2 2
TR-ts-v;y*x
wnere
Z
1 jz wo, 1 [ w
T "*z‘a(z-lﬂ)
t = min
; 2

£

1 P S O
 af B B 3(2"’4)

Keferring to Figure 4.5, ts is a rupture arrest time given by tne
smaller of (1) the sum of the rupture travel time over path A plus
the snear wave travel time over patn A', or (2) the sum of the
rupture travel time over patn o plus the shear wave travel time over
path 8'. The criteria for peak slip velocity set out in points 1 to

3 apove are met by the expression

o f% YT T+ 2 min (r,w)/VR]

where T is the retarcged time t - r/VR. Finally, this expression,
evaluatea at T2 approximates very well the static slip values
shown in Figure 4.2. Thus, our completed approximate expression for

the siip function, $4, is
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‘ c 2 y[; [ T +.2 min (r,w)/VR] 0<¢t < T

08
S (T) = (a.s)
- ~ 8a Ft . - i
l C 28 J ‘RL‘R + 2 min (r’w’)/vRJ r >t

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
tiue, s, s spatially uniform. In the subsequent section we
Compare s, which we will cail the "dynamic" slip function, with
some siip functions which nave previously been employed in kinematic
eartnquake modeling.

4.3 CUMPARISON TO KINEMATIC MODELS

4.35.1 Introduction

oynamic eartnquake modeiing provides a tool to assist in
interpreting existing kinematic earthquake models in terms of
pnysicai parameters. In this section, we compare the dynamic slip
runction of Section 4.2 with (1) the TERA/DELTA tnree-parameter slip
function anc (2) the two-parameter ramp slip function. The
objective of tne comparison is to determine the relationship of the
kinematic slip-function parameters to tne dynamic model parameter ac.

4.5.2 The TERA/DELTA S1ip Function

In the kinematic modeling studies of TERA/DELTA (Del Mar
Tecnical Associates, 1979), a three-parameter slip fur *'_ -~ which
we will call S1pe has been wused to approximate hquake
aynamics. This slip function incorporates the parameters ‘ot TR*
ana v, which are, respectively, the final slip, the rise time,
ang the peak slip velocity. It is given by the expression

Ar® 0<teTy
Srpl™) =

a
ATR T)TR

wnhere, for time step at, the constants a and A are




3
In l at VO]
a =
R
In [K{'

A= Atl—c v

0

Tne foilowing procedures have consistently been followed 1in the
TERA/UELTA modeling:

1. The slip furction is assumed to be spatially uniform.

2. Tne peak slip velocity vy has been assumed to be
independent of Ty and s, and is fixed at 8 m/sec.

3. The ti.e step at has been taken as 0.025, so that

the Nyquist frequency is 20 Hz.

In its general charcteristics, the slip function S10
resemples the dynamic slip function derived in Section 4.2.3 and
given 1in tquation 4.5. In both cases, the slope is singular at T =
U ang monotonically decreases until 1 = Tp+ We know from Section
4...2 that the assumption of spatial uniformity of slip is, in
generai, 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, S4
is snatially uniform. It 1s reasonable, then, to compare the
TERA/DELTA siip function with Equation 4.5, for hypocentral distance
greater than w and fc. the initial few tenchs of a second. It is
this onset which controis the ground motion prediction in the
nign-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 mod:l parameters, the set employed to model design motion
for the San Unofre Nuclear Generating Station, and the set used to
model the 1966 Parkfield earthquake. These are summarized in Table
4.1. The daynamic slip function is shown in Figure 4.6 for Vo

3.1 km/sec, 8 = 3.46 km/sec, w = 9 km and for hypocentral distance
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TABLE 4.1

PARAMETERS IN SLIP FUNCTIONS EMPLOYED IN FICURES 4.5 T0 4.9

Uynamic
" = 9 km
Vg = 3.1 km/sec
8 = 3.40 km/sec

o

= 2.7 gm/cm3

TERA/DELTA
San Onofre

S3c = 1.3 m
TR = 2.9 sec

Vo = 8 m/sec
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TERA/DELTA
Parkfield

Sx = 0.6 m

TR = 2.7 sec

Vg = 8 m/sec



greater than w. It is evident that Sq and Stp are substantially
different in getailed shape, so that we cannot use the comparison to
uniquely igentify the value of stress drop implicit in the TERA/
UELTA siip function. At early time, 510 follows the high-stress
drop curves, and as time progresses, it crosses over to lower
stress-drop, reflecting tne fact tnat the dynamic slip function

1/2

initially openaves at T » whereas the TERA/DELTA slip functions

nave exponents a iess than 1/2.

To make tnis comparison more meaningful, we consider the
response spectra of the slip velocity functions, since it has been
argued (Lel Mar Technical Associates) that nigh-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 Vd of the dynamic siip function, for
oscillator period T0 iess than approximately twice the rise t me,
is

0.95 Cao [/ 2w l/2

and the response spectrum VTD of the TERA/DELTA slip velocity,
also for TO iess tnan about 2 TR. 1s

T
Vip(Tg) = eh (207 | 2= sinxat/To) | {ea 8 (4.7)

The term in orackets results from the discretization of Stp» and
approacnes 1 for T0 > at and 2/x for Ty = 2at; {ieal P
constant which depends on a.

Figure 4.7 compares the response spectrum for the TERA/DELTA
San Onofre slip function with that of the dynamic siip function.
Tnis figure indicates that the TERA/DELTA model slip function, in
the 0.05 10 0.5 second period range, behaves approximately as does
the slip ‘unction of a aynamic model with a stress drop of about 50
bars. The discretization effect in Equaticr 4.7 is in considerable
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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 1is 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 ac = 50 bars.
As Figure 4.7 indicates, the sensitivity to s_ is minimal in this
range for tne TZRA/DEL - slip function. In fact, it has been shown
(Del Mar Technical Associates, 1979), that the TERA/CELTA siip
function spectral level in this period range 1is essentially
proportional to Vos this 1is also demonstrated by Figure 4.9. On
tne other hand, the spectral level of the dynamic slip function in
tnis range scaies airectly with aec. Thus, the TERA/DELTA modeling
assumption (2, above, that vg 1s invariably equal to 8 m/sec, is
approximately the same as assuming that as is invariant and equals
avout »U 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 g withk the form of a ramp with constant slip
velocity Yo and guration TRt

Yo 0<1<*rR
Yo ™ T >T

The response spectrum of this function, for oscillator periods
shorter than twice the rise time, is

Yo
VolTg) = 22 T (4.8)

Figure 4.10 compares this response spectrum with that of S4. The
ramp slip function differs substantially in spectral shape from the
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dynamic slip function over the period range of engineering
importance. [ts aeficienty in short period energy relative to _he
dynamic model probably renders the ramp time function unsuitable for
gesign motion simulation, except perhaps over a narrow frequency
pand.

Del Mar Technical Associates (1979) attemptea to wnocel the
Parkfield earthquake using the ramp siip function. They reported
gifficulty in wmatching observed response spectra over a broad period
range with this slip function. In order to fit observed
snort-period speciral levels of ground motion, with reasonable rise
times, it was necessary to tolerate a large overestimate at long
perioas. The above comparison with L @ dynamic mocgel provides a
physical pasis for this result.

4.4  ASSESSMENT OF MODELING ASSUMP™ ONS

In tnis section, we attempt to assess the importance of the
main modeiing assumptions. The sensitivity of computed ground
moticn to assuwed rupture velocity is *.-st considered. Then we
evaluate tne importance of tne assumption of abrupt stopping of
ruptur growtn.

i¢ assess .oe behavior of tne fixed-rupture-velocity dynamic
moael, we apply Equation 4.5 to compute ground acceleration near a
buried strike-slip fault. Figure 4.11 shows the fault geometry and
receiver location. The fault is 15 km long, 5 km wide, buried
between tne deptns 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
cumponent of motion is in a direction normal to the fault plane, and
is predominantly shear waves. A two-dimensional numerical integra-
tion over tne fault surface was performed, using the integral solu-
tion of Haskell (1969) with the slip function of Equation 4.5. "~ e
integration mesn was sufficient to retain accuracy for freguenci.s
up to 10 Hz. The calculation was for a uniform whoiespace (with the
free surface effect approuximated by doubling the computed motion).
The computed acceleration was scaled to represent a stress-drop of

25 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 observatioral evidence. Figure 4.12 shows
the computed accelerations for three choices of rupture velocity,
all well witnin tne range of plausibility. Peak acceleration
increases with rupture velocity, ranging from 0.24 g to 0.90 gq.
Without some independent constraint on rupture velocity, then, there
is substantial uncertainty in the model's ground motion prediction.

The main acceleration peak in each accelerogram in Figure 4,12
can be clearly identified with the first-arriving stopping phase
raciategd 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 eage and bottom edge,
respectively. The precominant acceleration signal, then, is
controlled by the aamittedly artificial assumptions of uniform
rupture velocity and abrupt stopping.

Further support for this ossessment is provided by Figures
4.13 and 4.14., These show far-field waveforms, computed at 2
particular azimuths, for a simulation of a 4 x 8 fault. Again,
sharp, discrete stopping pnases from each edge of the fault are the
doainant features of the acceleration records, and the remainder of
the acceleration record is relatively guiet. This simple character
is in poor qualitative accord with observed earthquake
accelerograms. complexity in cbserved accelerograms results from
some compination of complexity in the re-ponse of the earth model
ana complexity in the source mocel; since these near- and far-field
calculations employed a highiy simplified earth -adel, they do not
offer conclusive evidence tnat the source model is inconsistent with
gata.

4.5 CONCLUSIONS

In this Chapter we have reviewed results of
fixed-rupture-velocity dynamic earthquake modeling. The first
oojective was to cnaracterize tne slip function resulting from his
modgei. In this connection, the following conclusions are obtained:
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i.  hign-frequency content of the slip function
increases with the stress-drop ac, which in turn is
bounded below oy the static stress drop.

2. Tne slip function resulting from the dynamic model
varies spatially over the fault surface. For points
on the fault more thar one fault width asay from the
hypocenty.v, nowever, ana for time short compared to
the slip risc time, the slip function is spatially
quite uniform.

3. Static slip, along the fault centerline, is about
the same as given Dby Knopoff's two-dimensional
static solution:

(=) = 52? W
pd

4, Tne slip rise time T, along the fault centerline
at aistance greater than w, is aporoximately

w

TR' % 8

5. The onset of siip 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 nypocenter, is well approximated oy

s jouf 8o
v 8 o8 °

where w 1s tne fault width, g8 the snear speeg, o the
gensity, 4o the stress-drop, and f the cutoff
freque~cy.

6. A relatively simple analytic expression, Eguation
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
interpret kinematic earthquake models in terms of physicail

parameters. [t is found that

1. The TERA/DELTA 3-parareter slip function {San
Orofre model) is represencative, in its spectral



content in the 0.05 to 0.5 second period range, of
the slip function from the dynamic model scaled to a
stress-arop of about 50 pars.

¥ A The ramp slip function 1is deficient in
short-perioca energy relative to the dynamic slip
function.

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

1. Precgictions of peak acceleration are  highly
sensitive to the specification of rupture velocity,
which is a poorly constrained model input.

2. The predominant acceleration pulses predicted by the
model are controlied by the mogel assumptions of
uniform rupture growth and abrupt stopping of
rupture.
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V. DYNAMIC EARTHQUAKE MODELS WITH SPONTANEOUS RUFTURE

5.1  INTRODUCTION

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 abruptiy at the fault eages.
Large stress concentrations were permitted to develop at the rupture
front. we nave 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 filtereg)
slip wvelocity 1is proportional to the stress drop ("effective
stress") and to tne square root of the fault width. A small number
of discrete stopping phases are responsible for the main
acceleration pulses radiated by tne mogel, and this is true in both
the near-fiel » ana the far-field.

In tnis chapter we examine tne consequences of relaxing these
constraints. We will look at slip functions and acceleration pulses
from aynamic eartnquake simulations with spontaneous rupture. In
such simulations, rather than specifying a rupture velocity, one
specifies a failure criterion and permits rupture to ensue
spontanecusly. For the numerical simulations (Day, 1979) that form
the basis for this cnapter, the failure criterion is such that shear
stress in tne fault plane is limited to a prescribed strength,
35 In Section 5.2, we briefly overview tne rupture mode! used in
those simulations.

In Section 5.3, we consiger the slip functions ‘rom
spontaneous-rupture simulations. It 1is inferred from these
simulations that 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
mogificaton when more advanced constitutive models for the fault
Zone are availlable; simulations incorporating nigher values for the
cohesive stress (excess of strength above the prestress) might also
result in a modification of tnis conclusion.
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In Section 5.4 we compare acceleration pulses predicted from
spontaneous-rupture simulations with those predicted from the
fixed-rupture-velocity mocel. It is found that when fault growth
accelerates, deceiera.e°s, and stops spontaneously in response to
stress inhomogeneity, the acceleration time nistories are more
complex than in the fixed-rupture-velocity case, ana no longer
dominatea by a few giscrete stopping pnases.

Sec.ion 5.5 summarizes tne conclusions from spontaneous-rup-
ture aynamic moueling.

5.2 FAULT CONSTITUTIVE MODEL

Very little work hnas Dpeen aone to date on the
three-dimensional simulation of spontaneous rupture. Our analysis
is basea on the simulations performea by Day (1979) wusing a
three-aimensional finite difference method. Here, we briefly
overview the slip-weakening fault-plane constitutive model used in
that stuay.

In the slip-weakening model, shear traction on the fault
plane, which is nitiaily o1y 1S limited by a frictional strengtn
9,+ Wnen tre shear traction reaches C further stress ouildup
is relieved by fault slip. The slip velocity at & point is opposed
by a frictional traction which is a prescribed, decreasing function
of the total sl.. which has occurred at the point. When the total
slip reaches a constant, do' cohesion 1s considered destroyed, and
the frictional traction is held at a fixed "sliding friction" level

-

"'.

The quantity o - 95 we will continue to call the
stress-drop (as), as in Chapter 4, although it has oiten been called
“errective stress.” The gquantity 9, = Op» the ‘"conesive

swress,” represents the amount by which the shear traction at a
point must oe elevated, due to slip elsewhere on the fault, before
ruoture ensues. The quantity 0, = 9§ we will call "dynamic
stress drop,” since this is the sense in which that term is used by

a number of autnors (for example, Cherry et al., 1976; Oel Mar



Tecnnical Associates, 1978). The dynamic stress arop is, then, the
difference oetween peak shear traction and sliding frictional trac-
tion on tne fault plane. [t nas been suggested by some investi-
gators (for example, Ida, 1973; Brune, 1976) that the dynamic stress
drop snould control the high-fregquency behavior of the slip func-
tion; this contrasts with the fixed-rupture-velocity model, in whi.h
the nigh frequencies scale with ac. This hypothesis about the role
of dynamic stress arop is important, beciuse, unlike e, dynamic
stress arop is independent of the tectonic stress, and may ulti-
mately be predictable from rock properties.

At Ine present, estimates of tne appropriate distripbution of
cohesive stress for large earthgquakes are somewhat speculative. The
three-dimensional simulations considered in this chapter were
performed assuming relatively low average values of cohesion.

9.3  SLIP FUNCTIUON FOR SPUNTANEOUS 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, ooth tne stress arop and the conesive stress are uniform,
and rupture has been artificially restricted to a rectangular region
4 km by 16 km ‘n aimension. For this simulation, the material para-
meters a, 8 and , and 6.0 km/sec, 3.46 km/sec, and 2.7 gn/cm3,
respectively, and do = 0.08 n, a0 = 100 bars, and the dynamic
stress arop is 1.5 ac. Tnis represents fairlv low cohesion, and the
analyses of Das and Aki (1977, and Andrews (1976) would predict
rupture veiocities 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, an unrealistically low value of cohesion has been used.

Low-passed (5 Hz) slip velocities along the x axis are shown
in Figure 5.2. wuver the 8 km distance range, the peak slip velocity
has not yet settled at a nearly constant value, as occurred for the
same fault geowetry at fixed rupture veiocity (Figure 4.4). This is
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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-arop 15 uniform, anrd rupture termination has Dbeen
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

x Z"f Ao \
S 'JT o8 (5.1)

gequceu in >ection 4.2.2 for the fixed-rupture-velocity case. At 6
km focal distance, for example, peak slip velocities from Figures
5.¢ and 5.3 agree within a few percent with tne value 3.6 m/sec
given by Equaticn (5.1). Tnis is appreciably larger than would be
predicted from tne nypothesis 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

pilieg Thay
S -—9—32——- VR (5-2)

wnich gives a value about 70 percent of that shown in Figures 5.2
ang 5.3 at a distance of o km (taking Vo in Equation (5.2) to be
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 slip function for the spontaneous rupture mode)
appear to scale with stress-drop, as predicted by Equations 4.5 and
5.1, ratner tnan being independent of stress-drop, as predicted oy
tquation 5.2.

There is really no theoretical discrepancy here, since Ida's
formula was derived on the assumption, among others, that dynamic
stress-drop is much greater than ac. Equation (5.2) can then be
viewed as ar. asymptotic limit on peak slip velocity, appropriate as
dynamic stress drop becomes very large relar’ < to ae.
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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 wuecrease in rupture velocity. Additional simu.ations, incorpo-
rating a range of cohesion values, would be useful to quantify the
relationship between stress-drop, aynamic 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 eartnquake dynamics for reducing the high-frequency content of
the slip function pelow 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, denotea A, B and C, shown in Figure 5.4, In each
case, rupture initiated at the origin. In cases A and B, rupture
growtn was permittea 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 dvop is 100 bars over a circular region
1.43 km in radius, and is equal to zero outside that region. The
dynamic stress arop is uniform, 120 bars. Figure 5.5 shows contours
of the rupture front at 0.3 second intervals. The rupture
accelerates rapialy over tne 100 bar stress-drop patch, then
toruptly cecelerates as it breaks into the zero-stress-drop region.
In the y direction, deceleration is very abrupt, and the rupture
penetrates only about 150 meters 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 5.0 shows both peak slip velocity ‘low-passed, 5 Hz)
and rupture velocity ~long the x axis. We note that the two
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quantities roughly parallel each other. When the rupture
decelerates, the peak slip velocity falls off. A maximum rupture
velocity of 4 mjcec 1§ reached at the edge of the prestressed zone,

Case giffers from case A only in having 2 stress-drop of 25
bars outside the circular 100 bar stress-drop patch., Dynamic stress
arop ‘' :gain wuniformly 120 bars. In spite of this non-zero
stress-arop, we see from Figure 5.7 that the rupture still stops
spontaneously, this time at about 2.1 seconds. Rupture again
gecelerates outside the nigh-stress patch, but overshoots it by 0.6
km in the y direction and 1.5 km in the x direction.

Figure 5.5 again demonstrates the strong linkage between peak
slip velocity and rupture velocity. Rupture velocity in the x
girection peaks at aoout 4 xm/sec, drops sharply at the edge of the
circular patch, then recovers to about 1.7 km/sec and smoothly
gecelerates to zero. The siip velocity mirrors this behavior.

Case C contains several patches of 100 bar stress-drop,
surroundeu Dy a 25 bar stress-drop regio.., with dynamic stress-drop
uniform at 120 cars (see Figure 5.4). Figure 5.9 snows the rupture
front contours at 0.1 second intervals. A fairly complex pattern of
rupture dgevelops. Along the y axis, for example, rupture stops just
after 1 second., As rupture advances on the other parts of the fault
plane, nowever, the stress intensity along the y axis increases, and
rupture recommences at about 1.8 seconds. Along the x axis, rupture
accelerates rapidly as it breaks each nhnign-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 c¢f stress-drop over the 6 x 18 km
fault is about 42 pars. On the average, the cohesive stress is
consigerabl, nigner relative to the stress-drop than it was for the
unifurm stress-drop model studiea in Section 5.3.1; on the average,
tne aynamic stress-arop 15 about 2.9 ae for case C, compared to 1.5
40 for the uniform stress-drop model. As a result, the average
rupture velocity has opeen reducea from well above the shear wave
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speeu to anout 5 percent pelow the shear wave speed. This result
agrees well witn tne analyses of Das ana Aki (1977) and Andrews
{1970), wnich precict sub-shear rupture velocity when the dynamic
stress drop exceeus 2.63 ac. It is gratifying that their theo-
retical pregictions, which were based on two-dimensional formula-
tions and uniform stress-dror conditions, are in reasonable accord
with the gross average benavior of tne three-dimensional, non-uni-
form stress-aorop model.

Figure 5.10 shows slip velocities and rupture velocities along
the x axis. The close relationshin between slip velocity and rup-
ture velocity 1s especially visible here. The cashed portions of
the rupture velocity curve represent regions that rupturec out of
sequence as tne rupture front jumped ahead to a high-stress-arop
patcn.

Also shown n 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 obtaineg using cthe aimension of the high-stress-
ur0p patches (2.2 km) in place of w in Equation (5.1), and using 100
pars for tne value of as In tnat ejuation. Line a seems to be a
rather guod preaiction of peak slip veiocity in the nigh-stress-drop
regions. Line b was obtained setting w equal to tne overall fault
wiath (6 km) ana ac egqual to its overall average value (42 bars).
This level, in turn, appears to bDe Qquite representative of tne
average value of peak slip velocity. In contrast, Egquation (5.2),
in terms of dynamic stress-grop, would predict substantially lower
peak slip velocities than those shown in Figure 5.1C., Using the
average rupture velocity of 2.2 km/sec, for example, Egquation (5.2)
gives the low value of 1.2 m/sec for peak slip velocity. Tnus, in
tne case of non-uniform stress-arop, the spontaneous rupture model
continues to support our earlier conclusion that the high-fre-
quency benavior of the slip functior scales with ac.

5.4 EFFECT OF NON-UNIFORM STRESS~DROP ON FAR-FIELD RADIATION

In Section 4.4, 1t was noted tnat tne fixed-r.oiure-velocity
model produces near- and far-field acceleration pulses which are
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dominatea Dy a few sharp stopring pnases. In the sponianecus rup-
ture model, we nave reiaxed the artificial constraints that rupture
growth occur at constant velocity and rupture deceleration at the
fault edges oe instantaneous. As Figures 5.5 to !.10 show, when
rupture is nalted by stress inhomogeneities, rupture decelera. an 1is
somewhat spreaa out 1n time, and we might expect this meshanism to
geenpnasize the stopping pnases.

Figures 5.11 and 5.12 show far-field accelerations computed
from spontaneous rupture zases A and B of Section 5.3. In Doth
cases, acceleration time histories are considerably more complex
than in the case of fixed rupture velacity, and thus in Dbetter
qualitative agreement with sirong motion ooservations (figures 5.11
and 5.12 cannot be directly compared quantitatively with 4.14 and
4.14, nowever, because tne source dimension is consigsrabl ' smaller
for the sportaneuvus rupture calculations;.

Encouraging as this is, we are still faced with the problem of
assigning realistic distributions of stress and strength to the
fa. 1t, and nere tnere may be substantial uncertainty. For example,
seismic investigations have suggested that local stress concentra-
tions can lead to stress-drops as nigh as 500 to 1000 oars over
tault dimensions of the order of a few Kilometers (for example,
Hanks, 1974; Hartzell and Brune, 1979); on the other hand, the
average stress-drops for large earthquakes are generally less than
100 bars (Kanameri and Anderson, 1975). Large localized stress-
drops undoubte.ly would impiy large local accelerations, but their
mportance for surface strong ground motion has not been rigorously
examined. Parametric studies of near-field ground motion generation
by the spontaneous rupture model are reguired pefore we can
adeguately assess the sensitivity of the model predictions to the
mogel inputs. If the ground motion predictions are highly sensitive
to the details of the stress-drop an: cohesive stress distributions,
then tne utility of the mogel will uitimately gepend on constraining
these values on tne basis of rock mechanics and strong ground motion
gata.
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Figure 5.11. Far field displacement, ve’:<ity and acceleration pulses and displacement spectra
obtained from spontaneous rupture simulation Case A. Observer is at spherical
coordinates 6 = 45, ¢ = 45, relative to fault normal, amplitudes are normalized
to a hypocentral distance of 10 km, and the double-couple radiation pattern has
been factored out.
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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 dcpendence of the spatial
and temporal distribution of predicted slip on tne assumed
gistribution of stress on the fault, as well as on the mechanism by
v ich rupture is made to stop. The main conclusions from this study
are:

1 The high-frequency behavior of the slip functions
predicted by the spontanevus-rupture model appear to
scale with stress-drop. For the rupture model
consigered 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 invclves aynamic s*ress-drop. This
conclusion may require modification when more
advanced constitutive models for the fault zone are
geveloped; future mecdel studies incorporating higher
values for tne cohesive stress (excess of s*rength
above the prestress) might also result in a
modifi-ation 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, deceierates in regions of low
stress-drop, and can stop, even if stress-drop 1%
ever:where positive. Even for fairly simple stress
configuratinons, rupture can "jump," leaving unbroken
patches, slip at a point can cease and subsequently
recommence, an: rupture velocity can localiy exceed
that of P waves (average rupture velocity is, of
course, always subsonic), Spatial variations of
peak slip velocity ana runture velocity are strongly
couplead.

3 Kesults of spontanegus 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-arop and fault width, provides a more
accurate characterization of the slip function onset
than does Equation 5.2.

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

6.1  SUMMARY

This report, togetner with the f 'rst annual report (Swanger et
al., 198U) present a summary of the resul‘s of a two-year investiga-
tion into the applicabiliity of theuretical earthquake source
mogeling o the gefinition of aesign m,tion environments for nuclear
power piants Jocated in the nea -field of potentially active
faults. The first annual report presented results of a systematic
literature search in wnich various empirical and theoretical models
which nave peen proposed for use in estimating near-field earthquake
grouna motioff paraneters were reviewed, compared and evaluated.

During the past year, our researcn effort has centered on the
anzlysis of various tneoretical earthquake models and the charac-
teristics of near-field motion suggested by these models. OQur
objectives nave been to determine the applicability of the models
for simulation of near-field ground motions and to assess the
uncertainties in applying such models to new situations, that is, to
hypothevical design earthquakes which may differ substantially in
source cnaracteristics from the recorded earthquakes to which the
mode | was normalizad.

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., [In Section [[, the characteris-
tics of the near-fiela ground motion predicted by constant disloca-
tion kinematic mouels were examined. It was founa tnat tne simplest
mogel of this type, employing coherent rupture propagation
terminating instantaneously on prescribed boundaries, did not pro-
guce reasonable pehavior of near-field accelerations. The degree of
rupture inconerence together with tne mode of rupture stopping, are
very wmportant to the nature of nigh freguency radiation. [t was
concluded that an important consideration when extrapolating to a
larger magnitude is the assumed dependence of the slip function on
fault aimension.
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in Section 1[Il 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 mouels were consigered in Section [V and
¥. Section [V examined dynamic models with uniform stress-drop ana
prescriped ruplure propagation. These models predict that the high-
frequency content of tne slip function increases with 1increasing
stress-arop ("effective stress"). Also tnese models predict an
increase in tne high freguency content of the slip function with an
increase of tne narrower fault dimension. These models also exhibit
a strong dependence of the predicted near-field motions on the
prescripea rupture velucity and the sudden termination of rupture
propagation.

ODynamic models with spontaneous rupture propagation were
examined in Section V. In these models the history of rupture
propagation is a airect consequence of the prescribea pre-stress and
mecium constitutive properties, rather than an a priori input of the
model. Tne rupture growth predicted by ihese models accelerates in
regions of nhigh stress-drop, decelerates in regions of Tlow stress-
grop, anc can stop spontaneously as a result of stress-drop inhomo-
geheity. Locally, rupture velocities can De supersonic (greater
tnan tne shear velocity). Tne spontaneous rupture modeling resul®s
further support the conclusion that the high-freguency content of
the slip function increases with increasing stress-drop.

6.2 CONCLUSIUNS

The analysis summarized above has noted several distinct
characteristics of theoretical models of earthguakes which affect
tne high freguency raaiation predictea by such models, and these
mogel characteristics must De scrutinized carefully when applying
such modeis to the simuiation of motion f-rom a nypotheticil design
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earthquake. These characti.ictics are poorly constrained by a lack
of current understancirg of certa.. earthquake processes important
to nign-frequency radiation.

The lack of proper constraints of theoretical model parameters
is closely related to similar difficulties with empirical proce-
Qures. For example, tne near-field data set for magnitudes larger
than seven 1s very sparse and different assumptions about proper
extrapolation procedures iead 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 constrainea by the data, but there
are pnysical considerations wnich might constrain such a dependence
to some extent. Another aifficulty which 1is common to botn
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 feult 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 neer-field motion to be quite different for these two cases.

Given a theoretical earthquake source model wnich has demon-
strated its ability to reproduce characteristics of the existing
near-field data, there are several elements of tne model which have
some agegree of uncertainty when applied to the simulation of ground
motion from a nypothetical design earthquake:

1. Rupture history characterization -- [t was
shown that models witn uniform rupture growth
which stops instantin2ously on a regular
boundary are probably not representative of
earthquakes in terms of their predicted high-
frequency radiation. This observation has been
used for justification of incoherent rupture
propagation. It is not yet known over what
spatial scale earthquake rupture can remain
conerent. [t may be that some earthquakes have
reasonably coherent rupture propagaticn but the
rupture terminates gradually.
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Slip function characterization -- There are
three issues to De aadressed concerning the
construction of a slip function; whether it
should be spatially uniform over the entire
fault surface, how 1t should scale with
stress-drop and how it should scale with
magynituge.

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'ations 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.

£). Scaling with stress-grop -- ODynamic
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, somet imes
calied “effective stress"), which in
turn is bounded below by the static
stress-drop. Dynamic modeling studies
performea to date do not support the
nypothesis 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
(1.e., rock shear strength minus
frictional sliding stress). This
conclusion may require modification
wnen more advar.ed constitutive models
for the fauit 2zone are developed;
future aynamic model studies incorpo-
rating higher values 7or the cohesive
stress (excess of strength above the
shear prestress) mignt also result in
a modification of tnis conclusion.
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C.) Scaling with magnitude -- Dynamic
simylations predict that tne high
frequency content of the slip
function, for a particular value of
stress-drop, shoula increase with
increasing fault wiath.

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-drop which is rapresentative of
the entire fault surface. [t 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
eveats., Such earthquakes have recions where
local stress-drops are consideraoly larger than
tne average, ana the possipility of such cir-
cumstances in a hypothetical design earthguake
should pe considered.

6.3  RECOMMENDATIONS

we recommend that tne dgefiniticn of design motion environments
for nuciear power plants located in the near-field of potentially
active fauits ope supported by site-specific computer modeling of
eartnquake ground motions if the modeling studies satisfy the
following conditicas:

1. Normalization of the earthguake source model to
existing data should include comparisons 1to
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 with appropriat® tecnnigues for
simulating wave propragation in stratified
mecgia, should duplicate. This normalization
can be used as an indepengent verification of
the eartn ¢ (intrinsic attenuation) models used
in the simulations.

2. Comparisons of simulated near-field ground
motions with recorded strong motion data should
include time aomain comparisons to verify
ayration ang timing of Jlargest motions.
Detailed modeling of observed velocity and
displacement time nistories is strongly
recommendea.
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3. Quality of fit to observed grouna motions
shoulad 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 ana fault dimension should be
compatitle with e»‘sting dynamic modeling
results, unless support for less conservative
scaling can be gemonstrated on the opasis of
improved dynamic model ing studies in
conjunction with detaiied analysis of strong
motion recordings.

5. Possible aeviations from the normalized model
obtained from comparison to a Jew events st
be considered. Two important considerations
are the presence of local regions of higher
tnan average stress-arop and the pres:nce of
extensive (dimensions greater than 1 km)
regions of conerent rupture propagation.

6. Sensitivity studies should be made on all m del
parameters wnhich affect tne high-frequency
response and results of such sensitivity
stucies should pe used to optain a guantitative
estimate of the uncertainties of the model in
its appliication to a site-specific prediction,

7. Ground motion predictions obtained through
theoretical moceling should ©be considered
complementary to existing empirical estimates.
Substantial differences between empirical and
modeling predictions should be justifiea on a
site specific basis and shoula be supporteda by
independent laboratory and fiela data.

aiven our existing near-field strong motion data set, there

are means by which some of the uncertainties in the high-frequency
source characteristics can be partiaily resolved. More emphasis on
the analysis of time comain characteristics of strong motion
velocities ano accelerat‘ins mav give more detailed information
aoout rupture processes and strcss-drop configurations associated
with the earthquakes. At present, there are only a few events for
which the locations of the origins of recorded nigh freguency strong

motion have been identified. witn the computationai tools developed
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recently for rigorovsly modeling the seismic response of a strati-
fied geologic structure, the analysis of these earthquakes can
certainly be improved upon. This kina of information could also
prove vaiuable for the refinement of empirical procedures. The time
domain characteristics snould also put bounds on the spatial extents
over which coherent rupture can be maintained.

Dynamic eartnguake simulations * e proved valuable to the
construction of reasonable slip function characteristics, but there
still remains ceveral unanswered questions which can De addressed by
future studies., For example, the effect of material strength on the
scaling properties of tne slip function should be further
quantifiea. 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
simuiations can alsc provige an improved understanding of the manner
in which earthquake ruptures stop.

As 1s indicated in Appendix A, the near-field strong motion
gata sample has recently grown to the point where it can be uced as
a pasis to test at least some of the assumptions implicit in the
tneoretical source and propagation models. Therefore, it is our
recomuendation that a program be initiated to use the best avalable
aynamic source models 1ir conjunction with the ‘“est avalable
propagation models to attempt to synthesize the neai -field ground
motions which nave been recorded from a variety of the better-docu-
mented recent wWestern Urited States earthquakes. The results of
such an investigation miant well nelp to narrow the range of
cregible values of the more imgortant dynamic source parameters and
lead to a 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

Aithough the available near-field grouna motion data sample is
not compiete 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 mogels and for
testing competing hypotheses regarding the initiation and
propagation of rupture. Table A-1 provides an upcated list of
earthquake strong motion data recorded in the geometrical
near-field; i.e., in an area surrounding the source within a
gistance approximately 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 Beacn, 1941) to 1.74 g (Imperial valliey, 1979).

This information, by itself, is of limited utility in choosing
petween competing theoretical modeis, because it does not identify
many of the common model input parameters. In order to be
detinitive, it is necessary that tne associated source and recording
site parameters be known. The following information concerning the
source anu receiver is of interest:

EART QUAKE SOQURCE CHARACTERIZATION
L] epicenter, focai deoth, magr itude
orientation of fault, ex.ent of rupture surfice

fault plane solution (i.e., sense of motion on fault
getermined from seismic data) .

L ] determination of seismic moment, stress drop,
rupture velocity, direction ana nature (i.e.,
unilateral vs. bilateral) of rupture propagation,
etc.
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STRONG MOTION RECORDING CHARACTERIZATION

® location and near-surface geclogy of recording
station

- instrumentation.

Complete information on all of the above parameters is
available for "ery few of the earthquakes listed in Table A-l.
However, repre... .-ive gata from seven of the betler-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 Fernandc versus 1933 Long
geach). Moreover, even for tnose events which have been extensively
studied, the variations in the estimates of the source parameters
between aifferent investigators is quite large (cf. Table A-6a).
This represents > findamental limitation which will have to be
overcome before a truly adequate near-fiela prediction capability
~an be de.elopea.
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TABLE A-1

NEAR~-FIELD GROUND MOTION DATA SAMPLE

DISTANCE TO

NEAREST PEAK
EARTHQUAKE M STATION FAULT SLIP,km ACCELERATION,g

Long Beach 3-11-33 6.3 Public Util. Bsmt. <5 0.29
Helena, Montana 10-31-35 6.0 Carrol College <7 0.15
Ferndale 9-12-38 5.5 Ferndale City Hall 12 0.14
Imperial Valley 5-19-40 6.4 El1 Centro S 0.35
Santa Barbara 7-01-40 6 0 Courthouse ~10 0.24
Long Beach 11-14-41 5.4 Public Util. Bsmt. <5 0.05
Hollister 5-17-45 4.5 City Hall Basement <2 0.06
0ld Gilroy 3-09-49 5.2 Hollister Library x]5 0.20
Port Hueneme 3-18-57 4.7 =10 0.17
San Francisco 3-22-57 5.3 Golden Gate Park 11 0.10
Cienega Rd. Winery 4-08-61 5.6 Hollister Ci*ty Hall ~15 0.18
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.C6

Temblor 6 0,39

Koyna 12-10-67 6.5 Koyna Dam <l 0.62
Lytle Creek 9-12-70 5.4 Lytle Creek «l2 0.20
San Fernando 2-09-71 6.4 Pacoima Dam <5 3ix7
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 9-04-72 4.6 8+1-2 0.71
Managua 12-23-72 6.2 5 0.38
Pt. Mugu 2-21-73 6.0 *20 0.15
Horse Canyon 8-02-75 4.8 Anza Post Office 12 0.13
Oroville 8-06-75 4.7 Oroville Medical Center 11 0.43
Johnson Ranch 14 0.70
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TABLE A-1 (CONT'D)

NEAR-FIELD GROUND MOTION DATA SAMPLE

DISTANCE TO

NEAREST PEAK
EARTHQUAKE M STATION FAULT SLIP,km ACCELERATION,q

Friuli, Italy 5-06-76 6.3 =20 0.36
Gazli 5-17-76 7.2 Rarakyr Point >20 1.30
Santa Barbara 8-13-78 5.1 UCSB North Hall =15 0.40
UCSB Goleta =15 0,35

Freitas Building =10 D.23

Courthouse =10 0.20

Coyote Lake 8-06-79 5.9 Gilroy 6 1 0.42
Coyote Creek 0 0.23

Gilroy 4 3 0.44

Gilroy 3 5 0.27

Gilroy 2 ; 0.26

Gilroy 1 8 0.13

Imperial Valley 10-15-79 6.6 El1 Centro 6 1 1.74
El Centro 7 1 0.65

Aeropuer co 2 0.32

Bonds Coraer 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

Holtville 8 0,33

El Centro 10 9 0.23

Calexico Fire Station b & | 0.28

El Centro 11 33 0.38

El Centro 3 Ly 0.27

Mexicali 13 .46
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TABLE A-1 (CONT'D)
NEAR-FIELD GROUND MOTION DATA SAMPLE

DISTANCE TO

NEAREST PEAK
EARTHQUAKE M STATION FAULT SLIP,km ACCELERATION,g
Cucapah 14 0.31
Parachute Test Site 15 0.20
El Centro 2 16 0.43
El Centro 12 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
Fagundes Ranch 6 025



TABLE A-2

LONG BEACH EARTIQHAKE OF MARCH 11, 1933

Urigin Time * 01:54:08 GMT
Epicenter : 33°34.5'N, 117°5S'w

10 km

Focai Deptn

Magnitude M=6.3 (Richter, 1958)

Focal mechanism: The event occurred on ihe Newport-Inglewood fault
which strikes NW in the vicinity of Long Beach. No seismic rocal
mechanism 1is available, but nistoric displacements on this fault
nave included vertical as well as strike-slip components.

Source Parameters:

Seismic Moment Mg, dyne-cm:

2.0 x 1045 (Hanks et al., 1975)

2.8 x <5 (Kanamori and Anderson, 1375)

Average Stress- rop:

~ 8 pars : ‘anamori and Anderson, 1975)

Rupture Propagation: No surface faulting was observed for this
event and, cousequently, the extent of faulting is not well
defined. bBenioff (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 km<,

Strong Motion Recording: The single near-field strong motion record
from this earthquake was measured in the uasement of the Long Beach
Utilities Builaing. This building is situated on a thick deposit of
sandy soil overlying shale. Near-surface compressional wave
velocities and densities have been determined by Woodward-Lundgren
ana Assoclates (1973).




TABLE A-3

IMPERIAL VALLEY EARTHQUAKE OF MAY 19, 1940

Origin Time : 04:36:41 GMT

Epicanter : 32°42'N, 115°30'W

rocal Depth : 12 km (TERA, 1978)
Magnituae : Mg = 7.1 (Richter, 1958)

M = 6.4 (Trifunac ana
Brune, 1970)

Mg = 6.9 (TERA, 1978)

Focal Mechanism: The earthquake occurred on the Imperial fault
whicn 1S a nortnwest trencing fault of the San Andreas system in
soutnern California.. Recent motion on this fault has peen almost
pure rignt lateral strike-slip {Trifunac and Brune, 1970).

Source Parameters:

Seismic Moment rg, ayne-cm:
1.i to 1.4 x 106 (Trifunac and Brune, '970)
2.9 to 4.4 x 1025 (Trifunac, 1972b)
5.6 x 1040 (Kanamori and Anderson, 1975)
3.0 x 1026 (Hanks et al., 1975)
3.6 x 107> (TERA, 1978)
Average Stress-Orop:
~ 90 ovars (Kanamori ana Anderson, 1975)
Average Slip: 2.7 m (Trifunac, (1972b)
Kupture Propagation: According to Trifunac and Brune (1970), most
of the seismiCc energy radiated from this earthquake was generated by
a series of aistinct events whicn propagated SE from *he vicinity of
the initial epicanter along a 25 km section of the fault. The total

lengtn of surface rupture was about o0 km and Kanamori and Anderson
(1975) nave estimatea the rupture arca to be 780 kmZ,
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Strong Motion Recording: The single near-field strong motion

recoraing from tnis earthquake was measured at the ground level of a
two-story buiiding in El Centro. The site is situated on thick
alluvium which extends to a depth of at least 300 m (Porcella and
Mattniesen, 197v). Uetaileu geologic, geophysical and dynamic soil
properties of the near-surface material at this site have bpeen
pubiisned Dy woodward ana Lunagren ana Associates (1973) and Shannon
and wilson, Inc. and Agbacian Associates (1978).
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TABLE A-4

PARKFIELD EARTHQUAKE OF JUNE 28, 1966

urigin Tiue : 04:26:13.4 GMT

Epicenter : 35°37'N, 120°30'w

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

Magnitude : M = 5.5 (Berke’

M = 5.8 (Pa -Na}j
Mg = 6.5 (Palisades)

mp = 5.3 (USGS)

Focal Mechanism: The P wave first motion data indicate right
fateral §true-snp on 2 plane which strikes about N3C'W and dips
about 80 SW (McEvilly, 1966). This agrees with the strike of the
observed surface cracking and with the local strike of the San
Andreas fault zone.

Source Parameters:

Seismic Moment M,, ayne-cm:
1.4 x 10¢% (Aki, 1968)
1.9 x 10¢5 (Scnolz et al., 1969)
4.4 x 1025 (Trifunac and Udwadia, 1974)
3.9 x 1093 (TERA, 1978)
Average Stress-Urop: 24 bars (TERA, 197%)
Average Siip: -

o0 cm (Aki, 1968)

30 cm (Schoiz et al., 1969)
93 cm (-askell, 1909

25 cm (Angerson, 1974)

200 cm (Levy and Mal, 1976)

Rupture Propagation: A wigce variety of rupture mocels have been
proposed for kls event. For example, Haskell (1969) used a fault
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length of 19.8 «um, a fault width of 2,42 «m and a unilateral
agislocation velocity of 2.2 km/sec wnile Anderson (1974) cefineg 2
2 4 *

bilateral rupture spreacing 5 «m Na and 33 «m SE from tne epicenter
at a propagation velocity between 2.8 ana 3.0 km/sec. Otners sucr
as Tritunac and Udwadia (1974) and TERA (1978) nave proposed nore
complex fauiting mocels for this event, consisting of several

separate planes with gifferent orientations.

Strongarnotion Kecorgings: As 15 1indicated in Taple A-l1, five
near-fieid strong moOtion recordings were obtainec from this event,
All the stations appear to be sited on unconsolidated materials of
varying tnickness. ODetailed geologic, geophysical ancd dynamic soil
properties of the near-surface materials at these sites have Deen
publisned Dy Wooowarc Lundgren and Associates (1973) and Snannon and

wilson, Inc., and Agbabian Associates (1978,
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TABLE A-5

KOYNA EARTHQUAKE OF DECEMBER 10, 1967

rigin Time i 21:31:17 GMT
Epicanter : 17°31.1'N, 73%43.9'¢
Focal Depth : 10 km {Singh et al., 1975)

12 km (Guha et al., 1971)
magnituae : Mg = 6.3 (Singh et al, 1975)

Mg = 6.2 (Narain and Gupta,
1968)

Mg = 6.5  Gorbunova et al.,
1970)

Mp = 6.0 (USCES)

Focal mechanism: A large number of solutions have been derived from
various components of the seismic motion recorded from this event.
The consensus of these st~ -5 appears to favor left-lateral strike
siip faulting on a ve. ¢ .al fault plane striking approximately N-S
(Singn et al., 1975)

Source Parameters:

Seisiwic Moment Mg, dyne-cm:

8.2 x 1045 (Singn et al., 1975)

1.8 x 10%° (Tsai and Aki, 1971)
Average Stress-Drop: o6 to 20 bars (Singh et al., 1975)
Average Slip, cm:

108 (Singn et al., 1975)
40 (Tsai ang Aki, 1971)

Energy Reiease: 2.25 x 10l ergs (Singh et al., 1975)

%¥§§ure Propagation: Gupta et al., (1969, 1971) and Singh et al.,
/5) estimatec tnat the rupture propagated southward from the
hypocenter over a 40 km segment of the fault plane. The average
rupture propagation velocity was determined to lie in the range from
3.0 to 3.4 km/sec (Gupta et al., 1969; 1971).
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Strong Motion Reccrding: The strong motion record was measured in a
gali-y of the Koyna Uam (Chopra and Chakrabarty, 1973}. The dam is
si.uated on the volcanic pasalt rocks of Peninsular India known as
the Deccan Traps. The lava flows are aiternated by thin layers of
trap asn or red poles.
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TABLE A-o

SAN FERNANDOC EARTHQUAKE OF FEBRUARY 9, 1971

Urigin 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)

Magnituge : M = €4 (Allen et al
1973)

Mg = 6.5 NOAA

mb = 6.2 MOAA

Focal Mecnanism: According to Allen et al., (1973), the faulting
auring this earthquake corresponded to d1splacement ¢n a thrust
fault or zone of tnrust faults dipping about 35° and striking about
N7U'w. Tne first motion data ingicates that the initial rupture
nccurred ailong a plane striking about N65°W and dipping about 55° to
tne nortneast (Dillinger, 1971; whitcomb, 1971).

Source Parameters: A very large number of determinations of
aisiocation parameters have been made for this event, Some
representative values are given in Tanle 8.pa,

Rupture Propagation: Most investigators have concluded that the
rupture surface 1s segmented, with a lower surface dipping at an
angle of about 50° at aeptns below about 8 km and an upper surface
gipping at an angle of about 30° and extending from tne surface down
to a deptn of apout 8 km (e.g., Bouchon, 1978; Niazy, 1975; Bache
and Barker, 1978; Hanks, 1974). Furthermore, it is generally agreed
that tne earthquake initiatiec witn a hign stress arop event on the
lower fauit surface and propagated upward and southward toward the
free surface. As is nacicatec in Taple A-ba, tne average rupture
velocity has been estimated to lie in the range of 1.5 to 2.8 km/sec.
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Strong Motion kecordings: More tnan 100 strong motion systems were
triggered Dy tnis earthquake. However, as is indicatss in Table
A-l1, only three of these ire near-field according to the aefinition
usekd in this appendix. The well-known Pacoima Dam recording was
made on hardrock on the abutment to the cam. The other two sites,
situated in the San Fernando Valley, were located on alluvium, the
tnickness of wnich exceeds 200 m at both sites. [etailed subsurface
geologic and geophysical profiles have been determined for these
sites ana reported by Woouwara-Lundgren and Associates (1973).

133



vEl

TABLE A-6a

ESTIMATED SOURCE PABAMETERS FOR THE 1971 SAN FERNANDO EARTHQUAKE

AVERAGE AVERAGE

AVERAGE SEISMIC STRESS RUPTURE
STRIKE DIP AREA SLIP MOMENT Mo  DROP VELOCITY
SOURCE OF DATA (deg) (deg) (km®) (em)  (dyne-cm) (bars)  (km/sec)
Wesson et al. N72W 50 440
(1971)
wyss (1971) 1400 31 1.9x10§2
180 240 1.3x105¢
460 100 1.4x10 30
Trifunac (1972a) 320 150 1.5x10%® 60 2.0
Canitez and Toksoz N70W 52 0.75x192°
(1972) N70W 52 o
N6TW 52 196 280 1.64x10 70
Savage et al. 26
(1975) NBOW 45 120 283 1.0x10
Wyss ara Hanks 708 22 0.47x10§2 6 v 5
(1977 440 67 0.88x1Q¢ 21
440 100 1.3x10 34
Mikumo (1973) N64W 50 255 140  1.1x10°° 40 2.0
N70W 52 65 2.5
Jungels and 25
Frazier (1973) 6x10 24
Trifunac (1974) N72W 40 130 393 1.53x102° 2.0
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TABLE A-va (CONT'D)

ESTIMATED SOURCE PARAMETERS FOR THE 1971 SAN FERNANDO EARTHQUAKE

AVERAGE AVERAGE

AVERAGE SEISMIC STRESS RUPTURE
STRIKE DIp AREA SLIP MOMENT M DROP VELOCITY
SOURCE OF DATA (deq) (deq) (km*) {(cm) (dyne-—cm? (bars) (km/sec)
Boore and
Zoback (1974) 100 1.86
2.5
Hanks (1974)
(Initial Event) N67+t6W 52+3 28-113 4.6 1.7-.85% 3150 2.8
9.2 26 1400
x10
Niazy (1975) 400 100 Wy,
2.5
Langston (1978) N70+¢8W 53 230 110 +86¢,.33 1.8
26
x10
) L 24
Bouchon (1978) 7.07 250 3.5x10 460 2.0
(Initial Event)
Heaton and 26
Helmberger (1978) 1x10 1.8

Bache and Barker
(1978) (Initial Event) 600



TABLE A-7

COYOTE LAKE EARTHQUAKE OF AUGUST 6, 1979

OUrigin Time : 17:05:22.3 GMT

Epicenter : 37°t.t'N, 121°31.8'W
Focal Deptn : 9.6 W

Masgnituage : M_ = 5.9 (Uhrhammer, 1979)

Focal Mecnanism: The earthquake occurred on the Calaveras fault.
The focal mechanism as decuceg from the first motion data indicates
right-lateral strike slip on a vertical fault plane striking N27°a,
in agreement with tne observed orientation of the Calaveras fault in
this area (Unrnammer, 1979).

Source Parameters: (Unrhammer, 1979)

Seismic Moment Mg: 6 x 1024 dyne-cm
Average Stress-Drop: =~ 9 bars
Average Slip: ~ 21 cm

Rupture Propagation: Discontinuous surface faulting was observed
along a 14.4 km lengtn of the Calaveras extending southeastward from
a point about © km southeast uf the epicenter (Archuleta, 1979).
Thus, the total rupture length ‘s estimated to have been about 20
km. Tne strong motion data nas been interpreted to point to the
fact that the rupture propagated unilaterally from the epicenter
southeast towara the Gilroy strong motion instrument array
(Arcnuleta, 1979).

strong Motion Recordings: Six near-field stations recorded this
earthquake. OUf these, three are on rock sites (Coyote Lake, Gilroy
1 and Gilroy 6) and three are on alluvium sites (Gilroy 2, 3 and
4). Reflection surveys and downnole shear wave velocity studies are
currently peing conuucted to determine the subsurface conditions at
each of the Gilroy array stations.
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TABLE A-8

IMPERIAL VALLEY (CALEXICO) EARTHQUAKE OF OCTOBER 15, 1979

Origin Time ¢ 23:16:54.3 GMT
Epicenter : 32°38.6'N, 115°18.7'W
Focal Uepth : 5.9 km
Magnituge : M = 6.6

Mg = 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 pregominantly right-
lateral strike slip.

Source Parameters: (McNally, 1979)

Seismic Moment Mg: 6 x 1045 dyne-cm
Average Slip: 40 cm
Rupture Propagation: The rupture apparently propagated northwest-

ward from the hypocenter 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
wnich were triggered (including 3 1in Mexico) by this event are in
the near-field according to the criterion used in this Appendix. As
can be seen from Table A-l, this makes this earthquake the best
documentea 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 Taple A-I was located on rock.
Porceiia et al., (1979) specify site geology for only six of the 17
North American stations in Table A-1 and each of these is char-
acterizea as being situatead on more than 300 m of alluvium. Deter-
mination of detailea geological and geophysical profiles of these
sites is In progress.
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APPERLTX B
HIGH-FREQUENCY FOURIER AND «_SPONSE SPECTRA OF SLIP FUNCTIONS

Each of the slip functions considered in Section 4§ has
singular pehaviur, ncar T = 0, of tne form

s(t) ~ *1® M(1) (B.1)

The hign-frequency asymptotic Fourier spectrum of § is (Lighthill,
1958, p. 5¢)

-
s (f)l ~(28)™ oA T (a)f® (B.2)
|

The zero-camping response spectrum of § can also be cbtained
analytically, wnen the oscillator period T, is less than the slip
rise time Tt The undamped oscillator response, prior to t =
Tas 18

u(t) = (—2;:?1? o (2ut/T ) TH' (8.3)

in wnich the time dependence A is

X X
Oglx)-sin xf Si’s:luyoccsx f %—x ay
Y o 7Y
- (8.4)
v xl*c Z Cn xZn -
n=0

The Cn satisfy tne recursion relation

C-l s -]

(B.5)
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!th)l 2 ;grl (8.9)

v
i (B.10)

V(To) g

TERA/DELTA Slip Function. This sliip function has three parameters,

Sor Ty» aNU Vo; a anag A are given Dy

)
a = fR
]nlz
A= atl™® K

wnere At 15 the time step used to discretize tne problem. [n all
modeling studies reportea using this slip functic~. at has been set
to 0.U25 seconds. As a result of this choice, the Nyguist frequency
in these studies is 20 Hz, ana the discretization has an important
effect on the spectrum of the slip velocity. The slip velocity
function is the first difference of Equation 8.1, so we have to
introguce the factor sin(watf)/(=atf) into Equation B.2 for the
Fourier spectrum of the slip velocity. Also, the /actor
sin(:at/To)l(:At/To) is an excellent approximation to the
discretization effect on tne undamped response spectrum of the slip
velocity; this is intuitively apparent, and can be verified by
com.arison with the numerically computed slip function response
speci.-a given by Del Mar Tecnnical Associates (1979). This leads to
the foliowing expressions for [5| and v:

!:(f)l ~ (2¢)™%AT (a) [sin(xatf)/(vatf)]f™ (8.11)

V(Ty) = (20) ™A (445 sin (3] Jo | 1 . (8.12)
e
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