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timation of ground shaking caused by earthquakes

The &

pavid M.Boore

S Geolo gical Survey, Menlo Park, Calif.

TRACT: In the last decade, large increases in the database.of motions recorfled within 100 km of large earthquakes has
improved our ability to estimate the mean value of various ground motion parameters (such as peak acceleration,
and response spectra), especially for earthquakes less than magnitude 7. For larger earthquakes the database
- <parse, especially at close distances to the fault. Estimates of motions within this critical region of magnitude—distance
{h afe ca;;l be made using extrapolations of the empirically-based regression equations. Theoretical predictions, verified
;I;aiﬁst existing data, can also be useful. The most promising theoretical model for predicting the high-frequency motions
of interest to engineers blends the traditional engineering description of ground acceleration, as being made up of random
motion, together with seismological models of radiation and propagation of energy from the seismic source. Predictions
using two previously published equations for estimating response spectra, one based on empirical analysis of data recorded
hefore 1981 and the other using the theoretical model just described, are in good agreement with the motions recorded at
the two stations closest to the recent Nahanni, Northwest Territories earthquake (23 December 1985, M=6.8).
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greatly _
peak velocity,

1 INTRODUCTION in several ways to predict ground motions for engineering

design and seismic hazard planning. The most straight-
Estimation of the ground motions produced by earthquakes forward use occurs when recordings are available in mag-
have many uses, ranging from the specification of a time nitude and distance ranges for which the design motions
series for response calculations of an engineered structure must be specified. This is sometimes referred to as site
at a particular site to predictions of peak motions needed specific prediction. Recordings are generally lacking close
mn the construction of earthquake hazard maps covering to large earthquakes, however, and thus design motions for
broad geographic areas. In some cases the estimations can such cases must be based on extrapolations of the data.
be based on empirical analyses of existing data; when this This 1s commonly done by using regression analysis to fit
s Dot possible, theoretical models must be used as the a mathematical function involving distance and magnitude
::::;1?1’ thefpll}'zdictions. In .this paper, | will give short to th_e existing data, and t.hen 'using this func.ti.cm to ma}:e
% o &::lﬁt i:; tl;h the em!)lrlcal and theoretical methods p.redlctiong. 'I:he deter@nation F’f the. empirical predic-
s dgv sl rong motion that I and my colleagues tion equations is the subject of this section (see Boore and
I in:eog::lg 0\;31' the last sevqra.l years. The Joyner, 1982, for a more complete dlSCHSSlOIl).. Because
Bl thenaub' t!'-: e a'comprepens1ve review ?f the they_ represent _the average value of ground. I}lotions f?r a
my own research ( seiet(:li rel‘{)“;l& as 1t does, so hea.vﬂy_ on spec:'ﬁefl magmt}lde and distance, th? empmf:ally-derwe‘d
of empirieal estimma tine ?mp ell, 1985, for another review prediction equations are also useful in checking theoreti-
for a general et Of gzound motion a.nd Joyner, 1987, cal predlctmns_ if care is m?.de to make comparisons in ‘the
spite of this however 01 l: rong-motion selsn}ol?gy). In range of magnitudes and distances for which the empirical

: , 1 believe that the majority of the functions are constrained by the data.

im -
. l::;t::r topics are covered here. Much of this paper
°m a few of my earlier papers (in particular,

BOOI‘E and
this Joyner, 1982, and Boore, 1987). New to 2.1 Choice of Variables

between ths o 18 a discussion of the comparison

23, 1985 'Na.hainliwensp“tm meu_ted From the December Empirical predictions are generally based on a mathemat-
Published thwretiéallonhWMt Tt_:r_ntorlea earthquake and ical function connecting response variables, such as peak
of the Mmotions. Y and empirically based predictions acceleration, velocity, or oscillator response, with explana-

tory \ta.ria.bles, the most common of which are distance and
magnitude. Unfortunately, definitions of distance and mag-

2 EMPIR|C AL PREDICTION nitude are not .sta.ndard, and thus care must be used in
comparing predictions made by various authors. Because

_ the fault rupture occurs over an extended surf '
<o : 29 . extended surtace, a variet
hundreq kil rdings of ground motions within several of possible distance definitions are possible. My ct::ull«e:agu:ﬁr

earthquake source can be used William Joyner and I have adopted as our measure the clos-
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Figure 1. Distribution in magnitude and dist
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data, including Tabas, Iran (M=7.3), and Nahang
shown here are the many new data collected for earthquakes of magnitude less th;_m:
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<tance from the site to the surfac? .projef:tion of the
ture. We have used this definition with the goal
2 rl?ptif.:rn in mind: in future earthquakes it is unlikely
of pmdlch pocenter or high stress zones will be known be-
that th; iﬂ d thus distance measures based on such things
forEhatI;r ’Of energy release or the point of rupture initiation
as*ﬁ:e::e of little use, even they may lead to reduced scatter
:wlanalyzing existing data.‘ - |
= measures of magnitude are available, according to
Bfang of wave and its period. A number of people seem to
1;hef Ypmagnitude measures based on motions with periods
plre :I‘w those of interest in engineering. The problem with
ch‘?s however, is that the explanatory variable (magnitude)
;n lsjthe response variable (!.;he ground motion pa.rarqeter)
Jre virtually the same quantity. A more sensible m'a,gnltude
. the moment magnitude (Hanks and Kanamori, 1979),

which 1s defined by the seismic moment by the relation:

est dI

where Mp is the selsmic moment in dyne-cm. Because of
the definition of moment in terms of overall fault area (A)

and fault slip (D) according to
My = uDA, (2)

where pu is the rigidity of the earth in the vicinity of the
source, moment magnitude has a clear physical meaning
as a measure of the size of an earthquake. Furthermore,
geologic investigations can be of some use in predicting the
possible moment magnitudes of future earthquakes.

Other explanatory variables are sometimes used in
regression analysis; these can include variables to represent
the geologic conditions at the recording sites, the tectonic
environment (for example, thrust vrs. strike-slip faulting),
the type of structure in which the recording was made, and
the fault geometry (used to account for directivity). All
of these can be shown to influence the response, but the
most commonly used variable is the one used to quantify
the influence of geologic conditions.

2.2 The Regression Model

The fo!lowing equation is the one most commonly used in
regression analysis:

logY = CO+CMM—CDD(M)—cLDlogD(M)+CSS+CPP
(3)

where Y is the response variable, D is the distance measure,
tSo li 2 geologic variable (taken by Joyner and Boore, 1981,
o erOdfor- rock and 1 for soil), P is the uncertainty in
reﬁp:c;vuitlon (0 :-.?,nd 1L for 50 and 84 percentile values,
iy : Y» assuming a lognormal distribution for Y), and
s re codﬁments to b‘e determined. The distance

Y be a function of magnitude; a physically motivated

€quation that allows this is
D(M) = [d? 4 (hyehs(M~6))2)1/2 (4)

Where ¢ ig ¢
of the fault

do;lrehe (.ieterminﬂtion of the regression coefficients is easily
using standard least-squares techniques. Some care

he shortest digtance to the surface projection
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should be given in the weighting and selection of the data,
however, to avoid biases in the result. For example, beyond

some distance for any earthquake some accelerographs will
not be triggered; readings from those that do will bias

the results to large values and should not be included in
the regression analysis. It is often the case that a few
earthquakes are particularly well-recorded over a range of
distances; these events should exert a strong influence on
the distance attenuation coefficients e¢p and ¢z D, but they
say little about the scaling with source size (as given by
cp ). It is therefore natural to separate the regression into
two parts. In the first part, the attenuation coefficients
are determined, irrespective of earthquake magnitude.
In effect, the data from all earthquakes are merged to
determine the best attenuation function. The translation
factor for each earthquake required to merge the data

18 regressed against earthquake magnitude in the second
regression in -order to determine the magnitude scaling.

2.3 Selected Results

The regression method discussed above has been applied
to strong motion recordings obtained in western North
America. The magnitude and distance distributions of
the data used for peak acceleration and peak velocity
estimations are shown in Figure 1. The x’s are the points
used by William Joyner and myself in our predictions of
peak acceleration and velocity (Joyner and Boore, 1981)
and pseudo relative velocity response spectra (Joyner and
Boore, 1982). The closed circles are a representative
sampling of data that have become available since then
(including the Nahanni, Northwest Territories event, with
a magnitude of 6.8). Several points can be made with
this figure, the most important of which is that there is
a clear lack of data close to large earthquakes, although
the increasing number of strong motion instruments placed
close to faults throughout the world offers the hope that
data will be collected in this critical region of magnitude-
distance space. Another point to be made from the figure
1s that more data are generally available for acceleration
than for velocity and response spectra (whose data have
a magnitude-distance distribution similar to that of peak
velocity) , particularly for smaller earthquakes and larger
distances. This is because peak accelerations can be
read directly from analog accelerograph recordings; no
digitization is needed (unless the records contain unusually
high frequencies, in which case a correction for instrument
response must be made).

Predictions of peak acceleration and velocity from anal-
ysis of many strong motion data from western North Amer-
ica (primarily California) are shown in Figure 2. The pre-
dictions used the data set indicated by x’s in Figure 1;
my colleague William Joyner and I are now in the process
of repeating the analysis using a more complete data set.
Judging from Figure 1 and some preliminary results, the
new analysis is most likely to change our previous ground-
motion estimates at close distances to large earthquakes,
especially for peak velocity (and response spectra). Note
that the curves for both acceleration and velocity have sim-
ilar shapes beyond about 20 km , although the frequency
content of the two measures of ground shaking are quite
different. This implies that the effective attenuation pa-
rameter () is frequency dependent (e.g., Boore, 1984, Fig.



the curves:

acing between e

2). Also note the difference in spac function of mo
the peak velocity is a more sensitive [ will show later,

magnitude than is peak acceleration. As S silihalaginl
this is in agreement with a commonly u

model of spectral radiation. el 15 i etly
Although peak acceleration 18 Wi edJ’ ot Do),

design motions (often to scale a fixe this and urge that
' d seismologists deplore thi . et
many engineers an With the increasing

response spectra be specified directly. ipribar i

amount of digitized data it 1s now poss

for the derivation
this, using the same procedures used e

of predictive equations for peak acceler?tlof{;r a range of
shows an example, in which response Spec l'aﬁ d distance.
magnitude and site geology are shown for a fixe

' S
The dashed curves are not constrained by data (atndl;};;e
emphasize the crucial need for more data close to

| l
earthquakes). Note that the shape of the curves 18 strm:igo l};
magnitude dependent, in contradiction to the*a.'ssun:ip 8
underlying the commonly used method of deriving desig

motions by scaling a fixed spectral shape.

3 THEORETICAL PREDICTION

As with the empirical prediction of ground motion.-‘. there
are many uses for theoretical predictions, both in seismol-
ogy and in engineering. Theoretical predictions can be used
to specify a suite of time series for use in dynamic struc-
tural analysis, they can provide estimates of ground motion
parameters 1n geographic regions or portions of magnitude-
distance space lacking observations, and they can be used
as an essential part of understanding the physics of earth-
quake sources and wave propagation. Much effort in seis-
mology has been devoted to deterministic simulations of
ground motion from specified faults in laterally uniform ge-
ologic materials whose properties are a function of depth.
Although these simulations can be useful in predicting low
frequency motions, they are generally not relevant for simu-
lations of high frequency motions: not only does the cost of
doing the simulations Increase dramatically with frequency,
but the basic model assumptions are invalid. Engineers, on

the‘ o_ther l'mnd, usually use a purely stochastic approach in

3.1 Spectral Content

The spectrum at a distance r frop, an eapy)
~ cascade of a numbe Quak,
description of the spectrum at a site jg. i L

tgmmd-,
R(f) = CS(f)A(f)D(f)I(f)

In the above equation, C stands for a fi eqllency i
scaling factor that depepds on elastijc mﬁduliﬁlpdepﬁn
tation, and distance, S is the SOurce Spectrurr; o,

given by the equation

S(f) = Mo/[1 + (F/£0)y)

where My 18 the seismic moment and f
frequency, and A(f), D(f), and I(f) are % h?’ O,
diminution, and instrument filters, discusgeq l;nl li Catiy,
The amplification factor A(f) cap b giver ine Ow,
ways. Probably most familjar is the freque ;
transfer function that results from w

a stack of layers with a strong Impedance C&ga 0n j,

through materials with decreasing velocity reqyipe,
increase in wave amplitude as the wave speed slows dy,
Thus as seismic waves approach thg earth’s surface the;
are amplified by gradual decreases in SeISMmic impeday,
This amplification can be greater than a factor of e
for typical California rock recordings, and increages with
frequency (Boore, 1986a). The correction neeged i
account for propagation from average crustal depths i
to the surface can be approximated by multiplying th
estimate of spectral amplitude by \/Egﬂg /;;:5: - where the
subscripts 0 and r refer to density (p) and shear veloci
(8) in average crustal material and near the receiver
respectively. The frequency dependence of the correctio
arises through an interpretation of the receiver propertis
as being determined by an average of the point properie
to a depth equal to a quarter of a wavelength (Joyner a
Fumal, 1984). )

The diminution factor D(f) accounts for the loss of higa
frequency energy, either through wave propagation Orﬂ;
fundamental property of the source radiation not accounfm
for in equation (6). The following is a convenient form
the diminution factor D(f)

D(f) = exp(—nfr/Q(f)B)P(f, fm),

where Q is a frequency dependent attenuation For b
and P jg a high-cut filter of arbitrary shape. tha
frequencies, a number of studies have fmdehe yalue
a strongly Increasing function of frequency. erica tho!
of Q are generally higher in eastern North Amnn 198Y)
?n western North America (Singh and Herrm@® ", |
implying that ground motions will decay e r, |
€astern North America The difference, howe;e] '

noticeable beyond about 100 km (Boore aﬂd'n of ¥
1937): by which time the geometrical spread’
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f::;liy h;.s redflced the motion to relatively undamaging
r -en ahle hlgh-cuif filter P is needed to account for
showganer . observa.thn that | acceleration spectra often
s abrupu depletion of high frequency energy above
sk :;?:;my fm (Hanks, 1982, who uses the term frax
ke e fm as .I have cloEle_). There is currently some
g haydre:gardmg the origin of this energy depletion.
e n ,t 1t could be an ml:}erent property of the source
o no t‘a.ccounted for in the spectral description
e n::::' t:t:m (6), anf.l on the other hand it could be
oL o lt]i a.tt_e-m{atmn in the upper kilometer or so
g de{e path. In either case, f,, plays an important
piteh rmining the .level of the high-frequency ground

ns. For small distances or large @, most of the

ed where not constrained by

attenuation in the filter D(f) is due to the factor .

Finally, the filter I(f) is used to shape the spectrum so
that the predicted motions correspond to the particular
ground motion measure of interest. For example, if
response spectra or Richter magnitude are to be computed,
I is the response of an oscillator of frequency fr and
damping 1 to ground displacement, and if peak velocity or
peak acceleration are the quantities of interest, then I(f)
is simply given by 27 f or (27f)?, respectively.

The long-period level of the spectrum 1s (by definition)
determined by the seismic moment of the event. The con-
sequent features of the amplitude spectrum for accelera-
tion are that it increases as f2 (where f is frequency) for
frequencies below the source corner frequency fo, then 18
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- _off frequency

: until a cut off
constant for frequencies ibeVB Jo dly for frequen-
filter on

cies above fm. ;
- ucing
. ctrum shape, red :
this source spe frequencies.

rapidly with distance than lower AT
tances this causes the ‘flat
significantly, and obscures t

1986b). The spectral shape de :
tions ibove captures most of the salien o
ing the shape of earthquake spectra, but by
equations are not useful for prediction smcd e
specified how the various parameters 'depen -
size. This is the subject of source scaling, which 18

in the next section.

to slope
' (Boofe,

scribed by the series of equa-

t features concern-
elves the

iscussed

3.2 Source-spectral Scaling

At close distances, where the whole path attenuation is of
little importance, the shape of the spectrum is governed by
two corners — fo and f,,. The spectral amplitudes for f <
fy scale as seismic moment My, and the level of the portion
of the spectra between the corners is proportional to Mo It
In order to predict ground motions for any particular size

earthquake, it is necessary to express the corner frequencies
as functions of seismic moment. This is a crucial step in
the method, especially for high-frequency motions, which
are controlled by the part of the spectrum whose amplitude
depends on corner frequency squared. A number of studies
have found that very simple relations between the corner

frequencies and moment lead to predictions that are in
excg_lleut agreement with many measures of strong groﬁnd
motion (McGuire and Hanks, 1980: Hanks and McGuire
1981; _Boore, 1983; Atkinson, 1984; Hanks and Boore '1'984f
MC(.}UII‘E et al, 1984; Boore, 1986a, 1986b: Boo;e aﬂé
Atkinson, 1987). In these studies, |

fm = constant (8)

and

Jo=4.9 x loﬁﬂ(ﬁﬂ'/Mg)l/3 (g)

wh :
tiv:ll; aﬂnzn;i ﬂ_lo have.umts of km/s and dyne-cm, respec-
: 718 ascaling parameter with the dimerjlsiorll)s of

Nuttli ( 1983)’s scaling

e I have not yet.

discussion above 1s directed
iven distance and mq *Cify;
glve Ment Ma 13 H’irf

A

(a.

Eni_tu

All of the

t a
spectrum & :
how is this converted to estimates of Peal

quantity of particular importa:nce to engineers‘p
two paths available'to do this. Ope i tiI:nTherE ara
Monte Carlo simulation, and the other ygeq ey 8 te

0

theory (RPT). The Former r_nethod is usefyy] o mlpr%s]
demanding time series and is subject to iy APDLie,
than is the RPT. On the other hand, it ig il umptlgn
than RPT to predict the peak motion. Moy s-
The time domain method, discusseq jp oy
(1983), is very simple: Gaussian white i iall in p,
with a random number generator. This peig i: i“fnerated
md“‘ﬂed

with either a shaping function or a box ca; who
s related to the source corner frequency (closzetd“fatian
O fay)s

the duration is given by the inverse of f

e ” ; S 0, &nd farth g,
an additional term Involving distance might 1, T 2wy,
account for the spreading out of the i, € addeg to

to scattering and wave propagation effects. seee;llergy due
1985). The amplitude of the window 18 Cil errmann’
the mean level of the white spectrum ig Unity
is then performed in the frequency domain byil k;l'
the spectrum of the windowed white nojge by thu tply,
shape given by the equations in the Previous twoe Pectry
Fourier transformation back to the time domaip thsffctl‘ana‘
the desired time series. Peak motions are B ebn Yields
and the whole process is repeated with a diffe:' taineq
for the random number generator. Between 90 Zntdseed
simulations is usually sufficient to derive 3 g00d esli‘ 100
of the peak motion. The spectrum of any ope real'm'ate
of the process will not match the target spectrurifatkl)on
th‘e spef;trum averaged over the whole suite of simuleitic.ﬂ:
will (Figure 5). The time series for ope realization f;lr
two magnitudes are shown in Figure 6; in the computer
program used to generate these motions, only one input
paramet.er (magnitude) needed to be chaxiged to produce
the motions from the different earthquakes.

The order of windowing and filtering described above

Orﬁ

Important if the desired spectral shape is to be preserved
As safa.k and Boore (1987) have shown, the usual eng:
AFa ‘meth-o d of ﬁltering a random time series and then
$ndowmgwﬂl Produce biases in the low frequency part of
€ resulting spectrum (Figure 7).

anc’lr hz l'&nfdom Process theory provides a very convenient
scripf;)i{,,vmrflll means to estimate peak motions from a déf
cable thn of the spectra. A detailed discussion of the appl
Higgins ef;y’ lﬂ}‘gely ta_kell from Cartwright and Longuef;
P B (g 9856), I8 contained in Boore (1983) and Boore 2!
rive a re '4b)' Random process theory can be used to dfi:
mOtionZ?tIOIl betwe_en the root-mean_équare and the pef’rl
a large a Stochastic series. In its simplest torm, good 10T
e e of extrema N , this relation 1s

s
The _
tion :Il:? Eﬁr zf extrema is related to the specxﬁed E“tfe
! t
dominant, f; Ominant frequency. Fortunately, b° -
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Figure 4. Predicted dependence of 5 percent damped pseudo-velocity response- spectra (PSV) on rfloment magni‘tzude (M)
for oscillator frequencies of 2 and 10 Hz and distances of 10 and 200 km. The theoretical predictions for Nuttli’s scaling
and the 100 bar models are given by the curves labeled increasing stress and constant siress, respectively. (from Boore and

Atkinson, 1987).

3.4 Examples of Predictions

A suite of spectra derived from equation (5) are shown

I:it}iﬁm 8. Some Selle'ral conclusions can be drawn
shapeg Cf:lmplex cal?ulatlom, simply from the spectral
e&rthqu:;:es the spacing be_tweerf the spectra: for large
T » the peak Velocft.y will be a stronger function
sl wﬂ? moment (or, equivalently, moment magnitude)
dependen Peak acceleration. In contrast, the momt?nt.
will be st Of both peak acceleration and peak velocity
o identical for small earthquakes and will have a
ronger

dependence on moment than do either a, and
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v, for large earthquakes. These conclusions are based on
the low and high frequency limits of the spectra a.q-d are
useful for a general understanding of what to expect in .the
way of ground motion scaling with source size. Detailed
predictions of motions for arbitrary size events can be made
by using both time domain simulation and random process
theory.

A comparison of predicted and observed peak accelera-
tion and peak velocity is shown in Figure 9, with f, as a
parameter. The observed values are based on the compre-
hensive regression work of Joyner and Boore (1981, 1982),
which used earthquakes greater than moment magnitude
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Figure 5. Fourier amplitude spectrum of ground acceler-
ation at 10 km from a magnitude 5 earthquake. (Top)
smooth curve: given Spectra; jagged curve: spectra for one
' the simulation process. (Bottom) as above,
over 20 simulations (the averaged spectrum

root of the arithmetic mean of the energy
density spectrum). (from Boore, 1983).

M = 7“0
ACCELERATION

e

VELOCITY

M"'D

| 53 Cm!s

1 cm/s

WOOD-ANDERSON

0.8m |
I

67m

N
|

r—v—'—'—l—|—|—r"!—r?ar—r—r—.—1-’g,_,_,_,_l

0 S5 20

TIME (s)

Figure 6. Time series for magnitude 4 and 7 earthquakeg
Peak motions are the average of peaks from 920 such time
series. A low-cut filter with a cutoff frequency of 0.10 Hy
has been applied to the velocity trace. (from Boore, 1983)

The predicted values of the peak response of various os
cillators are in good agreement with the data. Boore (1983
1986a) discusses such a comparison for pseudo-relative Ve
locity spectra and short-period response for P-iffa-ves at
teleseismic distances, and Figure 10 shows COMPparisons for
the output of a Wood-Anderson seismograph- (used in de-
termining My). Note that the motions are being predict
for a range of almost 12 orders of magnitude in selsmic mo
ment, with good agreement with the data over this enor
mous range of earthquake size. i

As a final example, Figure 11 shows ol?served al;f
predicted response spectra for two sites within 10 k mqﬁ
the December 23, 1985 Nahanni, Northwest Terrl;tzif:es
earthquake (M 6.8). The response spectra for bot o
have been computed for the first 7 secs of the re bué
In order to exclude the contribution from a large gite
inexplicable burst of energy late in the recor d. fr?tmuated
L (this energy is not present at site 2, Wh}"h 1st at the
11 km from site 1 and, like site 1, is o), T
northern end of the rupture zone of the eartl}f!“:l réﬁults,
predictions have been made from the empiric per and
largely using California strong-motion records (Jo¥ diction?
Boore, 1982), and from the theoreticall)"bas.ed sz eastern
of Boore and Atkinson (1987) for ground motions l.d outlin®
North America, who used the theoretical metho

g e distanc®
In this paper. For the latter predictions, tWO
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shown for reference. (from Boore, 1983).

have been used: the distance to the closest point of the

rupture surface and the distance to the approximate center
of the rupture surface.
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