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SUMMARY

A method to synthesize earthquake ground motions (EGMs) near a seismic fault
is presented. The synthesis is accomplished by superposing the waves radiated
from small grid elements. To set the amplitude spectra of element waves, an em~
pirical formula for velocity response spectra is used. Based on this method, peak
values and response spectra of near-field EGMs are computed and compared with the
ones in 1979 Imperial Valley earthquake. Finally, parametric studies are perform—
ed and empirical formulae to predict peak values of near-field EGMs are proposed.

INTRODUCTION

It is well known that active faults can be found anywhere in Japan. Consid-
ering the fact in seismic design of structures, it is essential to evaluate the
intensities of earthquake ground motions (EGMs), e.g. peak accelerations, at short
distances from fault. In EGMs observed at short distances, it has been found the
phenomena that peak values in attenuation become flattening, so called saturate
(Ref.l). Taking account of the phenomena, formulae based on recorded EGMs to pre-
dict peak values had been proposed as shown in Refs.2-4. However, the number of
earthquakes in which EGMs near faults had been observed is limited, therefore the
prediction by the above formulae may not be adequate. From this point of view,
it seems to be necessary that the prediction is complemented by another approach.

Up to the present, the methods with fault model to synthesize EGMs had been
proposed (e.g. Refs.5-7). In order to evaluate near-field strong EGMs for engi-
neering purpose, this paper adopts a method similar to the above, in which EGMs
due to a large event are synthesized by superposing element waves radiated from
subfaults. Our method uses an empirical formula for velocity response spectra
in terms of magnitude and distance to set the amplitude spectra of element waves
and applies random vibration theory, by which the spectra of synthetic EGMs in
far-field fit the empirical formula in a statistical sense.

METHOD TO SYNTHESIZE

Characteristics of Empirical Formula An empirical formula for velocity response
spectra, Sv(T) in cm/s, based on the accelerograms recorded at rock sites in Japan
were obtained by the authors as follows (Ref.8).

log Sv(M,X,h,T) = 0.607:M-1.19.10gX~0.85+g; M,T)~g, (X,T)+gs (h,M,T) (1)
Where T is a period and M, X and h are magnitude, hypocentral distance in km and
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critical damping ratio respectively. The functions in the right hand side of Eq.
(1) were presented in Ref.8. Here, the constant term of Eq.(l) is modified the
spectra so as to represent the ones of EGMs at rock having the shear wave velocity
of 0.6km/s-1.0km/s.

The frequency dependent characteristics of Eq.(l) in terms of M and X can be
approximately converted into the conventional forms of Eqs.(2) and (3) in the
range of.M and X of the original used accelerograms.

log Svo(M,T) « c(T)-M 2)

log Sv(X,T) « -b(T)-logX (3)
Where the subscript o indicates response spectra without damping. The results
obtained by statistical regression under the uniform distribution of parameters
are shown in Fig.l. In addition, if one consider the theoretical form derived
from the geometrical spreading of body wave and attenuation by quality factor
expressed as

log Sv(X,T) « -logX-b'(T):X (4)
the results become the dotted line in Fig.l. However, the spectra estimated by
Eq. (4) have the different trend of attenuation from Eq.(1l) as shown in Fig.4.

Superposition Procedure In the synthesis, a main fault with the magnitude of M
is divided into small matrix elements (N-N) as shown in Fig.2 which correspond to
subfaults with smaller magnitude (Me). TFor the size of fault, the length (L) and
the width (W) can be estimated by Eq.(5) (Refs.9 and 10).

log L (in km) = 0.5-M-1.88, W=L/2 (5)
Therefore the scaling factor between main fault and subfault becomes as follows.
L/Le = W/We = N = 10°-3¢"-"e) (6)

The synthesis of an acceleration EGM a(t) at an observatory is accomplished by
superposing element waves radiated from each subfault expressed as
a(t) = Z?=1ZjN=1ZkN:1 aaijk{t—tfij*Ck“l)Tre'rij/B} (7)
Where Nt is a function with respect to T and is given by Eq.(14). The tri; is the
start time of rupture of an element (i,j), B a shear wave velocity for wave prop-—
agation, ri; is shown in Fig.2 and Tre is given by Eq.(8) (Refs.9 and 10).

log Tre (in sec.) = 0.5-Me-3.03 (8)
The element wave is represented by Eq.(9) as nonstationary random process multi-
plied by envelope function E(t) with the duration time of tde.

aeijk(t) = E(t)-asij«(t) 9)

E(t) = t/tn-exp(l-t/tn), tn = le/(2-vr)+Tre (10)
Where le is the length of a subfault in the direction of rupture and vr is the
rupture velocity. Considering the equivalency between Fourier amplitude and
velocity response spectrum without damping and the effect of nonstationarity
(Ref.11), the stationary process is generated followingly.

asijk(t) = Z1 2/tdeFsij(T1)-cos(2n/T1 t+0) (11)
Fsi;(T) = Svo(Me,rei,T)/VPe, Pe = (e/2)%-tn/tde (12)

Svo(T) in Eq.(12) is obtained by substituting Me, rei; and h=0 into Eq.(l).

In the synthesis of Eq.(7), the phase angles ¢ in Eq.(1l) are generated by
random number. Consequently, the element waves are uncorrelated each other in
terms of i, j and k. In this condition the relatiomship between Svo(M,rc¢,T) of
main fault resulting from the synthesis and Svo(Me,rc¢,T) under the far-field as-~
sumption that is reij=rc=const. in Eq.(12) can be expressed in the following.

{Svo (M,rc,T)}?* = N2.Ni.{Svo(Me,rc,T)}? (13)
Based on this relation, Nt dependent on T is given by Eq.(l4) so that the spectrum
variation due to M corresponds to the solid line in Fig.l derived from Eq. (1).

log Nt (T)/N = ~(M-Me)-0.6-exp(-3T), T;sec. (14)
From the set, Nt becomes 1 in shorter period range. This is similar to the char-
acteristics of theoretical solution on the basis of Haskell's model (Ref.12), in
which the term due to source time function becomes irrelevant to source magnitude
with higher frequency. In longer period range the spectrum is proportional to
0.75-M because Nt equals N. This result indicates that the EGM synthesized by our
method does't keep the seismic moment. Therefore, in the successful synthesis
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including period components longer than Ssec., it is necessary to improve our
method by considering the effect of correlation among element waves and so on.

In the latter parts, we assume Vr=3km/s, 8=3.5km/s and uni-lateral rupture
of fault. For the number of N, the integer is chosen so that Me calculated by Eq.
(6) is close to 5.5. For Nt, using an integer near Nt by Eq.(14) the amplitude is
corrected by multiplying the square root value of ratio of Nt to the integer. The
intensities such as peak values are represented by ensemble average taken across
3 samples of synthesizing. The validity of the synthesis method under the far-
field assumption (reij=rc=50km) is verified through the simulation as shown in
Fig.3. From these results it can be seen that the response spectra obtained from
synthetic EGMs agree well with the ones calculated by Eq. (1) using M and X=50km.

Synthesis in Near-Field When one synthesize EGMs by substituting Eq.(l) into Eq.
(12) with re; ;=X which is an actual distance from a point on fault to an observa-
tory, the intensities of EGMs near a fault even in the case of M=5.5 become too
large as shown in LX and LN3 lines of Fig.4. This result is caused by higher at-
tenuation with X included in Eq.(l). Accordingly one should take the saturation
of wave intensity at short distance even in the smaller event into account. From
this point of view, the equivalent distance reij to determine the amplitude spec-
tra in Eq.(12) is defined in the following.

reij =[S So{ratr (x,y)} 2 Sdxidyi/(Le-We)]™ 1725, 1rn=0.75/LeWe/n (15)
This definition is based on the comnsideration that rei; becomes 4km as an observ-—
atory is just on a subfault with Me=5.5 (Refs.4 and 13) and the effect of relative
situation of an observatory to subfaults divided arbitrarily becomes smaller. The
AD-line in Fig.4 is the results synthesized by 1 element using Eq.(l5). Then the
effect of division of fault plame is examined and the results are shown in Fig.5.
In addition the synthetic results by the use of attenuation property expressed by
Eq.(4) and in the dotted line of Fig.l are plotted in Figs.4 and 5 with Q for the
first letter, as well. In the case of Q in Fig.5, rn and the number of 2.5 in Eq.
(15) are transformed into O and 2, respectively.

APPLICATIONS TO A REAL EARTHQUAKE AND PARAMETRIC STUDIES

Imperial Valley Earthquake, 1979 The locations of the Imperial fault and record-
ing stations are drawn in Fig.6. For the synthesis of 1979 Imperial Valley earth-
quake (M=6.6), we assume the fault shown in Fig.6 and the fault is divided into
4+4 subfaults with Me=5.4. The amplification effect shown in Fig.7 due to surface
layer is also considered. TFigures 8 and 9 show peak accelerations and pseudo ve-
locity response spectra due to synthesis respectively, in comparison with the ones
by observed accelerograms. From these comparisons it will be recognized that the
synthetic results express well the intensities of EGMs due to this earthquake.

Parametric Studies  Using the method presented above, parametric studies on peak
values are carried out, which have the parameters of M, closest distance to fault
(dc) and direction (8) as shown in Fig.10. The examples of synthetic wave form
are traced in Fig.ll. The relationships between dc and peak acceleration (A) or
peak velocity (V) are plotted in Figs.l2 and 13, respectively. On the basis of
these studies it is found that empirical formulae to evaluate peak values in near-
field can be composed in the following.

log A (in Gal) = 0.440-M-1.38-logXe+1.04 (16)

log V (in cm/s) = 0.607-M-1.19-logXy-1.40 (17)
Where Xa and Xy with the unit of kilometer are given by

Xa = {(dc+0.6.L°3)2+(1.4-1°"%)2}172 (18)

Xy = {(de+0.4-17+5)2+(L0-5)2}12 (19)

The solid lines in Figs.l2 and 13 are estimated by Eqs.(16) and (17). Figure 14
shows the comparisons among Eq.(16) and other estimations by Refs.3 and 4 with
the same set of M and dc in spite of their definitions, together with the plots
estimated by tombstone behavior at rock in earthquakes (Ref.14). In the plot due
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to Ref.3, peak accelerations are divided by 1.13 in order to compare in the
average from 2-components, where Eq.(l) has the same meanings.

CONCLUSIONS

A method to synthesize earthquake ground motions at short distance has been
introduced, which has been combined an empirical formula for velocity response
spectra with fault model. Based upon the method, simulation analyses for 1979‘
Imperial Valley earthquake and parametric studies have been performed. Resulting
from the studies empirical formulae to estimate peak values have been proposed and
it has been evaluated that peak accelerations at rock sites close to the fault
with the magnitude of 6.5~7.5 have become 500-600 Gals as average.
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