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This paper presents a fast semi-empirical method for

calculating synthetic accelerograms for a wide range
of earthquake magnitudes. The fidelity of this
method is demonstrated by successful modelling of
the observed accelerograms of the 1986 Dharmsala
(M, 5.3) and the 1991 Uttarkashi (M, 7) earthquakes
at relatively shorter distances. At larger distances,
the synthetic accelerograms tend to over-estimate the
ground motions. The method has also been tested for
a hypothetical great earthquake (M,, 8.5) by compar-
Ing the synthetic accelerogram with that obtained
using the more sophisticated composite source model.
The method has applications where seismic hazard
needs to be estimated and empirical data sets includ-
ing accelerograms, velocity-0Q models and earthquake
focal mechanisms are sparse or not available at all. 1t
will also be useful in obtaining uniform probability
response spectra for such regions.

THE design of appropriate preventitve measures to
minimize disasters from earthquakes i1s dependent on the
proper evaluation of the seismic hazard in the region.
The source of damage lies most often with the strong
shaking caused by the waves set up by the earthquakes.
The records of strong ground motions from past earth-
quakes can serve to provide a wealth of information that
will be indispensable in the design of earthquake-
resistant structures. In many regions like the Himalaya,
such records generated by past earthquakes are few or
absent and one needs to use theoretical formulations to
estimate accelerograms from expecled earthquakes in
order to assess the seismic hazard. A number of tech-
niques have been proposed to simulate the strong ground
motions. These include: (1) Auto regressive moving
average (ARMA) methods'™, which simulate the ground
acceleration nume-history by a multistep discrete equa-
tion, The basic deficiency of such methods is that the
physical interpretation of the coefficicnts in the generat-
ing equation 1s not directly obvious?, (2) Composite
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source model™ " in which synthetic accelerograms are

calculated by modelling the features of earthquake
source process and using wave propagation theory. This
method has proved to be quite successful in representing
the empirical strong ground motions. However, one re-
quires the velocity-Q structure of the region as well as
the fault plane solution of the earthquake and the stress
drop parameter. Also, calculation of the complete
Green’s functions is quite time-intensive. (3) Empirical
Green’s function approach to synthesize the strong ground
motions™* which is advantageous in the sense that it takes
into account the complexity of heterogeneous structures
between the source and the observation site. However, the
small event record, foreshock or aftershock (empirical
Green’s function), from the source region of the main
earthquake may not be available for the site of interest.

Midorikawa'’ proposed a method based on the semi-
empirical method of Irikura’ for estimating the peak ground
acceleration created by larger earthquakes from those of
smaller ones. He obtained the envelope of the larger earth-
quake by superposing the envelopes of the accelerograms of
smaller earthquakes and used it to estimate the expected
peak ground acceleration due to the larger earthquake.

We present and use here a fast semi-empirical method
first proposed by Khattri'® for obtaining synthetic accel-
erograms for large earthquakes. This method 1s an ex-
tension of the Midorikawa'’ procedure illustrating the
fidelity of the method by modelling a few accelerograms
recorded for the 1986 Dharmsala and the 1991 Uttarka-
shi earthquakes. We use this method for modelling of all
the accelerograms for the 1986 Dharmsala and the 1991
Uttarkashi earthquakes. We also compare the accelero-
gram for a hypothetical M,, 8.5 earthquake obtained us-
ing this method with the accelerogram obtained using
the composite source model.

Technique

For the purposc of simulating accelerograms caused by a
large earthquake we represent its anticipated rupture
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surface by a rectangular plane. The fault plane is di-
vided into n x n clements’. The size of each element
corresponds to a small earthquake, the record of which
is used as an empirical Green’s function. n is a scaling
paramcter given by the following relation'”:

nzloﬂ.ﬁ{ﬁfﬂur}‘ (1)

where M and M’ are the magnitudes of the large and
small earthquake respectively. As the appropriate em-
pirical Green’s functions are not available for all the
sites, Midorikawa'® proposed the use of the envelope
waveform, instead of the actual time-history, corre-
sponding to each element of the fault plane. He adopted
the following envelope function used by Kameda and
Sugito'” to simulate the peak acceleration from large
earthquakes:

e,}(f) = (a,jtfd,j)*exp(l — firdu) (2)

where e;(t) is the envelope function corresponding to
the (i, ))th element of the fault plane. a; and d;; are the
peak acceleration and duration parameters respectively,
determined from the existing empirical relations for
these parameters, ¢ is the time.

The acceleration envelope waveform €(¢) of the large
earthquake (target earthquake) can be synthesized by the
summation of the envelope, ¢€;(1) as follows'”:

2
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where f; is the time delay due to rupture propagation
and travel time of seismic waves.

In order to simulate the earthquake accelerograms due
to the target (larger) earthquake, the envelope waveform
generated by eq. (3) above is next multiplied with a
band limited normalized white noise (representing ac-
celeration) to produce the desired accelerogram. The
low-cut frequency of the band limited white noise is
chosen to correspond to the corner frequency for the
target earthquake magnitude and the high-cut to Boore’s

frax OT a desired frequency for the simulation. Below the

low-cut frequency, the fall-off slope is 2 in accordance
with the w” earthquake source model. The various steps
for synthesizing accelerograms using the proposed
method are shown in Figure 1.

Using the method described above, we have computed
accelerograms of the 1986 Dharmsala earthquake
(5.3 M) at 9 sites and of the 1991 Uttarkashi earthquake
(7 M) at 13 sites.. The synthetic accelerograms and the
observed accelerograms have been compared in terms of
peak ground acceleration values, waveforms, Fourier
spectra and response spectra visually.,

In addition, the root mean square error (rmse) between
the synthetic and observed response spectra has also
been calculated as a measure of goodness of fit using the
following equation

rmse = [(1/N) T{(Rop — Rea)/Rons 1172, (4)

where R and R, are the observed and calculated re-
sponse spectra respectively. In addition, we have
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Figure 1. Schematic illustration of various steps for synthesizing accelerograms using the proposed method.
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synthesized the accelerogram for a hypothetical great
earthquake in the Himalaya and compared the results
with those obtained using the composite source model.

The advantage of the proposed semi-empirical tech-
nique is that it is very fast to calculate and is based on
simple empirical relations. It neither requires the actual
records of a small event as in the case of empirical
Green’s function technique nor the velocity-Q structure,
the fault plane solution and stress drop parameter as In
the case of the composite source model.

Empirical relations for peak acceleration and
duration parameter

In order to compute the envelope waveform correspond-
ing to the elements on the fault plane using eq. (2), the
peak acceleration (a;) and the duration parameter (dj;)
need to be determined. The peak acceleration 1s deter-
mined from the attenuation relation for the regton where
the envelope waveform due to a large earthquake is re-
quired. The seismo-tectonic regions are characterized by
their specific attenuation relations. In the Himalaya, the
data sets obtained thus far are not adequate to allow
multiple regression analysis for obtaining attenuation
relations for various sectors. Therefore, to apply the
semi-empirical technique discussed here for the earth-
quakes in the Himachal and Garhwal Himalaya sectors,
we have adopted from the various available attenuation
relations the one which gives the best fit to the observed
data. It has been found that the Dharmsala and Uttarka-
shi areas which lie in adjacent sectors of the Himalaya
have different attenuation characteristics. The attenua-
tion relation of Peng et al.'® for China describes the
Dharmsala earthquake data set relatively well and that of
Abrahamson and Litehiser'” is capable of satisfactorily
predicting the Uttarkash1 data set’®. Accordingly, we
have adopted the following relation'® for the peak accel-
eration parameter for the 1986 Dharmsala earthquake:

log(a) = 0.437 + 0.454 M, — 0.739 log(r) - 0.00279r,

where a is the acceleration in cm/s’, M, is the earthquake
surface wave magnitude and r is the epicentral distance

in km.
For the 1991 Uttarkashi earthquake, the following re-

Jation'® has been adopted:

log (@) = -0.62 + 0.177 M, - 0.982
log(R + exp(0.284 My)) + 0.132F - 0.0008ER,

where a is the acceleration in g, M, is the earthquake
surface wave magnitude and R is the hypocentral dis-
tance in km. F is 1 for reverse fault and O otherwise, £ is
a parameter equal to 1 for interplate and 0 for intraplate

events.
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We have used the above relation for the hypothetical
event also as the earthquake lies in the same region as
the Uttarkashi earthquake.

We have modified the duration parameter relation
from that defined by Midorikawa'> in order to conform

to the empirical observations in the case of the Dharm-
sala earthquake:

d=0.015%10""" + 0.12x%7,

where d is the duration parameter, M’ is the earthquake
magnitude of the small event, x is the distance (in km) of
the element from the site.

Strong motion data sets

The hypocentral parameters of the 1986 Dharmsala
earthquake are as follows®': Latitude, 32.175°N; longi-
tude, 76.287°E; depth, 7 km.

Figure 2 shows the location of the 1986 Dharmsala
earthquake and the recording stations along with main
tectonic features of the region.

The location of the 1991 Uttarkasht earthquake of
magnitude 7 M, is as follows (PDE, October, 1991):
latitude: 30.780°N, longitude: 78.774°E, depth: 10 km.

Figure 3 shows the location of the 1991 Uttarkashi
earthquake along with the 13 recording stations. The
surface projection of the fault plane is also shown in the

figure.

Results
1986 Dharmsala earthquake

Because of its small magnitude, the fault plane 1s con-
sidered as a single element. The corner frequency of 1
Hz has been taken in accordance with the magnitude of
the earthquake. The highest frequency adopted In the
synthetic accelerograms is 10 Hz. This choice is based
on the consideration that most housing have resonant
frequencies less than 5 Hz. Therefore for proper com-
parison, the observed accelerograms have also been
bandpass-filtered to the same frequency band. The fre-
quency-dependent attenuation during propagation,
which modifies the spectral shape of the wave field as a
function of distance is taken into account by ustng the

following relation for Q (ref. 22):

Q(f\’ = lzﬁfﬂ.g.'i'

where f is the frequency in Hz. The attenuation is given
by

A(f) = A [N,
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Figure 2. Location of the 1986 Dharmsala earthquake and recording
stations along with main tectonic features of the regron.
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Figure 3. Location of the 1991 Uttarkashi earthquake and recordiag
stations. The surface projection of the fault plane is also shown, The
numbers on the fault plane indicate the element number (see text),

where A,(f) and Ao(f) are spectral amplitudes at dis-
tance x and O respectively, f is the frequency, R 1s the
distance, Q is the attenuation factor and 3 is the velocity.

Figure 4 shows the simulated accelerograms, the enve-
lope functions, the L and T horizontal components of
recorded accelerograms, the corresponding Fourrer
spectra and response spectra (5% damping). The con-
tinuous lines in the Fourier and response spectra corre-
spond to the simulated accelerograms, while the long
dash and small dash lines correspond to the transverse
and longitudinal components of the recorded accelero-
grams.

The simulated acceleration time-histories are 1n
agreement with those recorded in terms of frequency
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content and duration of strong shaking at almost all the
stations. The relatively better matches are for the
Dharmsala, Kangra, the T components ot the Shahpur,
Bandlakhas and the L components of Nagrota—Bagwan
and Baroh stations. At other stations the matching is
poor. This is particularly so for distant stations where
the empirical accelerograms are signtficantly weaker
than the synthesized ones.

The degree of match may also be compared in the
Fourier and the response spectral domains. The com-
parison as seen in the response spectra i1s quite satisfac-
tory at Dharmsala, Kangra, Nagrota-Bagwan, and
Baroh. At Shahpur and Bandlakhas the quality of
matching is satisfactory for long periods than for short
periods where the synthetics are weaker than the empiri-
cal response curves. At Sthunta and Bhawarna, the
matching is less satisfactory where the empirical re-
sponse curves are weaker than the synthetics. At Jawali,
the synthetic response spectrum is stronger than that of
the observed one. This may be expected from the ob-
served accelerograms as well. The above observations
are reflected in the Fouriler spectra also although due to
roughness of the same the comparisons become fuzzy.
Table 1 shows the rmse of the synthetic with the ob-
served response spectra.

The graph of peak ground acceleration versus distance
is shown in Figure 5. The values for the synthetic accel-
erograms are shown by plus signs and the empirical val-
ues are shown by circles. The curve shows the relation
of Peng et al.'’ used in the analysis. The peak values of
the present analysis are falling on the curve as expected.

1991 Uttarkashi earthiiquake

This event being larger in magnitude, has to be mod-
elled by a larger fault area consisting of 22 X 36 sq km.
Six elemental earthquakes each having a magnitude (M)
of 6.2 are superposed as shown in Figure 3. The eptcen-
ter may be appropriately chosen. We have experimented
with the epicenter at the NE corner (A) in congruity with

Table 1. The rms errot of synthetic with
observed (T and L components) response
spectra for 1986 Dharmsala earthquake

Up to = s ls

Statioh T L

Dharmsala 0.68 1.70
Kangra 0.49 0.60
Shahpur (.54 0.75
Nagrota—Bagwan 2.20 0.39
Baroh 1.04 0.62
Sthunta 0.97 0.90
Bandlakhas 0.52 0.54
Bhawarna 1.30 2.30
Jawali 3.10 3.00
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Figure 4. Observed (transverse and longitudinal horizontal components) accelerograms, simulated accelerograms, envelope
functions, and corresponding Fourier and response spectra for the 1986 Dharmsala earthquake. The synthesized Fourier spec-
tra are shown in contineous lines while long dash and small dash lines, respectively, indicate the Fourier spectra of transverse
and longitudinal components of observed accelerograms. The same notation i1s used for response spectra. The numbers in
brackets are hypocentral distances (km).
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5, Comparison of observed acceleration (o) and synthesized

ation (+) values for the 1986 Dharmsala earthquake. The
sous curve indicates the regeession used in the analysis,
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the estimate obtained by the IMD and also by keeping it
at the center of the fault plane (B). To understand the
change in the shape of the envelope function with the
change in the position of the epicenter, we have plotted
the envelope waveforms from each of the 6 elements
first separately and then together for the station at
Bhatwari in Figure 6 a (corresponding to epicenter A)
and Figure 6 b (corresponding to epicenter B). The final
envelope functions in these figures show undulations
which are the result of superposing the envelope func-
tions from elemental earthquakes which are dependent
on the direction of rupture propagation with reference to
the azimuth of the recording station. The undulations are
more with the epicenter at B than that at A due to the
later arrivals of the individual envelope waveforms from
the element | and 4 in the rear (Figure 3). On the other
hand, with the epicenter at A, the composite envelope
waveform is compressed by about 19% compared to the
case for the epicenter at B. Furthermore, the peak ampli-
tude 1s about 17% higher as compared to the case for the
cpicenter at B.

The results for all the 13 stations corresponding to the
epicenters at A and B are shown 1n Figures Ta and b, A

13
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Figure 6a, 5. The envelope waveforms from the 6 elemental earthquake for the station at Bhatwari of the 1991 Uttarkashi
earthquake with a, epicenter at A; b, epicenter at B. The number in the envelope waveforms indicates the element number

(Figure 3) from which they are reaching.

rupture speed of 2.7 km/s has been used in the simula-
tions. This speed is 0.9 times the shear wave speed of
3 km/s for the region®. A corner frequency of 0.02 Hz
has been taken to be consistent with the magnitude
(Ms 7) of the earthquake. The highest frequency in the
synthetic accelerograms is again confined to be 10 Hz.
The attenuation i1s taken into account as discussed
above.

In Figure 7 a which corresponds to the epicenter at A,
the synthetic accelerograms are having a satisfactory
match with their emptrical counterparts in terms of peak
acceleration values, duration and frequency content at
Bhatwari and Uttarkashi and in terms of peak accelera-
tion and frequency content at Ghansiali and Koteshwar.
At Barkot, the match is satisfactory in terms of the fre-
quency content. At the remaining stations which are at
larger distances the match is quite unsatisfactory, with
the synthetic accelerograms being much more energetic
for longer durations.

- The matching of response spectra seen in Figure 7a Is
good for the stations at Bhatwari, Uttarkashi and Ghan-
siali, The match for Barkot, Purola, Karanprayag and
Koteshwar is satisfactory for shorter periods but for
longer periods the synthetic response spectrum has
larger energy. At these stations the observed peak ampli-
tudes are close to the values obtained in the synthetic

824

accelerograms which accounts for the better match of
the response Spectra at shorter periods. On the other
hand, the larger durations of the synthetics cause the
response spectra to be much higher than observed val-
ues. The stations at Tehrt, Rudraprayag, Srinagar,
Kosani and Almora show significantly smaller observed
encrgies than 1n the synthetics. The above findings are
also reflected in the Fourler spectra. The rmse of the
synthetic with the observed response spectra at different
intervals are shown in Table 2.

In Figure 7 & which corresponds to the epicenter at B,
the synthetic accelerograms are having a satisfactory
match with the observed accelerograms in terms of fre-
quency content and peak ground acceleration values at
Bhatwari, Uttarkashi, Barkot, Ghansiali and Koteshwar.
The durations of the synthetics are more than that of the
observed accelerograms at these stations. At the other
stations the synthetic accelerograms are more energetic
than those of the observed records, as was the case with
the epicenter at A. The matching of response spectra is
satisfactory at Bhatwari and Uttarkashi. The match 1s
good for the shorter periods while for the longer periods
the synthetic response spectrum has larger energy for
stations at Barkot, Purola, Ghansiali and Koteshwar. At
the remaining stations, the levels of the observed ener-
gies are smaller than those obtained for the synthetic

CURRENT SCIENCE, VOL. 76, NO. 6, 25 MARCH 1999
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Figure 7 a. Observed (transverse and longitudinal hortzontal components) accelerograms, simulated accelerograms, envelope
functions, and corresponding Fourier and response spectra for the 1991 Uttarkashi earthquake. The synthesized Fourier spectra
are shown in continuous lines while long dash and small dash lines respectively, indicate the Fourier spectra of transverse and
longitudinal components of observed accelerograms. The same notation is used for response spectra. The numbers in brackets

are hypocentral distances (km) with epicenter at A (Figure 3).

accelerograms. Table 3 gives the rmse between the syn-  choice of the epicenter. The peak ground acceleration
thetic and the observed response spectra values for dif-  values obtained in the synthetic accelerograms show a
ferent intervals. level of scatter that is smaller than that present in the

A comparison of the peak ground acceleration values  empirical data. The scatter 1s smaller for the case of the
obtained in the observed and synthetic accelerograms  epicenter at B. The decay rate {ollows closely the Abra-
respectively shown in Figure 7a and b is displayed in  hamson and Litehiser relation’” used for scaling the in-
Figure 8 a and b. It is observed that the matching of the  dividual envelope functions. The synthetic peak ground
peak ground acceleration values is sensitive to the  acceleration values are closer to this curve for the case
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Figure 7 b. Observed (transverse and longitudinal horizontal components) accelerograms, simulated accelerograms, envelope
functions, and corresponding Fourier and response spectra for the 1991 Uttarkashi earthquake. The synthesized Fourier spectra
are shown in continuous lines while long dash and small dash lines respectively, indicate the Fourier spectra of transverse and
longitudinal components of observed accelerograms. The same notation is used for response spectra. The numbers in brackets

are hypocentral distances (km) with epicenter at B (Figure 3).

of the epicenter at B. As compared to the values ob-
tained from the Abrahamson and Litehiser relation'”, the
peak ground acceleration values for the case of the epi-
center at B are about 5-10% higher and up to about 15%
higher for the epicenter at A. There are a few stations at
which the simulated values of the peak ground accelera-
tion are lower in latter case. The estimation is expected
to improve further with the use of regressions specific
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for Garhwal Himalaya as and when they become avail-
able.

Hypothetical great earthquake

We next estimate the accelerogram for the case of a
M, 8.5 earthquake at the Tehri site overlying the fault
plane as shown in the Figure 9. The location and the

CURRENT SCIENCE, VOL. 76, NO. 6, 25 MARCH 1999
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Table 2. The rms error of the synthetic with observed (T and L
components) response spectra for the 1991 Uttarkashi earthquake

(epicenter at A) for different intervals
e ——— . —— e

Up to - s Is 25 pES 3s 3s

Station T L T L 7 L

Bhatwari 0.41 0.57 0.39 097 0.52 1.05
Uttarkashi 0.45 0.54 Q.61 g.83 0.92 1.47
Barkot 097 079  1.67 1.17 276  2.67
Purcla 1.07 1.52 1.43 2.56 2.04 3.33
Koty 1.98 4.16 2.51 4.08 2.99 411
Ghansiali 0.48 0.55 0.72 0.66 1.53 1.45
Tehni .47 1.11 1.34 1.16 128 1.54
Rudraprayag 2.02 2.47 .56 352 5.66 4.43
Karanprayag 1.28 1.04 3.33 2.54 4.8 2.6%
Srinagar 2.77 2.96 3.14 3.28 3.30 3.53
Koteshwar 1.08 0.73 115 098 244 {.92
Kosani 1.54 1.59 3.24 3.36 4.36 4.16
Almora 1.71 2.24 2.26 299 3122 3.30

Tahle 3. The rms error of the synthetic with observed (T and L
components) responseé spectra for the 1991 Uttarkashi earthquake
(epicenter at B) for different intervals

Up to - is HES 2s 25 3s 3s

Station T L T L T L

Bhatwari 0.42 0.57 0.39 0.72 042 0.75
Uttarkashi 0.45 G.41 0.72 0.96 0.86 1.27
Barkot 1.10 074 2.04 1259 Ao 2.30
Purola 0.78 1.31 1.56 290 2,03 3.33
Koti 1.69 3.72 2.48 3.84 397 4.39
Ghanstiali (.49 0.58 0.79 0.74 1.09 1.04
Tehri 1.96 1.84 1.79 1.86 1.75 2.31
Rudraprayag 3.37 3.79 g.23 5.76 9.08 6.12
Karanprayag 3.37 2.18 7.01 525 7.69 5.38
Srinagar 3.68 392 4 46 4.58 4.50 472
Koteshwar 1.36 0.88 1.67 1.51 2.55 2.07
Kosan 1 .89 1.95 3.77 3.62 4.56 4.22
Almora 2.14 2.70 3.15 4.10 4.78 4.64

dimension of the fault plane are adapted from Yu et al.’.
Three epicenters namely, A, B, and C have been consid-
ered. The element earthquake has a magnitude of 6.2
and 200 elements have been superposed. The rupture
speed is 2.7 km/s. We have not included anelastic at-
tenuation in this simulation.

The synthesized accelerograms and their correspond-
ing spectra are shown In Figure 9. The largest peak
ground acceleration of 536 cmis® is observed for the
case of the epicenter at A. Also this accelerogram has
the shortest duration in keeping with the direction of
rupture propagation. The accelerograms for epicenters at
B and C show a comparatively Tonger duration and
somewhat lower peak ground acceleration of 476-
480 cmn/s”, The mean peak ground acceleration at Tehrt
for the cpicenter at B, estimated using the composite
source model is 494 x 98 cm/s® for the E-W component
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Figure 8 a, b. Comparison of observed acceleration (o) and synthe-
sized acceleration (+) values for the 1991 Uttarkasht earthquake a,
for epicenter at A &, for epicenter at B. The coatinuous curve indi-
cates the regression used in the analysis.

and 970 + 327 cm/s® for the N-S component while for
the epicenter at A they are 542 83 cm/s* and
778 + 273 cm/s® respectively. We note that the compos-
ite source model incorporates the radiation pattern for
the fault plane solution as well as variability of the rup-
ture process by modclling it as a random distribution of
sub-events over the main fault plane. The difference in
the mean values of the peak ground acceleration for the
E-W and N-S components is on account of the radiation
pattern. The variability of peak ground acceleration 1s
due to the rupture process model, In the preseat method.
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Figure 9. Source region of the hypothetical M,, 8.5 earthquake. The synthesized accelerograms and corresponding Fourier and
response spectra at Tehri resulting from the hypothetical My, 8.5 earthquake with epicenter at points A, B, and C are also

shown,

both of these aspects have been ignored. Hence, the
mean of the peak ground acceleration of the E-W and
N-S components may be used for comparison. Thus, we
note that the value obtained in the present work is about
at the mean minus one standard deviation (s.d.) level
obtained in the composite source simulation. Thus our
results represent the lowest threshold of the expected
peak ground acceleration level for the case of a great
earthquake. This may be because we have used rather
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large sub-events which result in large epicentral dis-
tances from many of the sub-events to the site requiring
specific consideration of the wave propagation effects.
In Figure 10, we compare the accelerograms for the
epicenter at A with a particular set of synthetic accel-
erograms picked at random obtained by using the com-
posite source model’. The fault model and the
magnitude used are the same. The static stress drop 1s
63 bar and the stress parameter (dynamic stress drop) is

CURRENT SCIENCE, VOL. 76, NO. 6, 25 MARCH 1959
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Figure 11. Comparison of response spectra (5% dumpng) of the
accelerograms shown in Figure 10, The continuou$ curve corre-
sponds 1o the response spectra oblained from the simulation by pro-
posed technique,
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100 bar. An appropriate velocity-Q siructure was used®.
The focal mechanism is of the thrust type®. The rupture
speed was 2.7 km/s. The difference in the peak ground
accelerations of the L (E-W) and T (N-S) components is
due to the radiation pattern of the earthquake. The dura-
tion of the above accelerograms and the one obtained
here are comparable. The accelerogram obtained by the
present method is richer in higher frequencies as com-
pared to the accelerograms obtained using the composite
source model. Also the stronger peaks (500 cm/s?) last
for about 20s in the T component and 10s in the L
component. In our case, they last for about 10s. Our
simulation also lacks various wave phases, e.g. the long
period surface waves which have extended the duration
of the accelerograms in the composite source model as
compared to the accelerogram obtained by us. We also
do not simulate the pre-shear wave phases which can be
seen in the accelerograms obtained using the composite
source model. However, the mean of peak ground accel-
eration values of the L and T components obtained in the
composite source model in this particular realization is
549 cm/s® which is very close to the value of 536 cm/s?
estimated in this paper. The response spectra are com-
pared in Figure 11. They are fairly well-matched in
terms of the shape for the period range 0.9-4 s for the T
component. The higher energy present in the shorter
periods in the present simulation as compared to that
obtained in the accelerogram calculated using composite
source model 1s due 1o not having included the anelastic
attenuation in the wave propagation in our estimation.
The match for the short periods on the average can be
improved by accounting for attenuation. However, the
deficiency of energy in the 0.4-0.9 s range will remain.
On the other hand, there 1s larger energy 1n the penod
longer than 3s. Both of these effects seem to be related
to the way the main fault has been discretized. Using
smaller sub-events may correct this situation. The spec-
tral acceleration values are in general lower by up to
25% in the period range of 1.0-3.0 s as compared to the
average composite source estimates reflecting the simi-
lar observations in the case of peak ground acceleration.
We consider the estimates obtained using the composite
source model as reliable and realistic having taken into
account in the model various aspects of the processes
detail. While the method in this paper is found to be
quite successful up to M, 7, it needs further improve-
ment for better estimation of the accelerograms for the
case of great earthquakes.

Discussion and conclusions

We have presented here the application of a very simple
and fast method for obtaining synthetie accelerograms
and the corresponding response spectra first presented
by Khattri'®, Its suitability has been demonstrated by
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successfully modelling the accelerograms from two
Himalayan earthquakes. Also the accelerogram from a
hypothetical great earthquake has been synthesized and
compared with the accelerogram obtained using the
composite source model and was found to be well
matched.

The quality of modelling of the empirical accelero-
grams deteriorates as the distance increases. This may
be attributed to increasing complexities in the geological
conditions along the wave path. Sophisticated modelling
procedures which can take into account the complexities
of the geological conditions at such distances will be
neceded for more precise resutlts.

The method presented here estimates the lower bound
of the hazard parameter peak ground acceleration and
response spectra for the case of great earthquakes which
is | s.d. lower than the mean values of the parameters of
hazard evaluated using the comprehensive composite
source model. However, the technique in its present
form is found to be quite suitable for the earthquakes up
to moderate magnitudes (~ 7) and at relatively smaller
epicentral distances.

The advantage of the proposed method not only lies
with its speed of implementation but also because it
does not require specification of the detailed model of
the velocity-Q structure, the fault plane solution, or the
stress parameter. Therefore it can encompass a wide
range of such parameters 1n the estimation process. This
will be helpful in dealing with regions where such de-
tailed knowledge is not currently available. While the
above are strong points of the method for a first order
estimation of the strong motion characteristics, they ap-
pear to be just the opposite in case a detailed and more
precise estimation is required. We propose to extend the
scope of this method by incorporating the issue of vari-
ability of the earthquake processes and wave propaga-
tion effects by introducing stochastic variability in the
rupture process, as well as in the attenuation and the
envelope functions, thereby making the model more in
tune with the natural phenomena. Even with such en-
hanced features in the model the method will remain
computationally very efficient. Because of the speed of
the implementation, this method can find application
also in preparing a wide range of scenarios as well as,
on the basis of simulations, evolving uniform probability
response spectra for various regions.
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