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Abstract In the present work, ground motion is estimated
from future scenario earthquakes at different sites in
Uttarakhand Himalayas in India using empirical Green’s func-
tion (EGF) technique. The recorded ground motion from April
4,2011, M,, 5.4 earthquake is taken as a basic element. The
ground motion is estimated at 24 sites, where the element
earthquake was recorded. It is observed from synthesized time
histories that sites located near the epicenter may expect ac-
celerations in excess of 1 g. In the present analysis, Dharchula
can expect ground accelerations in excess of 1 g. For M,, 7.0,
the expected peak values of acceleration (4,,.¢) and velocity
(Vmax) on horizontal components at different sites range be-
tween 11 and 912 gal and 5 and 52 cm/s, respectively. The
corresponding values for the Z component range between 8
and 228 gal, and 3 and 14 cm/s, respectively. Similarly, for M,,
7.5, the expected A and Vi, on horizontal components at
different sites range between 25 and 1281 gal and 25 and
102 cm/s, respectively. The corresponding values for the Z
component range between 14 to 474 gal, and 15 to 70 cm/s,
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respectively. The site amplification functions are estimated
using the horizontal-to-vertical spectral ratio procedure.
Zone IV (on a scale of I to V according to the seismic zona-
tion map for India) response spectrum for 5 % damping is
deficient for M,, 7.0, while zone V response spectrum is
exceeded at several frequencies for same magnitude. For M,,
7.5, zone IV response spectrum is conservative (except at
some frequencies), while zone V response spectrum is
exceeded at many sites. The estimated PGA values can be
incorporated in marking the weak areas in the central
Himalaya, thereby assisting the designing and construction
of new structures.

Keywords Uttarakhand Himalayas - EGF - PGA - Response
spectra - RVT

Introduction

Continuing collision between the Indian and Eurasian plates
has given rise to the great Himalaya. The long Himalayan
mountain region keeps on generating a few great and several
moderate earthquakes every century. This region has experi-
enced six great earthquakes in a span of last 200 years or so,
such as the earthquakes of 1803 Kumaon; 1833 Kathmandu;
1897 Shillong, M,, 8.1; 1905 Kangra, M,, 7.8; 1934 Bihar—
Nepal, M,, 8.4; and 1950 Assam, M,, 8.7 (Bilham 2004; Kayal
2008). No great earthquake occurred in the Himalaya since
1950 (Khattri 1999; Bilham 1995); however, recently, a major
earthquake occurred in central Nepal region with M,, 7.9
named as the Nepal or Gorkha earthquake. The Himalayan
geodynamics and the occurrence of great earthquakes are well
reviewed by many researchers (e.g., Seeber and Armbruster
1981; Khatttri 1999; and Bilham and Gaur 2000). Some parts
of the Himalayan Mountains have not experienced major and
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great earthquakes in the past 100 years or so, though these
have the potential to produce large earthquakes. Such seg-
ments are referred to as seismic gaps. Three main seismic gaps
have been identified in the Himalaya (Fig. 1): the gap between
the 1950 Assam and 1934 Bihar—Nepal earthquakes, known
as the Assam gap; the gap between the 1905 Kangra and 1934
Bihar—Nepal earthquakes, known as the Central gap, and the
Kashmir gap which lies west of the 1905 Kangra earthquake
rupture (Seeber and Armbruster 1981; Khatttri 1999). These
gaps are considered as future possible zones of major earth-
quakes. A 750-km-long area of central seismic gap, lying
between the eastern edge of the 1905 rupture zone and the
western edge of the 1934 earthquake, remains unbroken
(Bilham 1995). In 1803 and 1833, two large earthquakes oc-
curred in the gap region with large magnitude values <8, and
hence, they are not regarded as gap-filling events (Khattri
1999; Bilham 1995). Khattri (1999) estimated the probability
of occurrence of a great earthquake to be 0.59 in the central
seismic gap in the next 100 years. A large earthquake in the
central seismic gap is likely to cause great loss of life and
severe damage to construction in Northern India. This accen-
tuates the need for realistic assessment of ground motion from
future earthquakes in the central seismic gap.

The most challenging issue in seismic hazard studies is to
predict the ground motion at a given site due to future possible
earthquakes. The ideal solution to this problem could be to use
a wide database of recorded strong ground motion records and
to group those accelerograms that have similar source, path
and site effects. However, such data base will not be generally
available for most sites. The alternative is empirical or

Fig. 1 Tectonic map of the

numerical simulation of strong ground motion, which has im-
portant applications in engineering seismology.

A number of procedures are used for simulating strong
ground motions from future large earthquakes. These include
stochastic technique, composite source technique, and empiri-
cal Green’s function (EGF) techniques. Many researchers have
used stochastic approaches to simulate strong ground motions
in various parts of the world (Boore 1983; Toro and Mcguire
1987; Singh et al. 2002; Mittal and Kumar 2015; Mittal et al.
2016). Another commonly used technique is the EGF tech-
nique. In the EGF technique, the recordings of small earth-
quakes adjacent to the target earthquake are used (Hartzell
1978; Irikura 1983; Ordaz et al. 1995; Sharma et al. 2013,
2016). Many works have been carried out in India using
Ordaz et al. (1995) summation technique (e.g., Singh et al.
2002; Mittal et al. 2013b, 2015). One significant advantage of
the EGF method comes from the fact that the wave propagation
and the site effects are included in the recordings. We note,
however, that the EGF method as applied in the present study
assumes that the rupture can be approximated by a point source,
an assumption that may be valid for M,,, <7.5 earthquakes but
may not be rational for larger events (Singh et al. 2002).

The 1803 Kumaon earthquake occurred in the Kumaon—
Garhwal Himalaya region between 77° and 81° E, west of
Nepal, and caused severe damage and took a heavy toll of life
in the densely populated region of the Gangetic plain between
Delhi and Lucknow, over 300 km away to its east (Ambraseys
and Jackson 2003). Over the past two decades, this region,
which the focus of the present investigation, has witnessed
several small to moderate-sized earthquakes, the most
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prominent being the August 19, 2008 (M,, 4.3), September 4,
2008 (M,, 5.1), October 3, 2009 (M,, 4.3), February 22, 2010
M,,4.7), May 1, 2010 (M,, 4.6), July 6,2010 (M, 5.1), April
4,2011 (M,, 5.4), April 5, 2011 (M,, 5.0), and so on. Table 1
gives the complete detail about these earthquakes. In the pres-
ent study, we take advantage of the EGF method proposed by
Ordaz et al. (1995) to synthesize ground motions from future
great earthquakes (M,, = 7.5) in the source region using re-
cordings of the 2011 Nepal-India Border earthquake (M,, 5.4)
as an element earthquake. This earthquake was recorded on
strong motion accelerographs at 24 sites deployed by the
Indian Institute of Technology (IIT), Roorkee. A great earth-
quake from the Himalayas may cause heavy loss of life as well
as property in plain regions. Most of the areas in vicinity of the
Himalayas have undergone extraordinary growth for various
socioeconomic reasons. Taking into consideration the vulner-
ability of these areas, seismic hazard assessment from future
earthquakes has become essential.

Seismotectonics

In the formation process of the Himalayas, it has created sev-
eral fault systems to the south of the Indus—Tsangpo collision
suture, marked by distinct lithotectonic boundaries. The
Himalaya is divided into a number of sequences: Siwalik
Group (sub-Himalaya), Lesser Himalayan Sequence (LHS),
Greater Himalayan Crystallines (GHC), and Tethyan
Himalayan Sequence (THS); each is bounded to the south

by a major north-dipping fault, such as the Main Frontal
Thrust (MFT), the Main Boundary Thrust (MBT), and the
Main Central Thrust (MCT). In the Kumaon—Garhwal
Himalaya, the MCT is a zone bound by the Munsiari Thrust
(MT) in the south and the Vaikrita Thrust (VT) in the north
(Fig. 2). Geographically, the Kumaon and Garhwal regions lie
in Uttarakhand state of India extending from the Sutlej River
in the west to the Kali River in the east. Detailed geology of
the region has been reviewed by Valdiya (1980); Yin (2006)
and others. Besides these big Himalayan thrusts, several other
faults and thrusts exist in the study area. Several faults and
lineaments are transverse to the Himalayan trend. Important
among these are Mahendragarh Dehradun Fault (MDF), Great
Boundary Fault (GBF), and Moradabad fault (MF), which
exists in the Delhi-Moradabad region.

The distribution of seismicity throughout the Himalaya ap-
pears to be centered around in a 50-km-wide belt with
moderate-sized events (Mp, < 6) located beneath the lesser
Himalaya between the MCT and the MBT (Seeber and
Armbruster 1981; Khattri et al. 1989; Khattri 1999). Most of
these events are located to the south of the MCT. Medium-
sized earthquakes with well-determined fault plane solutions
and focal depths determined by Ni and Barazangi (1984) de-
fine a simple planar zone situated at 10-20 km depth, with an
apparent dip of 15°. This planar zone defines the detachment
that separates the underthrusting Indian plate from the Lesser
Himalaya crustal block and along which the great Himalayan
earthquakes occurred during the past 90 years (Seeber and
Armbruster 1981). Recent investigations in other segments

Table 1 Prominent earthquakes

recorded in Kumaun Himalayas No. Date dd/mm/year ~ Time Magnitude  Latitude °N Longitude °E No. of stations
by strong motion network of IIT hh:mm:ss. recording
Roorkee

1 19/08/2008 10:54:26 43 30.1 80.1 4

2 04/09/2008 12:53:21 5.1 30.1 80.4 7

3 27/08/2009 16:54:15 4.0 30.0 80.0 3

4 03/10/2009 05:20:54 43 30.0 79.9 3

5 11/01/2010 05:15:18 4.0 29.7 80.0 3

6 22/02/2010 17:23:43 4.7 30.0 80.1 6

7 01/05/2010 22:36:25 4.6 29.9 80.1 7

8 06/07/2010 19:08:20 5.1 29.8 80.4 2

9 04/04/2011 11:31:40 54 29.4 80.7 24

10 04/05/2011 20:57:15 5.0 30.2 80.4 1

11 26/02/2012 23:08:42 43 29.6 80.8 2

12 28/07/2012 05:48:06 45 29.7 80.7 2

13 23/08/2012 16:30:19 5.0 284 82.7 3

14 11/11/2012 18:39:19 5.0 292 81.5 3

15 02/01/0213 17:42:15 4.8 294 81.1 1

16 09/01/2013 07:44:20 5.0 29.7 81.7 4

17 29/01/2013 19:42:52 4.0 30.0 81.6 1

Only earthquakes with M >4.0 are listed
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Fig. 2 Seismotectonic setup of
rectangle portion in Fig. 1.
Various faults contributing to
seismicity in the region, namely
MBT, MCT, MFT, Vartica Thrust
(VT), Munsiari Thrust (MT),
Malari Fault, Mahendragarh
Dehradun Fault (MDF), Great
Boundary Fault (GBF), and
Moradabad fault (MF) are shown
as triangles. All the strong motion
stations recording the April 4,
2011 earthquake are shown. The
epicenter of April 4, 2011 is
shown as a red star

of the Himalaya show that apart from sporadic distributions,
most of the seismicity in these segments is also clustered in a
narrow zone, just south of the surface trace of the MCT
(Kumar et al. 2009). However, earthquake focal depth esti-
mates from the Nepal Himalaya (Monsalve et al. 2006;
Liang et al. 2008) indicate the existence of two distinct
seismogenic zones in the depth ranges of 025 km and 50—
100 km, suggesting the near absence of earthquakes in the
lower crust, of possibly lower strength (e.g., Chen and
Molnar 1983).

Data

A strong motion network of 300 stations is being operated
along the Himalayan arc by IIT Roorkee (Kumar et al.
2012). This network has recorded around 200 earthquakes in
a span of 6 years since its installation (Mittal et al. 2012). The
April 4, 2011 earthquake was recorded at 24 stations of this
network. The closest instrument recording this earthquake
was Dharchula (epicentral distance = 49 km), while the most
distant was SunderNagar (epicentral distance = 434 km). The
digital recordings of the mainshock, available to us for the
analysis, are summarized in Table 2. Table 2 gives

@ Springer

characteristics of the recording system and the peak values
of the recorded accelerations (4,,«) and the velocities (Vax)-

Synthesis of ground motion

We synthesize the expected ground motions using two
methods. First method uses the recordings of April 4, 2011
earthquake as EGFs. The second method, called the point-
source stochastic method (Hanks and McGuire 1981; Boore
1983), is based on the spectrum of the ground motion, which
is described by a physically reasonable seismological source
spectrum, modified by path and site effects. The advantage of
the EGF method is that the wave propagation and the site
effects are included in the recordings. However, as stated ear-
lier, the EGF method applied here assumes that the rupture can
be approximated by a point source, an assumption which may
be valid for M,, <7.5 earthquakes but may not be reasonable
for larger events (Singh et al. 2002).

EGF method
A Dbrief description of the method used in ground motion syn-

thesis is given in the following section. The EGF method
proposed by Ordaz et al. (1995) requires the specification of
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Table 2 Peak acceleration and

peak velocity at various stations Epicentral distance Station Station Apmax(cm/s?) Vinax(cn/s)

during the April 4, 2011 (km) code

carthquake NS EW Vert NS EW  Vert
49 Dharchula DRC 13163 131.81 5622 826 6.89 142
51 Pithoragarh PIT 60.30 60.49 37.07 1.17 1.62 085
55 Didihat DDH 18.82 1635 1268 1.11 084 0.52
60 Champawat ~ CHP 17.10 3155 1064 065 090 040
70 Tanakpur TAN 11.19 12.41 7.80 059 051 031
75 Patti PTI 9.11 4.71 393 047 026 023
84 Munsiari MUN 25.09 19.15 1275 0.83 080 037
92 Khatima KHA 20.83 25.81 832 130 175 036
101 Bageshwar BAG 9.86 10.86 430 082 044 023
103 Almora ALM 9.66 10.66 =759 052 0.63 031
136 U.S.Nagar UDH 8.25 10.98 557 062 094 027
154 Garsain GAR 1924 2036 1285 115 110 0.59
167 Joshimath JOS 10.28 10.91 560 068 052 042
171 Kashipur KSH 10.25 8.82 722 059 049 028
173 Chamoli CHM 17.50 11.12 876 169 121 0.70
192 Rudraprayag  RUD 6.34 7.74 365 034 037 020
214 Kotdwar KOT 4.10 6.41 412 032 030 0.14
243 Tehri TEH 5.92 6.48 409 030 039 023
262 Dhanaulti DHA 7.21 7.45 214 049 063 0.13
275 Dehradun DDN 3.29 3.17 1.54 027 023 008
276 Roorkee ROO 4.62 3.52 1.56 032 033 0.11
285 Barkot BAR 6.10 7.82 251 028 043 0.2
352 LodhiRoad  LDR 1.85 1.79 128 0.17 0.17 0.06
434 Sundernagar ~ SND 2.96 232 .10 022 0.17 0.08

the seismic moment, My, and the stress drop, Ao, of both the
EGF and the target event. The point-source stochastic method
requires the specification of the stress drop of the target event
and knowledge of the path and the site effects. In the follow-
ing, we take My of the present earthquake as
1.56x 10°* dyne cm, which is the scalar seismic moment re-
ported in the Harvard CMT catalog. The effective duration of
the ground motion is taken as T+ 7,=1/f.+0.05R, where T
and T, are the source duration and path duration, respectively
(Herrmann 1985). Then, we use network recordings of the
April 4,2011 earthquake in order to estimate parameters need-
ed in the EGF method.

Source spectrum

In order to estimate the stress drop,Ac, of the April 4, 2011
earthquake and the quality factor, Q, between the source region
and Delhi, the spectra of the recordings at Delhi are analyzed.
This analysis is given by Egs. (1-5). The source displacement
and acceleration spectra of the two earthquakes, My (f) and

2 My(f), are estimated from the analysis of the S-wave

recorded at hard sites (ALM, BAG, PTI, MUN) from the re-
cording of the India—Nepal border earthquake of April 4, 2011.

The Fourier acceleration spectral amplitude of the intense
part of the ground motion at a distance R from the source, A(f,
R),can be written as follows:

B CS(f)e "ro(f)
A(f,R) = —om (1)
_ RepFP(27)
€= (4mpp?) @)
S(f) = 2 My(f) 3)
P21,
SO =7 1) ()
fo=4.9 x 10° x B(%) (5)
0

logA(f,R) + logG(R)-logC = logS(f)~1.36fR/BQ(f) (6)

In the equations above, My ( f) is the moment rate spectrum
so that My(f)—M, as f—0, R is hypocentral distance, C is

@ Springer



348 Page 6 of 15

Arab J Geosci (2016) 9: 348

given by Eq. (2), 3 is shear wave velocity (3.7 km/s), Q(f) is
quality factor which includes both anelastic absorption and
scattering, p is focal region density (2.85 gm/cm’), Rog is
average radiation pattern (0.55), F is free surface amplification
(2.0), P takes into account the partitioning of energy in the two
horizontal components ( 1/4/2 ), and f, is corner frequency.
G(R) in Eq. (1) is the geometrical spreading term, which is

taken as 1/R for R < 100 km and (100R)™ /> for R > 100 km
(Singh et al. 1999).

Equation (1) was simplified to Eq. (6). Finally, Eq. (6) was
solved in the least square by putting value of different un-
knowns and constants to obtain the value of log(f* My(f)).
The source spectra is shown in Fig. 3. Figure 3a shows source
displacement spectrum (continuous curve), My ( f) and source
acceleration spectrum (dashed curve), 2 My(f) determined
from the hard rock sites data using Egs. (1-5). The spectrum is
corrected using Q(f)=508f"*%, a relationship found by Singh
etal. (1999) for the Indian shield region. The hard-site spectra
is interpreted by an w?-source model to obtain an estimation
of the seismic moment (My) and corner frequency (f.).

For an w? source model, the source acceleration spectrum
is flat at frequencies greater than the corner frequency, f. . In
Fig. 3a, this is the case for f >1 Hz. Both the low and high-
frequency levels of the spectrum are well fit by the w?-source
model with Mo=1.56 x 10** dyne ¢cm and f, = 1.19 Hz (cor-
responding to a stress drop,Ac, of 362 bars, Eq. 5). Figure 3b
shows source spectrum at some of the soft soil sites namely
Roorkee, Delhi, and others, portraying the presence of ampli-
fication in recordings, where it deviates from the theoretical
source spectrum. The local site condition plays an important

Source Sggctro at MUN,BAG,PTILALM for 4th April 2011 Earthquake
109 ¢

T™TTTTT

1024 b

s [ A
.. Mo=1.56x1024 dyne—cm

I fe=1.19Hz; Ao=362 bars

Mo(f) (dyne—cm); f2Mo(f) (dyne—cm/s2)

1022 NS S

100 10!
Frequency (Hz)

Fig.3 Source displacement (continuous curves) and acceleration spectra

(dashed curves), Mo(f) and f*My(f) of the April 4, 2011 earthquake.
Median and =+ one standard deviation curves are shown. a Data from
MUN, ALM, BAG, and PTI four hard site. The spectra are reasonably
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role in controlling amplification of the earthquake ground mo-
tion and associated damages to the structures.

Site effects

The estimation of ground motion from future earthquakes
heavily relies on recorded ground motion as well as site effects
of the stations, where it is recorded. Several techniques are
available to estimate site effects due to local site conditions
(Borcherdt 1970; Nakamura 1989; Lermo and Chavez-Garcia
1993). The most commonly used technique for estimation of
site effects is to divide the Fourier spectrum of the site by the
Fourier spectrum obtained at a nearby reference site, which is
preferably on the bedrock, which gives transfer function of the
site. Although this approach assumes linear behavior of soil
(i.e., transfer function will be same irrespective of level of
shaking) which is not correct but this assumption will have
negligible effect on hard rock site and will have only marginal
effect on other sites. This technique invented by Borcherdt
(1970) is widely used in various geological environments in
India (Singh et al. 2002; Mittal et al. 2013a, c). However, in
many cases, it becomes difficult to choose a reference site
(Steidl et al. 1996). In addition, outcrops of bedrock sites are
usually weathered, and the resulting superficial velocity gra-
dient is capable of influencing the “reference” ground motion.
Another equivalent technique to estimate site effect is the
horizontal-to-vertical (H/V) spectral ratio method. This tech-
nique was originally proposed for microtremors (Nakamura
1989) but later successfully applied in strong-motion studies
also (e.g., Lermo and Chavez-Garcia, 1993). This technique

b

Source Spectra at soft sites for 4th April 2011 Earthquake
1025 .

1024

1023

Mo(f) (dyne—cm); f2Mo(f) (dyne—cm/s2)

1 Ll L Ll L L
100 10°
Frequency (Hz)

Lol 111

1022 L

well fit by an w? -source model with My = 1.56 x 10** dyne cm and a

comner frequency of 1.19 Hz. b Source spectrum using the data from soft
soil sites showing the presence of site effects
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Fig. 5 Observed peak ground motion (different symbols for different
components) versus hypocentral distance R during the April 4, 2011
earthquake. Continuous curves show estimated values at hard site for
four values of stress drops (100, 200, 300, and 400 bars), based on the

consists in estimating site effects by dividing the horizontal
component of the shear-wave spectrum by the vertical com-
ponent at the site. In the present study, the H/V spectral ratios
are estimated using the S-wave portions of recording of April
4, 2011 and some other earthquakes at various stations.

The site amplification functions have been estimated using
H/V technique in order to incorporate the site effects to the
simulated accelerograms at bed rock level. To compute the
H/V spectral ratio, the acceleration time series of each record-
ing station is windowed for a time length of 15 s. The small
window length may influence the estimation for the lower
frequencies (less than 0.4 Hz). However, final results may
not get affected as the earthquake strong ground motions are
dominated by the high-frequency energy. At each site, two to
three earthquakes are carefully selected for the site effect anal-
ysis depending on the signal-to-noise ratio. The time window
was selected from the shear-wave arrival time, and a 5 %
cosine taper was applied. The windowed time series is trans-
formed into the frequency domain using a fast Fourier trans-
form algorithm. The obtained Fourier spectra between 0.25
and 35 Hz are smoothed using the windowing function of
Konno and Ohmachi (1998) with smoothing constant = 40.
Figure 4 shows average H/V ratio at all stations.

The results obtained from H/V method are affected by local
and subsurface factors which influence the vertical component
of ground motion. Some factors are (1) role of compressional
deformation (P wave) to vertical component at frequencies
higher than 8-10 Hz (Beresnev et al. 2002), (2) amplitude
increase in vertical components due to non-linear effects
(Loukachev et al. 2002), and (3) P wave conversion from
the SV waves at the boundaries of the layers above the base
rock (Tohdo et al. 1995). All these effects can be reduced by
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point-source stochastic model. a Amax; b /max. DRC refers to nearest
site of Dharchula while SND is used for SunderNagar site at a distance of
434 km

using data only from rock stations (Sokolov et al. 2007).
According to the seismotectonics atlas map of India, stations
namely Almora, Bageshwar, Chamoli, Champawat, Tehri,
Barkot, Dharchula, Garsain, Pithoragarh, Munsiari, Patti,
Rudraprayag, Didihat, Sundernagar, and Tehri are considered
to be hard rock sites. The shear wave velocity at these sites
ranges from 700 to1620 m/s (Mittal et al. 2012). As evident
from Fig. 4, fundamental frequency at all these sites ranges
between 3 and 6 Hz. However, at few stations, the H/V ratios
are large in certain frequency bands. The fundamental phe-
nomenon responsible for it may be soil-building interaction
because these stations are not installed in free field. It may also
be attributed to the local subsurface influencing the vertical
component. Such sites require independent site response anal-
ysis using some other technique.

At the rest of the sites namely, Kashipur, Khatima,
Roorkee, Delhi, and Dehradun, the fundamental frequency is
observed below 2 Hz. The amplification at these sites ranges
between 5 and 10.

Point source stochastic method

If only peak ground motion parameters are desired, then the
generation of the seismograms is not needed; the Fourier spec-
trum along with an estimation of duration (7y) of the intense
part of the ground motion and application of results from
random vibration theory (RVT) solve the problem.

This method was first proposed by Hanks and McGuire
(1981) and later extended by Boore (1983). Hanks and
McGuire (1981) related root mean square (rms) acceleration
to w’-source spectrum modified by attenuation, through
Parseval’s theorem. In this method, the spectrum of the ground
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Table 3 Comparison of observed

and computed peak values at Station Observed Apax(cm/s?)  Synthesized Apae(cm/s?)  Observed Synthesized V., (cn/s)
different sites Vinax(cm/s)
NS EW NS EW
Dharchula 131.63 131.81 103.51 826 6.89 594
Pithoragarh 60.30 60.49 60.32 117 1.62 190
Didihat 18.82 16.35 34.30 .11 084 155
Champawat 17.10 31.55 43.10 0.65 090 0.71
Tanakpur 11.19 12.41 25.17 0.59 051 089
Patti 9.11 4.71 19.30 047 026 0.75
Munsiari 25.09 19.15 23.71 0.83 080 1.07
Khatima 20.83 25.81 26.71 130 175 193
Bageshwar 9.86 10.86 18.31 082 044 091
Almora 9.66 10.66 12.34 052  0.63 0.65
U. S. Nagar 8.25 10.98 15.28 0.62 094 139
Garsain 19.24 20.36 12.90 1.1 1.10  0.76
Joshimath 10.28 10.91 8.58 0.68 052 059
Kashipur 10.25 8.82 10.33 059 049 077
Chamoli 17.50 11.12 10.86 1.69 121 1.05
Rudraprayag 6.34 7.74 6.35 034 037 045
Kotdwar 4.10 6.41 4.07 032 030 028
Tehri 5.92 6.48 3.51 030 039 025
Dhanaulti 7.21 7.45 7.11 049 063 057
Dehradun 3.29 3.17 443 027 023 032
Roorkee 4.62 3.52 4.30 032 033 047
Barkot 6.10 7.82 5.95 028 043 041
Lodhi Road 1.85 1.79 2.04 0.17 017 024
Sundernagar 2.96 232 2.02 022 017 0.19

The comparison looks in rough agreement

motion is related to the root mean square (rms) ampli-
tude in the time domain through Parseval’s theorem
(Cartwright and Longuet-Higgins 1956). RVT approach
is an alternative to conventional site response analysis,
which has been proposed in the engineering seismology
literature. RVT-based site response is an extension of
stochastic ground motion simulation procedures devel-
oped by seismologists to predict peak ground motion
parameters (e.g., peak ground acceleration) as a function
of earthquake magnitude and site-to-source distance.
Due to its stochastic nature, RVT analysis can provide
an estimate of the site response without the need to
choose any input seismograms for analysis. Therefore,
RVT is a potentially powerful tool for site response
analysis that can provide fast and accurate estimates of
the surface ground motion at a site (e.g., Boore 1983).
Boore (1983) extended these results to predict V., and
response spectra by generating time series of filtered
and windowed Gaussian noise whose amplitude spec-
trum approximated the acceleration spectrum. Here, we
briefly summarize some relevant aspects of the method.

For an w?-source model, the source spectrum of an earth-
quake is completely specified by its seismic moment and the
stress drop (Eqgs. 1-5). To simulate the observed spectra at a
site, the right-hand side of Eq. (1) needs to be multiplied by a
high-cut filter. Following Boore (1986), a Butterworth filter

1
8|72
given by[l + (f / ’ ) } is chosen (Singh et al. 1999). In

our calculations, we have set f,, to 35 Hz. Figure 5 shows
expected A and V.« at hard rock for Q(t)=508f0 48 and
Ao =100, 200, 300, and 400 bars. Figure 5a, b shows plots of
Amax and V.« versus hypocentral distance R, respectively. As
seen from Fig. 5a, computed PGA at some of the sites (hard
rock sites) matches well with the observed one. However, at
some sites, the computed PGA lies below the observed one.
We feature this large scattering seen in the observed peak
values most probably due to variable local site effects.
Table 3 shows the comparison of observed PGA and PGVs
with computed one (using point source approximation tech-
nique) after introduction of site effects. From Table 3 it is
obvious that peak values at most of the sites are in rough
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Fig. 6 Comparison of peak values for M,, 6.5 estimated from EGF (different symbols for different components) and RVT technique. a PGA; b PGV. A

good agreement is found in both PGA and PGV values by two techniques

agreement. This agreement is well explained by taking
Ao =200 bars. This gives us confidence that the parameters
chosen in the simulations are practical.

Results and discussion

We estimated the M,, 7.0 and 7.5 scenario ground motions at
various sites using the aforesaid two methods. M, of the pres-
ent earthquake is taken as 1.56x 10** dyne cm while Ao is
fixed to be 362 bars. The estimated values of 4. and Viax
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for all components as function of M,, are summarized in
Figs. 6, 7, 8 and 9. For M,,, 7.0, the expected A4 ,.x and Vax
on horizontal components at different sites range between 11
and 912 gal and 5 and 52 cm/s, respectively. The correspond-
ing values for the Z component range between 8 and 228 gal
and 3 and 14 cm/s, respectively. Similarly for M,, 7.5, the
expected A . and V., on horizontal components at different
sites range between 25 and 1281 gal and 25 and 102 cmy/s,
respectively. The corresponding values for the Z component
range between 14 and 474 gal and 15 and 70 cm/s, respective-
ly. It is evident that the estimated peak values from two
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Fig. 7 Comparison of peak values for M,, 7.0 estimated from EGF (different symbols for different components) and RVT technique. a PGA; b PGV. A

good agreement is found in both PGA and PGV values by two techniques
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techniques are in good agreement with each other for M,,
<7.5.For M,, 8.0, a large scattering is observed in peak values
(especially in PGV), where finiteness of source comes in play.

Figure 10 shows the synthesized accelerograms (NS com-
ponent) from one of the simulations for different magnitude
earthquakes. However, these results regarding PGAs, PG Vs,
and synthesized traces for postulated earthquakes may be val-
id only if the hypothetical earthquake would occur at the same
source as that of the April 4, 2011 earthquake.

Response spectra
From the synthetic seismograms, we estimate the horizontal

response spectra, S,, with 5 % damping at different sites dur-
ing various postulated earthquakes. The seismic zonation map
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for India (BIS IS 1893, 2002) shows that out of 24 sites,
Dharchula, Pithoragarh, Didihat, Munsiari, Patti, Bageshwar,
Almora, Chamoli, Rudraprayag, Joshimath, SunderNagar,
and Garsain fall in zone V (on a scale of Il to V), while other
sites fall in zone IV. Estimated S, for different magnitude
scenario earthquakes at all sites known to fall in seismic zone
V are grouped together and compared with IS 1893-2002
spectra for hard rock sites with a zero period acceleration
(ZPA) of 0.36 g (type I). Also estimated S, for different mag-
nitude scenario earthquakes at all sites known to have stiff soil
in zone IV are grouped together and compared with IS 1893-
2002 spectra for stiff soil with a ZPA of 0.24 g (type I). IS
1893-2002 is the Indian standard code for earthquake resistant
design of structures, and this code provides response spectra
with unity ZPA for three types of soil.
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Fig. 9 Comparison of peak values for M,, 8.0 estimated from EGF (different symbols for diftferent components) and RVT technique. a PGA; b PGV.
Large scattering is observed in both PGA and PGV values by two techniques
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Fig. 11 Comparison of response spectra from M,, = 7.0 with design response spectra for zone IV and V of the Indian seismic zoning map (IS1893: 2002)

valid in India. a Sites falling in zone IV. b Sites falling in zone V

Figure 11a shows that the zone IV response spectrum is
deficient for M,, 7.0, while zone V response spectrum is
exceeded at several frequencies for same (Fig. 11b). For M,,
7.5, the zone IV response spectrum is conservative (except at
some frequencies), while zone V response spectrum is
exceeded at many sites as evident from Fig. 12b.

Conclusions
Uttarakhand is a state of India, which is located in the seismi-

cally active Himalayan region and in the proximity of plate
boundaries. Uttarakhand lies in the region between epicenters

1600

Medium and soft soil Sites, M, =7.5

Design Response Spectra for
soft soil(Zone V)

Sa gal, 5% damping

Period (s)

of two huge earthquakes namely Kangra (1905) and Bihar
Nepal earthquakes (1934). This seismic gap (Khattri 1987)
has not experienced a major earthquake during a time interval
when most other segments of the gap have ruptured. In view
of this, estimation of seismic hazard in this area is an urgent
need.

In this work, an attempt has been made to understand and
quantify seismic hazard of different parts of Uttarakhand by
synthesizing seismograms for different magnitude earth-
quakes using strong motion records of the April 4, 2011 earth-
quake. It is observed from synthesized seismograms that sites
located near the epicenter, like Dharchula, may expect accel-
erations in excess of 1 g for earthquake of magnitude 7.5 or

b
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Fig. 12 Comparison of response spectra from M,, = 7.5 with design response spectra for zone IV and V of the Indian seismic zoning map (IS1893: 2002)

valid in India. a Sites falling in zone IV. b Sites falling in zone V
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more. Our computation of ground motion for scenario M,, 7.0,
and 7.5 earthquakes show that for M,, 7.0, the expected A«
and V. on horizontal components at different sites range
between 11 and 912 gal and 5 and 52 cm/s, respectively.
The corresponding values for the Z component range between
8 and 228 gal and 3 and 14 cm/s, respectively. Similarly, for
M,, 7.5, the expected 4 ,.x and V.« on horizontal components
at different sites range between 25 and 1281 gal and 25 and
102 cm/s, respectively. The corresponding values for the Z
component range between 14 and 474 gal and 15 and
70 cm/s, respectively. Zone IV response spectrum for 5 %
damping, valid for zone IV sites is generally conservative
except at some periods of 3—4 sites for M,, 7.0, while zone
V response spectrum is exceeded at several frequencies, par-
ticularly for Dharchula for same magnitude earthquake. For
M,, 7.5, zone IV response spectrum is conservative (except at
some frequencies, particularly for Khatima, Tanakpur, and
Udham Singh Nagar sites), while zone V response spectrum
is exceeded at many sites namely Dharchula, Pithoragarh,
Chamoli, and Garsain.

The conclusions above are based on limited data and,
hence, are necessarily preliminary. These results will be valid
only if an earthquake occurs at same epicenter as that of April
4, 2011. The synthesis is being carried out using the EGF
technique, which is point source approximation. In future,
other techniques must be used to validate the results of present
work. Detailed studies need to be undertaken for soil investi-
gation at all the sites. This will help in determining the local
site effects more accurately for assessment of amplification of
ground motion.
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