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Abstract. A deterministic seismic hazard analysis has beenlS:1893-Part | (2002). Based on the present study, the recom-
carried out for various sites of the major cities (Ahmedabad,mended PGA values for the cities studied are 0.13g, 0.15¢,
Surat, Bhuj, Jamnagar and Junagadh) of the Gujarat region i6.64 g, 0.14 g and 0.2 g for Ahmedabad city, Surat City, Bhuj
India to compute the seismic hazard exceeding a certain leveCity, Jamnagar City and Junagadh city, respectively. The pre-
in terms of peak ground acceleration (PGA) and to estimatepared spectra can be further used for seismic resistant design
maximum possible PGA at each site at bed rock level. Theof structures within the above major city boundaries of Gu-
seismic sources in Gujarat are very uncertain and recurrenc@rat to quantify seismic loading on structures.

intervals of regional large earthquakes are not well defined
Because the instrumental records of India specifically in the
Guijarat region are far from being satisfactory for modeling {
the seismic hazard using the probabilistic approach, an at-

tempt has been made in this study to accomplish it throughproper determination of the peak horizontal ground accel-
the deterministic approach. In this regard, all small and largeeration for designing the earthquake-resistant structures in
faults of the Gujarat region were evaluated to obtain ma-earthquake-prone regions is essential. In country like In-
jor fault systems. The empirical relations suggested by eargia with huge populations, the utmost care must be taken
lier researchers for the estimation of maximum magnitudefor such estimation of seismic ground motion for seismically
of earthquake motion with various properties of faults like active regions like the Himalayian belt, the Kachchh region,
length, surface area, slip rate, etc. have been applied to thos&ic. The current practice in India for assigning the earthquake
faults to obtain the maximum earthquake magnitude. Fonoad for the design of structures is to utilize the seismic haz-
the analysis, seven different ground motion attenuation relagrg zonation map given in the Indian standard design code
tions (GMARSs) of strong ground motion have been utilized |5:1893-Part | (2002), in which India is divided into four
to calculate the maximum horizontal ground accelerationssypclasses of seismic zones. The assigned peak ground ac-
for each major city of Gujarat. Epistemic uncertainties in celeration (PGA) values on that map are 0.08 g, 0.16 g, 0.24 g
the hazard computations are accounted for within a logic-treeynd 0.32 g for Zones, II, 11, IV and V respectively. The seis-
framework by considering the controlling parameters like  mjc zonation map for the Gujarat region is shown in Fig. 1.
value, maximum magnitude and ground motion attenuationn the seismic zonation map, the transition from one seis-
relations (GMARs). The corresponding deterministic spectramic zone to the adjacent one is rather drastic; it is created
have been prepared for each major city for the 50th and 84tlpy either dropping or increasing the ground acceleration by
percentiles of ground motion occurrence. These determing 0gg. Also, the estimation for seismic ground motions in
istic spectra are further compared with the specified spectrgarious major cities of Gujarat is still not consistent with the
of Indian design code 1S:1893-Part | (2002) to validate themtectonic framework for Gujarat. Hence, in this paper an at-
for further practical use. Close examination of the developedtempt has been made to estimate the seismic ground motions

spectra reveals that the expected ground motion values bgor the entire region of Gujarat including some typical major
come hlgh for the Kachchh regioni.e. BhUJ Clty and mOderatecitieS representing all seismic zones.

in the Mainland Gujarat, i.e. cities of Surat and Ahmedabad. The Gujarat region is located within the tectonic p|ate of

The seismic ground motion level in the Saurashtra is moderingdia, about 500 km from a transform plate boundary (Ben-
ate but marginally differs from that as presently specified ingjck et al., 2001) (Fig. 1). The region has also experienced
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several damaging moderate-sized earthquakes with mometibn Relations (GMARS) within a probabilistic framework to
magnitudes between 5 and 6 (Bendick et al., 2001, Peterseidentify the most probable deterministic ground motion val-
et al., 2004, Choudhury and Shukla, 2011). Nine of theseues at a given site. The Epistemic uncertainty in the present
moderate earthquakes have occurred during the past 155 wnalysis has been tackled within a logic-tree framework con-
in this region with an average of about one event every 17 yrsidering a few controlling parameters like region specific b-
Large and moderate earthquakes are likely to repeat in thgalue, maximum magnitude of earthquake, and ground mo-
future and it is essential to assess the hazard in order to aition attenuation relations (GMARS).
engineers and public officials in making decisions that will
influence economic and life safety policies for the Gujarat
region (Petersen et al., 2004). During the year 2008, 18423 Seismotectonic settings
shocks of moment magnitude of 0.5 to 4.4 were recorded in
Gujarat. Figure 2 illustrates the locations of epicenters forThe collision process of the Indian plate with the Eurasian
various earthquakes recorded during 2008 through the Guplate is still underway at a rate of 45mm ye&r induc-
jarat State Seismic Network (GS-Net), recently establishedng an anticlockwise rotation of the plate (Bilham, 2004).
by the Institute of Seismological Research (ISR), Gujarat. Apart from the active seismic sources at the plate bound-
The present study aims to carry out deterministic seismicary (i.e. Himalayan arc), most of Peninsular India (PI)
hazard analysis for a few major cities of Gujarat. Typical has been considered as a low seismic zone until the oc-
five major city locations viz. Ahmedabad, Surat, Jamnagarcurrence of some surprising and damaging earthquakes in
Bhuj and Junagadh have been selected for the present studyre recent past (e.g. Koyna, 1967; Latur, 1993; Jabalpur,
The selection of these five sites is primarily based on the facl997, and Bhuj, 2001). From the point of view of phys-
that all these sites represent all the three parts of the invedegraphy, the Gujarat region of India is comprised of three
tigated area, i.e. Kachchh, Saurashtra and the Mainland redistinct zones: Kachchh, Saurashtra, and Mainland Gujarat
gion of Gujarat and within that particular area, they are also(Chopra et al., 2010). The region is a junction of three tec-
the hubs of commercial/administrative activities. Moreover, tonic rifts: Kachchh, Cambay and Narmada with several ac-
these locations also represent the different earthquake zonaive faults (Biswas 1987, 2005; Talwani and Gangopadhayay,
tions given in IS: 1893 — Part | (2002) which will facilitate 2001). The seismicity of the Gujarat state is characterized by
the comparison of the outcome of this study with provisionsa relatively high frequency of large earthquakes but a rela-
of the code. The outcome of the present study consists of detively low frequency of moderate earthquakes, particuarly in
terministic response spectra of the horizontal component othe Kachchh region. The seismic characteristics of the Gu-
ground motion for different natural periods of structures for jarat state has been divided into three regions (e.g. Kachchh,
the particular city for the reference 50 percentile (median)Saurashtra and Mainland Gujarat) to study the seismicity
and 84 percentile of earthquake occurrence, respectively.  within the regions.

3.1 Kachchh
2 Methodology

The Kachchh basin is a western margin pericratonic rift
Following Yadav et al. (2008), in the present study, the entirebasin of India (Biswas 1987, 2005). The Kachchh region is
Guijarat region is divided into three seismogenic regions onconsidered to be bound between the two extensional faults,
the basis of seismicity, tectonics and geomorphology, namelynamely the south-dipping Nagar Parkar Fault (along the Pak-
Saurashtra, Mainland Gujarat and Kachchh. Available seisistan border) in the North and the north-dipping Kathiawar
motectonic and geological criteria are combined to prepare &ault in the South (Rastogi, 2004). Several researchers has
possible fault map which is then put together with the avail- described the seismotectonic of Kachchh mainly, Biswas
able earthquake catalogue to obtain fault recurrence relationand Deshpande (1970), Biswas (1987, 2005), Sukhtankar et
from regional earthquake recurrence relations. The maxal. (1993), Malik et al. (1999), Rastogi et al. (2001), Thakur
imum magnitude associated with fault can be determinedand Wesnousky (2002), Bodin and Horton (2004), Mandal
either from the observed maximum earthquake in a nearbet al. (2008), Chopra et al. (2010). The Kachchh region
area from the earthquake catalogue data or can be calculatdths a history of active seismicity with several large dam-
through empirical correlations between key fault parametersaging earthquakes in the magnitude of 6 to 7 ranging over
(fault rupture length, fault displacement and fault area) andthe last several hundred years (Quittmeyer and Jacob, 1979,
magnitude. The available relationships given by different re-Rajendran and Rajendran, 2001). The occurrence of the
searchers, such as Bonilla et al. (1984), Nowroozi (1985),M,, = 7.6 Bhuj 2001earthquake less than two centuries after
Slemmons et al. (1989), and Wells and Coppersmith (1994fhe M > 7.8 Allah Bund 1819 earthquake has been consid-
have been used for the present study in order to decide thered by some investigators to represent a short recurrence
maximum magnitude for particular fault. These parameterdnterval for earthquakes in Peninsular India. The seismic
are finally combined with seven Ground Motion Attenua- moments for the past earthquakes yield a strain of®10
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Fig. 1. Geographical location of the Gujarat region in India (highlighed in inset) and seismic zonation map for the Gujarat region (cities
under consideration in present study highlighted by red enclosed region). (Ref figure from ISR welwiter.gujarat.gov.inlast accessed
on 10 October 2010.)

consistent with the return period of 180yr in the region or based on the earthquake recurrence modeling using various
800yr on individual faults (Rajendran et al., 2001; Rajen- probability distributions.

dran and Rajendran, 2001). The major faults of the Kutch

region are trending E-W that include Allah Bund Fault, Is- 35 saurashtra

land Belt Fault, Kutch Mainland fault (KMF) and Katrol Hill
fa_ult. The north- dipping Allah Bund fault was assomat(_ad The Saurashtra region of Gujarat forms a vital geodynamic
with the 18;9 earthquake. Th(_e Island Belt _Fault, allong which art of the western continental margin of India. Several
there are situated several uplifts seen as islands in the Gre%

Rann of Kutch, is associated with some magnitude 5 earth faces in the Saurashira region, for example, Junagadh,
' ) . Dwarka, Rajkot, Paliyad, Ghogh d Bh h his-
quakes. The KMF extending for 125km is a reverse fault warka, wajxot, Failya ogha an avhagarnave a fis

tory of recurring earthquake activity (Figs. 2 and 3) (Bhat-

andkh asa stru%turlal dlsp:]ggsmept ?I 2-3 krgtr'll' hﬁ zczgwam‘&acharya et al., 2004; ISR report 08-09). Apart from various
guake occurred atong a hidden fautt named the Nor 493 dies on a regional scale, some researchers have attempted

fault (Rastogi, 2001), situated about 25km north of KMF to look into the local structure and tectonics. Karanth

and alongside which the Banni Plains area is inferred to be .
-, _and Sant (1995 detailed t of t-t
uplifting. Petersen et al. (2004) tested the sensitivity of seis and Sant ( ) gave a detailed account of post-trappean

. intrusive of plugs and dykes swarms as well as faults and
mic hazard to three fault source models for the Kachchh re piug y

. ) ‘other lineaments in the region. In the North of Bhavnagar,
gion and observed the recurrence intervals of 266-533 yr O%hattacharya et. al., 2004, had identified an E-W trending

one of these faults. Yadav et al. (2008) and Tripathi (2006)Shihor fault which offsets the N-S trending western Cambay
worked out a probabilistic hazard assessment for this regioqm fault (Fig. 3). The region is bounded on all four sides
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68" 69" 70° 71 72' 73 74" 75° in another region have shown considerable seismicity in the
- M35.0 Saurashtra region (Fig. 2), (Yadav et al., 2010).
2 4 a O304 Y 25 One strong earthquakef,, = 5.0 occurring in 1940 in

A 4 2029 Dwarka (intensity VI) was reported by several researchers
— (Tandon, 1959; Chandra, 1977; Guha and Basu, 1993). The
Junagadh region experienced a shockMyf = 4.3 on 3
September 1985 and recently Yadav et al. (2010) has de-
23 scribed the recent activities in this region. An offshore earth-
quake withM,, = 5.0 was also reported on 24 August 1993
near Rajula. On 3 August 2000, the region of Girnar Hills

24 24"

23"

Nof W
£oo 28

2, e

2’ fl 4 a o w0y | 22’ near Una experienced an earthquak#/f= 4.3, which was
'p-fo/ °$ﬁf%zaf %cﬁ strongly felt up to Jamnagar. This earthquake activity was

” ‘74‘9 W € 2 o associated with two perpendicular faults passing through the
kn D% ol epicentral region, namely, the West Cambay and the Shihor

— .t faults (Bhattacharya et al., 2004).
20° P 0 @?% _‘_\-:i' 20
68 69 o " z & “ s 3.3 Mainland Guijarat

Fig. 2. Epi(_:enters of earth_quakes recorded by the ISR (Institute ofy;5iniand Guijarat has experienced moderate seismicity cov-
Seismological Research) in the year 2008._(Ref(_arence frqm Annua}ering two rift zones, namely the Narmada rift zone and
report of ISR 08-09, available online enww.isr.gujarat.gov.ih the Cambay rift zone (Kaila et al., 1980; Biswas, 1987).
Presently, the Narmada rift zone is more active than the Cam-
bay rift zone. A total of nine earthquakes &#, > 5.0 have
occurred in this region. The important earthquakes in this
region are Mount Abu (1848y, = 6.0; 1969, M,y =5.5),
Surat (1856,M,, =5.7; 1871, M,, =5.0 and 1935M,, =

5.7), Ahmedabad (1864M,, = 5.0), Satpura (1938M,, =

6.0) and Bharuch (19704, = 5.4) (Yadav et al., 2008). The

\\\<’ i Broach Earthquake of March 23, 1970 was one of the major
\' AN intraplate earthquake associated with paleorift zones in the
. stable continental region of Peninsular India (Chung, 1993).

Mageituda The valleys of the Narmada — Son (NSL) river in India are

- S ‘5:: considered as a major tectonic boundary — a geofracture di-
O s-e g viding the Indian shield into a southern peninsular block and
a northern foreland block (Biswas, 1982). The NSL has ex-

O 7-75 | Lo I perienced more than 30 earthquakes in the magnitude range

of 3.0-6.5 on the Richter scale (Gupta et al., 1997).
Fig. 3. Location of past earthquakes of magnitude 4 and above.
(Note: Dotted areas are dyke zones of swarms. Faults are shown by
dashed lines. 1, South Saurashtra fault; 2, Rajula fault; 3, Saverkurd  Earthquake catalogue
dala fault; 4, South Junagadh fault; 5, North Junagadh fault; 6, Um-
rethi fault; 7, Shihor fault; 8, West Cambay basin fault; 9, Eastward Various researchers have prepared the earthquake catalogue
offsetted West Cam- bay basin fault, and 10, Camay—Dabhoi fault.¥gr the Indian subcontinents (Oldham, 1983; Tandon and
(Bhattacharya et al., 2004). Srivastava, 1974; Chandra, 1977; Quittmeyer and Jacob,
1979; Guha and Basu, 1993; lyengar et al., 1999, Malik et
al., 1999, Jaiswal and Sinha, 2007, Yadav et al., 2008) by
by major faults namely, the North Kathiawar Fault (NKF) considering historical and modern earthquakes. The Insti-
to the north, the extension of the Son—Narmada fault to theute of Seismological Research-Gujarat (ISR) has prepared
south, the WNW-ESE trending West Coast fault system toa compiled earthquake catalogue of the Kachchh, Saurasthra
the west in the Arabian Sea, and the extension of the Wesand Mainland Gujarat, bounded by 20-25.5N and 68-75E
Cambay fault to the east (Biswas, 1987, 2005). Howeverfrom the earliest times to March 2008 for all magnitude
according to past history, only the West Cambay fault inranges and has made this available on their web portal (Ref.
the East near Bhavnagar accommodates moderate seismicityww.isr.gujarat.gov.ip In the present study, the earthquake
in the last 200 yr, while the other faults exhibit weak earth- catalogue of magnitud&f,, > 4 available on the Institute of
quake activity and were inactive until the recent earthquakesSeismological Research’s web portal was used in order to
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<10 ] Table 1. Earthquakes recorded in the year 2008 in the three regions
2] f? of Gujarat by GS-Net (Ref. Annual Report ISR-Gujarat, 08-09,
= 80 . . . . .
sy T available onlinevww.isr.gujarat.gov.ij
59 e
5 10 ] U-—ﬁ'@& .
% 30 ] «-alﬁf";e Region My >4 My My My Total
o .ﬂ_@.—w"? (3t03.9) (2t02.9) (1t03.9)
. 0 Kachchh 5 52 343 493 893
E s Saurashtra 2 12 221 424 659
g e e Mainland - 3 17 26 46
s Total 7 67 581 943 1598
g s F AP 4 °
** o 48, o
T s o @ 0O o & T
T ' oee o gog Dg’c?‘c’.@;?f.
3 1820 to 1960 but from 1961 to 2008, the seismicity rate in-
1820 1840 1860 1880 1900 1920 15940 1960 1980 2000 . ..
Year of Occurance creased. However, the seismicity rate for larger earthquakes

in the present study is assumed to be uniform and catalogue is
Fig. 4. Catalogue completeness by Cumulative Visual (CUVI) assumed to be complete during the period 1820 to 2008. This
method for Gujarat by using the earthquake catalogd@ £ 4) s also justified for historic earthquakes where the recorded
available on ISR-Gujarat web site\yw.isr.gujarat.gov.ip seismicity differs from the true seismicity. Furthermore, his-

toric earthquake records are usually more complete for larger

earthquakes than for smaller ones, which further suggests
find out three parameters: the activity rate, thealue of  thatthe catalogue can be assumed to be complefd for 4.
the Gutenberg-Richter (G-R) relationship, and the observed The earthquake activities are significant in Gujarat for the
maximum magnitude of earthquake near the fault. The catrecent years and these may be attributed to recent activ-
alogue was further analyzed for declustering using the statigty along Bhavnagar swarms (2000), Bhuj Earthquake se-
windowing technique (constant spatiotemporal window of quence (2001-2008), Jamnagar swarms (2006—-2008) and
30 days and 30km). After analyzing the earthquake cataTalala earthquakes (2006—2010) (Table 1). After 2001, seis-
logue for declustering, an earthquake catalogue spanning micity has occurred at several new places in the Saurashtra
time period of 1820-2008 for earthquake magnitidie- 4 region, specially in Jamnagar, Surendranagar, and the Ta-
was prepared for use in the present study. As seismic infala area of Junagadh which has remained stable within the
strumentation has been just been initialized in the Gujarat bySaurashtra region.
GS-Net under the umbrella of the Institute of Seismological |n the present study, five cities were selected as the tar-
Research, most of the catalogue events in the prepared caget and considering the city as centre, a control region with a
alogue have been taken from historic records only. Histori-radius of 250 km around the city is taken into account for fur-
cal earthquake records are usually more complete for largether seismic hazard computations. From the seismotectonic
earthquakes than for smaller ones. In the present analysistudy and published literature, a possible fault map of this en-
the minimum threshold magnitude is assumedVas=4, tire Gujarat region has been prepared. Since earthquakes oc-
and generally events withl,, > 4 may not remain unnoticed curring at epicentral distances (i.e. distance between the city
as far as historic data is concerned. Based on this argumenénd epicenter of earthquake) greater than 250 km do not gen-
it is reasonable to assume that the earthquake catalogue prerally cause structural damage, the faults located at a maxi-
pared forMy, > 4 is complete for its further use for prelim- mum distance of 250 km from a particular site have been not
inary seismic hazard computations. For checking the comconsidered as the tectonic features in the present study. A
pleteness correctly, a sufficient number of samples should beotal of 40 major faults, along with major earthquake events
available at all possible magnitudes. In the present study, thevhich influence seismic hazard at Gujarat, habe been con-
availability of the data in the Gujarat region is low (after re- sidered in the present study (Fig. 5). A list of these faults is
moving the clustered events only ,95 eventdfqf > 4 were  given in Table 2, describing the length of the faults and the
available). However, the Cumulative Visual (CUVI) method controlling region assigned to them for seismic hazard com-
(Tinti and Mulargia, 1985) was used to check the complete-putations.
ness of the catalogue with these limited data. The CUVI
method is based on the visual method for assessing catalogue
completeness, based on the plot of the cumulative numbes Maximum magnitude determination
of events, which is very easy to apply efficiently for limited
event data. Figure 4 represents the cumulative earthquake o©nce the seismic sources were determined for an area con-
currence in time and space for checking the catalogue comsidered for seismic hazard modeling, the next step was the
pleteness. As per Fig. 4, the seismicity rate is uniform fromdetermination of the maximum earthquake magnitude for
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Table 2. Fault characteristics, weighting functions and maximum magnitude for faults used in Seismic Hazard Calculations.

Sr.No. Name Length «; X; N; (m)y B Rupture  Bonilla Nowroozi Slemmons W&C Max Controlling
of fault  inkm Length  (1984) (1984) (1982) (1994) magnitude region
=L/3
1 F18 137.34 0.151 0.217 0.063 0.960 45.78 7.76 7.06 7.03 7.01 7.01 Kachcha
2 F15 26.77 0.029 0.022 0.009 0.960 8.92 7.26 6.17 6.23 6.18 6.17 Kachcha
3 F12 126.36 0.139 0.087 0.039 0.960 42.12 7.74 7.01 6.99 6.96 6.96 Kachcha
4 F13 69.07 0.076 0.022 0.017 0.960 23.02 7.55 6.69 6.70 6.66 6.66 Kachcha
5 F25 59.55 0.066 0.022 0.015 0.960 19.85 7.51 6.61 6.62 6.59 6.59 Kachcha
6 F14 156.56 0.172 0.217 0.066 0.960 52.19 7.80 7.13 7.09 7.07 7.07 Kachcha
7 F19 131.38 0.145 0.130 0.047 0.960 43.79 7.75 7.03 7.01 6.98 6.98 Kachcha
8 F17 160.76 0.177 0.152 0.056 0.960 53.59 7.81 7.14 7.11 7.09 7.09 Kachcha
9 F21 40.87 0.045 0.130 0.030 0.960 13.62 7.39 6.40 6.44 6.40 6.40 Kachcha
10 F31 42.32 0.025 0.063 0.010 1.431 1411 7.40 6.42 6.46 6.41 6.41 Mainland
11 F23 128,57 0.077 0.031 0.013 1431 42.86 7.74 7.02 7.00 6.97 6.97 Mainland
12 F24 157.30 0.094 0.125 0.026 1431 52.43 7.80 7.13 7.10 7.07 7.07 Mainland
13 F33 25293 0.151 0.031 0.021 1431 84.31 7.95 7.39 7.33 7.31 7.31 Mainland
14 F34 287.60 0.171 0.125 0.035 1431  95.87 7.99 7.46 7.39 7.38 7.38 Mainland
15 F32 37.35 0.022 0.031 0.006 1431 12.45 7.37 6.35 6.40 6.35 6.35 Mainland
16 F35 175.32 0.104 0.063 0.020 1.431 58.44 7.84 7.19 7.15 7.13 7.13 Mainland
17 F41 27.61 0.016 0.031 0.006 1.431 9.20 7.27 6.19 6.25 6.20 6.19 Mainland
18 F37 96.48 0.057 0.031 0.010 1431 32.16 7.65 6.87 6.86 6.83 6.83 Mainland
19 F38 59.15 0.035 0.031 0.008 1431 19.72 7.51 6.60 6.62 6.58 6.58 Mainland
20 F46 104.27 0.062 0.063 0.015 1431 34.76 7.68 6.91 6.90 6.87 6.87 Mainland
21 F43 41.82 0.025 0.031 0.007 1.431 1394 7.40 6.41 6.45 6.41 6.41 Mainland
22 F26 59.37 0.035 0.063 0.012 1431 19.79 7.51 6.60 6.62 6.58 6.58 Mainland
23 F48 60.41 0.036 0.031 0.008 1431 20.14 7.51 6.61 6.63 6.59 6.59 Mainland
24 F49 46.27 0.028 0.031 0.007 1.431 1542 7.43 6.47 6.50 6.46 6.46 Mainland
25 F45 2521 0.015 0.125 0.017 1431 8.40 7.25 6.14 6.21 6.15 6.14 Mainland
26 F42 3751 0.022 0.063 0.010 1431 12.50 7.37 6.36 6.40 6.35 6.35 Mainland
27 F2 20145 0.116 0.087 0.016 1478 67.15 7.88 7.26 7.22 7.20 7.20 Saurashtra
28 F10 218.77 0.126 0.043 0.013 1478 7292 7.90 7.31 7.26 7.24 7.24 Saurashtra
29 F7 138.75 0.080 0.043 0.009 1.478 46.25 7.76 7.06 7.03 7.01 7.01 Saurashtra
30 F8 14265 0.082 0.087 0.013 1478 47.55 7.77 7.08 7.05 7.03 7.03 Saurashtra
31 F9 154.00 0.089 0.043 0.010 1478 51.33 7.80 7.12 7.09 7.06 7.06 Saurashtra
32 F28 23.19 0.013 0.174 0.014 1478 7.73 7.22 6.10 6.16 6.11 6.10 Saurashtra
33 F30 1558 0.009 0.087 0.007 1.478 5.19 7.10 5.88 5.97 5.91 5.88 Saurashtra
34 F5 287.42 0.166 0.043 0.016 1478 9581 7.99 7.46 7.39 7.38 7.38 Saurashtra
35 F11 169.44 0.098 0.087 0.014 1.478 56.48 7.83 7.17 7.13 7.11 7.11 Saurashtra
36 F1 58.52 0.034 0.043 0.006 1.478 19.51 7.50 6.60 6.62 6.58 6.58 Saurashtra
37 F3 118.89 0.069 0.087 0.012 1478 39.63 7.72 6.98 6.96 6.93 6.93 Saurashtra
38 F29 5422 0.031 0.087 0.009 1478 18.07 7.48 6.55 6.58 6.54 6.54 Saurashtra
39 F4 92.34 0.053 0.043 0.007 1478 30.78 7.64 6.84 6.84 6.81 6.81 Saurashtra
40 F6 56.39 0.033 0.043 0.006 1.478 18.80 7.49 6.58 6.60 6.56 6.56 Saurashtra

Abbreviation: Wells and Coppersmith (1994) — W&C (1994).

each seismic zone. In this regard, there are two alternativeslip and slip rate or the fault rupture could not be obtained
to choose from. One is the maximum historical earthquakedue to lack of historic instrumentations.

procedure. In the standard rule-of-thumb practice, the max- The second methodology for the determination of max-
imum historical earthquake is increased by half a magnitudédmum magnitude earthquake for a seismic source zone is
unit or, through a recurrence relationship, is taken to yieldfrom the empirical correlations between key fault parame-
the maximum magnitude (Nuttli, 1979). Nevertheless, thisters (Fault Rupture length, fault displacement and fault area).
alternative is not applicable to all seismic source zones detern this regard, the most common feature is the fault rupture
mined in this study for the reasons: (a) all the faults mappedength and it is presently used in the determination of max-
or determined as “active” in present study did not show anyimum magnitude associated with a particular fault. There
predominant activity during the past history; (b) those show-are different opinions on the rupture length of faults to yield
ing the seismic activity are very poorly known and far away the maximum magnitude earthquake. The general assump-
from providing a reliable maximum magnitude earthquaketion based on worldwide data, is that 1/3 to 1/2 of the total
determination because of uncertainties attributed to both infength of the fault may rupture (Mark, 1977). The maximum
strumental and historical records; (c) the accurate amount ofnagnitude is calculated using 1/3 of the total fault length as
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27 o 69 70 7 72 7 74 75, b-value rep(_)rted by _variou_s researc_:hgrs for pen.insular India
| | | | | \ and the Guijarat region. It is very difficult to achieve agree-
ment on one single value for the study. Tectonic earthquakes
are characterized by thevalue from 0.5to 1.5 and are more
frequently around 1.0. In the present study, earthquakes less
than M,y = 4 are not included. Eliminating the big class
of the small earthquakes while fitting the Gutenberg-Richter
(G-R) line may tend to flatten the line. As a result, the actual
mean rate of small earthquakes will be underestimated and
the mean rate of large earthquakes will be overestimated. A
lower b-value for Kachchh region may be due to the predom-
inance of a few big earthquakes in the region and a higher
b-value for other region may be due to lack of significant
numbers of big earthquakes. The uncertainty inkthalue
13 19 is dealt with in the present study using the logic tree ap-
oroo s s me e n proach with the selection of correspondibgalue and its
weightage. In the present analysis, tvgalues are selected,
i.e. one corresponds to the study area obtained using the
present study and the second one using the reglwsralue
223 as reported by Jaiswal and Sinha (2007).
100 ] & ExiroCujan: Furthermore, the occurrence of an earthquake in a seismic
- v source is assumed to follow a Poisson’s distribution. The
probability of the ground motion parameter (horizontal com-
ponent of peak ground acceleration in present study) at a
given site,Z to exceed a specified level, during a speci-
fied time, T, is represented by the expression:

25

24

23 “l“

22

al

Legend|:

n M Faut, Fn
20

Fig. 5. The Fault map used in the present study.

P(Z>7)=1—e"OT <y()T (1)

Where,v(z) is the mean annual rate of exceedance of ground
motion parameter, Z with respect to z. Assuming that the
N;(mp) is the frequency of an earthquake on seismic source
0.00 . . . . LN . — i, having a magnitude higher than a minimum magnitude of
35040 4550 ;fagnimﬁaoe 65 10 33 80 mo (in present study it is taken as 4.0). The recurrence rela-
tion for each seismic source capable of producing an earth-

Fig. 6. Gutenberg-Richter frequency magnitude recurrence rela-quake magnitude in the range o gminimum magnitude) to

tionship for Kachchh, Saurashtra, Mainland regions and the entirdmax (Mmaximum magnitgde assigned) was Ca|CU|ateq using
region of Gujarat. the truncated exponential recurrence model (McGuire and

Arabaz, 1990), given by the following expression

e—Bm—mg) _ ,—B(mmax—mq)

rupture length and using the relationship given by Bonilla N (mg) = T Fomacmg @
et al. (1984), Nowroozi (1985), Slemmons et al. (1989) and formqg < m < mmax

Wells and Coppersmith (1984); the results are presented in

Table 2. The minimum out of the estimated maximum mag-Where=Logo (b-value) p-value is Gutenberg—Ritcher pa-
nitude is finally assigned to the particular fault as the maxi-rameter, see Table 3).

mum magnitude for seismic hazard calculations.

6.1 Fault recurrence relations

6 Recurrence relations The recurrence relation derived above (Eq. 2) is valid for the
entire region and is not specific to any particular faults as-
Using the prepared earthquake catalogue, the estimatesumed in the study. Fault-level recurrence is necessary to
Gutenberg-Richter (G-R) magnitude-frequency recurrencaliscriminate nearby sources from far-off sources and to dif-
relationship for the three study areas is plotted in Fig. 6. Inferentiate the activity rate among faults. In Gujarat, fault
comparison to other studies on the seismic hazard for thetudies are not available presently and historical data are not
Indian Peninsular shield (Table 3), the estimabedhlue is  sufficient to establish fault recurrence relations. In addition,
low in the present study. There are large variations in thePI (Peninsular India) earthquakes are associated with poor
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Table 3. Comparison ob-value for the Gujarat region to values reported by various researchers.

Study Application b-value Reference Periods for
number area study taken
1 Kachchh 0.417 Present study (1820-2008)
2 Saurashtra 0.64 (1872-2008)
3 Mainland 0.62 (1872—-2008)
4 Entire Gujarat 0.51 (1820-2008)
5 Kachchh 0.43 Ashara et al. (2006) -
6 Gujarat 0.72 Tripathi et al. (2005) -
7 Peninsular 0.47 Gupta & Rastogi (1976) -
India (PI)
8 0.81 Avadh Ram and Rathor (1970) 70yr
9 0.7 Kaila et al. (1972) (1954-1967)
10 0.85 Rao and Rao (1984) (1800-1983)
11 0.92 Jaiswal and Sinha (2007) (1842-2002)
12 Mumbai 0.86 Raghu Kanth and lyengar (2006)  (1802—-2002)
13 Southern PI 1.13 Menon et al. (2010) (1507-2008)
14 Bangalore 0.86 Anbazhagan et al. (2009) (1800-2004)

Note: Pl — Peninsular India

surface expression of faults and hence, reliable estimation obbvious that future activity will continue at seismic sources,
slip rates in order to model earthquake recurrence alternaat least in the short run, similar to past activity. Hence, ir-
tively has also not been possible. In such situationspthe respective of its length, seismic activity of a fault should be
value to the particular fault is empirically fixed considering related to the number of past events associated with it in the
the conservation of seismic activity in that particular region. catalogue and it is given by

Followed by lyengar and Ghosh (2004), Raghu Kanth
and lyengar (2006), Anbazhagan et al. (2009) and Vipin et, - Number of earthquakes close to the fault 6)
al. (2009), the regional recurrence relations are scaled down. ~Total number of earthquakes in the region
to fault recurrence relations by introducing a weighting fac-
tor as given below:

Since the Gujarat region is divided into three control regions,
it would be appropriate to use the control region spedific
Ni(mo) = F; (mo)7 e‘ﬁ<'":'"ti)ﬁ—(£;f;:j:a?‘m0> value for individual faults. The above argument provides a
I-e 0 ®) basis for decomposing the regional hazard into fault recur-
rence relations. The weight factors and obtained fault recur-
In which F; (mg) is the weighting factor as given below: rence relation Nmp) are presented in Table 2. Based on the
calculated parameters from Table 2, Fig. 6 and above dis-
Fi(mo) = 0.5(c; +xi) “) cussion, thz fault recurrence relations L?stngalue calcu-
Whereqa; andx; are the weighting factors for length and lated in present study arsvalue reported by Jaiswal and
earthquake event, respectively, which are given as belowSinha (2007), are calculated and graphically presented in
Considering the fact that a longer fault can produce a greateFig. 7.
number of small events of magnitude than a shorter fault,
fault recurrence may be taken as being proportional to the
length of the fault, leading to a simple weight factgras 7 Ground Motion Attenuation Relations (GMARSs)
given below:
L. Once the maximum magnitudes that each fault zone can gen-
o= — (5) erate are determined through the empirical relationship (Ta-
XL ble 2), the next step is the selection of appropriate Ground
Where L; is the length of the fault and XL; is the total  Motion Attenuation Relation (GMAR) to estimate ground
fault length within the region under consideration. Further, motion parameters at site. Raghu Kanth and lyengar (2007)
the regional seismicity measured in terms of the number ofproposed an empirical GMAR for Peninsular India based on
earthquakes per year with :n1mp, should be equal to the the stochastic seismological model and its comparison with
sum of such events the sum of such events occurring on indinstrumented data from the Koyna (1967) and Bhuj (2001)
vidual faults for particular area under consideration. Itis alsoearthquakes. In order to try different forms of attenuation

formg <m <mmax
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sidering the following controlling parametersi) (assign-

1 1 1 —=—Fl——F10
(#) using region speific b-value o ing region specific thd-value based on the present study
B and based on reported by researchéstiie maximum cut-
0014 ——R——P21 ] off magnitude in hazard computations, a3l the GMARs.
= T s Within the hazard analysis, assignedalue maximum cut-
s \ ey off magnitudes and GMARs have been assigned different
2IE3 \ \ i | weights, which are presented in logic tree form in Fig. 8.
% IRV The b-value assigned in hazard computation is selected
£ N\\ SRS based on the present study and the value reported by Jaiswal
= N N e and Sinha (2007) with equal weightage. Owing to the recent
5 \ \\\ \\\\\h study made and the time period used in the study carried out,
b-value =0.92 given by Jaiswal and Sinha (2007) has been
B selected for the hazard computations. There are significant
4 5 6 7 8 9 10 variations in reporte@i-value (Table 3) and it is very difficult
Magnitude (M) to assign different weightage for one over the other. Hence,
ol equal weightage has been assigned to both the hazard com-
] (b) comparison with using b-value 0.92 putation framework, i.eb-value calculated in present study
~ reported by Jaiswal and Sinha (2007) andb-value =0.92. It may be noted that the variationbin

value obtained in the present study based on the study area
of the Gujarat region only is due to the difference in study

4
=3
=

% area ad-value reported by Jaiswal and Sinha (2007) was for
gz the whole of Peninsular India.
2 183 In the present study, the maximum cutoff magnitude is cal-
:j culated based on empirical correlation using key fault param-
2 eters (Fault length). As an alternative, each fault is assigned
R (region specific bvalue, Present Study) | % as the observed magnitude based on the past historic event
< Qo ﬁjgjgz: :E:Eiﬁili:iiiﬁ: present 31335; within the nearby area. Equal weights have been assigned
1| —+—F4 (using b=0.92, Jaiswal and Sinha (2007)) b to the two different maximum magnitudes, as there is clearly
T E e 0m. Jetowal e S 007 no ground for choosing one alternative over the other. This
S is also in agreement that the present study is based on the
Magnitude (Mw) fault map prepared, from which some of the faults may not

be active and the maximum observed magnitude may give a
Fig. 7. Fault recurrence relation®) using b-value calculated in  reasonable idea about the current seismic activity in the re-
present studyb) comparison with usindp-value 0.92 reported by  gion.
Jaiswal and Sinha (2007) for some selected faults. In order to compute the maximum horizontal ground ac-
celeration for a given point assuming a hard rock site, vari-
relationships, several other approaches were also employeels GMARs have been selected as shown in Fig. 8. Raghu
to have a chance for comparison. For shallow crustal earthKanth and Ilyengar (2004, 2007) have studied the attenua-
guakes, GMAR proposed by Abrahamson and Silva (1997Y)ion of PGA and Spectral acceleration in Peninsular India
is applicable and used in the present study. The comparisoffom the considerations of engineering seismology and ob-
made by Petersen et al. (2004) has revealed that the crusttdined the coefficients for attenuation equations from exten-
intraplate relation of Frankel et al. (1996) yields ground mo- sive seismological modeling and simulation. As this domes-
tions similar to the strong ground motion data recorded fromtic GMAR given by Raghu Kanth and lyengar (2007), is re-
the 2001 earthquake at large distances (Cramer and Wheeldgted specifically to Peninsular India, slightly higher weight
2001). In the present study, we have also included the crustd0.2) is assigned to it compared to other imported GMARs.
intraplate GMARSs given by Toro et al. (1997) and Frankel However, it is notable that this relation is only valid for
et al. (1996). The equations by Boore-Joyner-Fumal (1997)pedrock sites with a shear wave velocity of 3.6 kms. Other
Campbell (1997) and Sadigh et al. (1997) representing thésMARs used are for comparison and owing to the fact that
GMAR were also selected for comparison. it is difficult to assign a higher weight to one equation over
the other, equal weights (0.133) have been chosen for all im-
ported GMARSs. To avoid confusion associated with different
8 Uncertainty in Seismic Hazard magnitude scales, all magnitudes have been assumed to be
moment magnitud@/,, in entire study.
Epistemic uncertainties in the hazard computations have
been accounted for within a logic-tree framework by con-
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Region Control City b- Maximum GMARs
Region value Magnitude
. 0.417 RIO7
Kachchh Bhuj 0.5) 02)
0.92 AS97
©3) Observed ©.133)
Jamnagar (0.5)
0.64 (F(;"l’m
. Saurashtra ©5) i
Gujarat | —
vadh
Junagad 092 T97
0.5) Calculated (0.133)
(0.5)
Surat BJF 97
N\~ 062 0.133)
(0.5)
Mainland
Gujarat 97
Ahmedabad 0.92 (0.133)
0.5)
S97
(0.133)

Fig. 8. Logic Tree used in seismic hazard computations (figures in the bracket show the weightage assigned in seismic hazard computations)
(Abbreviations: Raghu Kanth and lyengar (2007) — RI07, Abrahamson and Silva (1997)—- AS97, Frankel (1996) — F96, Toro et al. (1997) —
T97, Boore-Joyner and Fumel (1997) — BJF97, Campbell (1997) — C97, Sadigh et al. (1997)- S97).

9 Deterministic seismic hazard computation Assuming the maximum credible earthquake (MCE) is the
earthquake which imposes the most severe kind of loading
Seismic hazard analysis has been carried out using a detefhe structure ever likely experience (design life of structure
ministic approach. In the present deterministic hazard calcui.e, 50yr), the probability of this level of earthquake at the
lation, the seismic activity of seismic sources (fault sources)site is low. The deterministic analysis pertaining to the 50th
is specified by a recurrence relationship calculated, definingyercentile ground motion is thought to represent MCE in the
the cumulative number of events per year versus their magpresent study. The Safe Shutdown Earthquake, on the other
nitude. The distribution of earthquakes is assumed to be Unihahd1 is thought to represent the severest earthquake interms
form within the source zone and independent of time (Cor-of magnitude at the site. An earthquake of this magnitude
nell, 1968). Each Fault source is characterized by the seismay not have occurred in the past, but this value is arrived at
micity parameters in terms of minimum and maximum mag- after investigation of past earthquakes, local geology (fault
nitude and G-R earthquake recurrence rates as calculated iructure, distance from the fault etc.), and local underlying
previous sections. Deterministic seismic hazard assessmenégil characteristics. The 84th percentile deterministic ground

carried out to identify maximum credible earthquake (MCE) motion calculated represents the SSE in the present study.
and safe shutdown earthquake (SSE) that will affect a site.

The shortest distance from vulnerable sources identified (Ta-
ble 2) for the cities under consideration has been measuregly Results and discussions
from the seismotectonic map. With these distances, maxi-

mum moment magnitude assigned and uncertainty as perthgy 1 peterministic scenarios and hazard computations
logic tree, using GMARSs, the horizontal component of peak

ground acceleration has been calculated at bed rock level b%eed (1982) defined Maximum Credible Earthquake (MCE)
assuming a focal depth of the earthquake of about 10 knhs the largest conceivable event that could occur in

from the surface. the tectonic environment in which the site is located.
Krinitzsky (2002) has pointed out that although Maximum
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10 _ _ respectively, owing to the shortest distance criteria. However
N oo @ T bunpne Arsnes el I | e ot | in practice, structures are designed for ground motions, not
L, ol 1T — E 1 earthquakes, so obtained deterministic scenario earthquakes
g ool ———— oo | should be obtained in the form of worst-case ground motion
B IE3 B | and not just a maximum magnitude-distance pair. In order to
5 1E-4 \. \\Q\ E i estimate reliable ground motions, a probabilistic framework
‘*i 1E-5 N\ NS §3 i is further used to compute the hazard contribution exceeding
2 1E-6 AN .y i a certain level offered by each fault due to all possible future
g7 B AR S W oter s | activities on the faults as visualized by the typical hazard sce-
e B8 AR nario presented for Ahmedabad city in Fig. 9. From Fig. 9,
g B LN\ it is clear that hazard contributions from fault numbers F26,
Z1E10 L F24 and F13 are maximum compared to the other faults for
1E-1 N : Ahmedabad city. In order to compare all the GMARSs used
1E-12 4~ Period = PGA . . . . . . .
s I . \'\ | in estlmatlng the ground motlo'ns at site, at.yplt':al compari-
1E-4 1E3 0.01 01 1 10 100 son for the city of Ahmedabad is presented in Fig. 10. From
Peak Ground Acceleration (g) Fig. 10 it can be observed that the GMAR given by Camp-

bell (1997) gives the highest hazard for Ahmedabad com-
pared to all other GMARs used. However, all the GMARs
are comparable and no significant variations in the estimated
hazard have been observed as shown in Fig. 10.

The total hazard obtained from all the sources for a par-
1 ticular site is typically presented in Fig. 11. It is quite clear

Fig. 9. Total hazard for the city of Ahmedabad obtained from the
contribution of fault sources.

3 Period = PGA, Ahmedabad . L . . .

0.1 3 —~ o S that out of the five cities studied, Bhuj has the highest hazard
T s compared to all the others. Surat has higher hazard com-
2 1E3 4 pared to Ahmedabad, being very close to the Narmada Son
T 1p4d \ Lineaments. Although the hazard for the cities of Jamna-

o 3 .
& 1Bs5 4 \:\\\\ gar and Junagadh are more or less the same, Jamnagar city
“i 1E-6 3 )\\k\ has the lowest seismic hazard compared to all other cities.
2 |57 WX The finally-computed deterministic seismic scenarios for the
S s W AR cities are presented in terms of magnitude and distance pairs
B po | -=-Total of mean hazard for cach source A in Table 5. Itis notable that these deterministic scenarios are
2 15100 o Souee g BooreJoyerunal (1997 \ not fact or do not belong to any particular fault, but ground
z §| 7 Sources using Campbell (1997) \ s motion computed using these scenarios can produce the same

1E-11 4| —*— Sources using Sadigh (1997) Rock [ A A X A

3| e Sources using Frankel (1996) \ level of ground motion which can be expected at a given site.
1E-12 4{ —— Sources using Toro (1997)
1E-13 i +§0urces using Raghu‘ Kanth & Iyengar (2(‘)()7) \\
“Es o001 o1 1T T 10.2 Development of deterministic hazard spectra

Peak Ground Acceleration (g)

As expressed earlier, in practice design engineers are gen-
Fig. 10. Comparison of ground motion attenuation relations erally more interested in specifying the ground motions in
(GMARS) computed using various models for total hazard for theterms of PGA or in terms of spectra as specified by provi-
city of Ahmedabad. sions made by code. In deterministic analysis for a given

probability of exceedance, the probability distribution for the

hazard value can be determined from which the specified
Credible Earthquake (MCE) is the largest earthquake thafractiles (usually 50th percentile i.e. median and 84th per-
can be reasonably expected to occur with in the design lifecentile) are computed. However, the deterministic ground
of a structure (based on geological evidence and earthquakaotions should not just be called the median and 84th per-
history), this does not necessarily imply that it would also centile ground motions but rather they should be called the
be the worst. The maximum earthquake magnitude calcuground motions with 50 % chance and 84 % chance of not
lated and assigned earthquake to the faults as observed in theing exceeded for the design earthquake (the 84th percentile
past history are also mentioned in Table 1. From Table 4deterministic ground motion has a 16 % chance of being ex-
it is easy to pick the MCE and SSE for each site consider-ceeded if the scenario earthquake occurs). In the present
ing the nearest fault producing the largest ground motionsanalysis, 50th percentile (representing MCE) and 84th per-
From the deterministic analysis it is found that for the cities centile (representing SSE) deterministic spectra for spectral
of Surat, Ahmedabad, Bhuj, Jamnagar and Junagadh, faulesponse for 5% damping at the bed rock level, have been
numbers F34, F24, F12, F5 and F7 are the controlling faultsdeveloped varyindg-value as given in logic tree. The 5%
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Table 4. Deterministic scenarios for various cities under consideration in the present study.

Name of Maximum Maximum  Surat Ahmedabad Bhuj Jamnagar Junagadh
fault Magnitude Magnitude  City City City City City
(Calculated) (Observed)

Hypocentral Distance (kmj, =10 km

F1 6.58 5.5 315.63 381.32 231.23 169.01 107.63
F10 7.24 5.5 93.67 238.18 231.23 225.62 231.23
F11 7.11 5 118.57 279.47 320.36  239.02 133.93
F12 6.96 6.66 357.46 249.08 6.22 84.05 191.24
F13 6.66 6.96 336.68 245.07 35.56 48.23 158.72
F14 7.07 7.07 342.65 225.42 23.37 89.93 194.18
F15 6.17 6.17 407.04 286.03 45.51 126.3 236.5
F17 7.09 7.09 359.46 189.8 86.8 164 267.69
F18 7.01 7.01 416.47 264.78 98.43 173.81 280.67
F19 6.98 6.98 450.28 286.78 137 216.08 322.31
F2 7.2 5.5 248.25 337 144.18 110.97 62.91
F21 6.4 6.4 328.27 184.95 73.96 115.21 213.84
F23 6.97 5.5 142.3 63.02 206.85 198.34 195.09
F24 7.07 5.5 81.57 14.11 279.7 274.83 272.97
F25A 6.59 6.59 336.68 245.07 35.56 48.23 158.72
F26 6.58 5.5 149.1 22.42 270.99 228.35 217.82
F28 6.1 6 125.43 96.05 219.95 177.66 160.79
F29 6.54 55 101.47 138.83 24229 176.47 131.87
F3 6.93 55 227.14 306.38 153.06 88.82 32.75
F30 5.88 5.5 77.37 142.09 27558 214.54 170.89
F31 6.41 5.5 118.08 91.33 284.48 235.29 212.1
F32 6.35 55 84.22 93.7 321.18 2748 250.49
F33 7.31 5.7 61.57 145.22 340.64 282.66 236
F34 7.38 5.7 11.59 213.35 369.19 296.41 216.51
F35 7.13 55 72.36 157.9 380.96 326.48 282.18
F37 6.83 5.5 39.99 235.66 409.59 338.23 259.25
F38 6.58 5.5 118.57 262.32 487.65 427.58 366.92
F4 6.81 55 235.63 236.49 162.32 79.07 31.15
F41 6.19 5.5 221.3 249.15 522.38 480.08 447.11
F42 6.35 55 189.26 296.67 544.85 489.96 436
F43 6.41 55 47.87 232.04 364.41 292.05 213.45
F45 6.14 5.5 73.4 282.56 439.96 367.59 285.13
F46 6.87 55 128.97 330.03 504.45 432.64 349.31
F48 6.59 5.5 340.68 145.66 196.41 222.02 294.46
F49 6.46 5.5 286.96 85.79 223.6 227.49 278.52
F5 7.38 5 280.64 115.91 49.68 33.97 143.98

F6 6.56 55 188.44 212.61 203.94 120.55 15.52
F7 7.01 5.5 120.31 200.5 206.86 123.33 13.6

F8 7.03 5 92.55 203.69 271.84 188.16 77.68
F9 7.06 5 64.74 2105 298.37 214.71 104.4

damping is specifically selected to compare the results obbserved to be highest for Ahmedabad city compared to all
the present study with the provisions made in 1S:1893- Parbther cities studied. A significant difference is observed in

|1 (2002). The comparison of the obtained spectraldor the PGA value obtained by both tlevalue approach. The
value obtained from the present study dndalue reported calculated ground motions in terms of the horizontal compo-
by Jaiswal and Sinha (2007), are presented in Fig. 12. Theent for spectral response at 5% damping for the few periods
comparisons confirm that the higher ground motions are proare tabulated in Table 6.

duced for theb-value =0.92 whereas spectra corresponds to  The cities of Junagadh and Jamnagar belong to the same
theb-value from the present study gives comparatively lessettectonic control region, i.e. Saurashtra but the expected seis-
ground motions. The difference is very less for Bhuj city and mic ground motion for both of them is different, i.e. for
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Modified Mercalli Intensity levels, similar to the IS code zon-

O Spectfal response @ 5% damping- ing (Guha, 1962). Updating has been marginally done only
average horizontal component .
0.1 e after the occurrence of large and damaging earthquakes (e.g.,
g R N\ My, = 6.3 Koyna; M,y = 7.7 Bhuj, 2001). It is observed that
ool ] \&§ the zoning prescribes a lower hazard for the regions without
g $\ N significant records of historical earthquakes and revisiting af-
gﬁ 1E-3 ter the occurrence of damaging earthquakes. In addition, this
2 \Q\\ \ map does not portray the seismic hazard at different loca-
§1E-4 A tions and suffers from the weakness of assessing the return
g periods of postulated design seismic coefficients for various
ZIESS zones. Large magnitude earthquake may be expected in the
E ] 5T ahmedabad \:\ region where not many earthquakes have occurred and seis-
CIE6 4 s Bhyj \ mic hazard at a site is controlled by all earthquakes expected
] :I:jzj;;l%j; to occur (including future) during the life of a structure in the
L N S area surrounding the site, and not only by the largest magni-
Peak Ground Acceleration (g) tude earthquake. In this paper, a comparison has been made

between the compared spectra obtained in the present study
Fig. 11. Total Hazard calculated for various cities at zero spectral With the 1S: 1893-Part | (2002)-specified spectra for the cities
period i.e. PGA. studied. The PGA specified by 1S:1893-Part | (2002) is com-
pared with the obtained PGA value for the 50th percentile
and 84th percentile as shown in Fig. 13.
Junagadh being higher than Jamnagar. This is also consis- The estimated PGAs for the cities of Ahmedabad and
tent with recent activities as described by Yadav et al. (2010)Surat are in agreement with that specified by 1S:1893-Part
in the Talala region very close to Junagadh. In the same way, (2002) i.e. for Ahmedabad and Surat 0.13g and 0.15g re-
Surat and Ahmedabad cities are sharing same tectonic corspectively whereas the specified PGA is 0.16 g. Though the
trol region as per the present study, but the calculated PGAestimated PGAs are at bed rock level, site specific correc-
for Surat city is slightly higher than for Ahmedabad. This is tions are required to be done for exact comparison. For
possibly due to the proximity of Surat city to the Narmada Bhuj city, the estimated PGA (0.64g) are high compared to
Son lineaments, considered to be a controlling fault for the0.36 g specified by 1S:1893-Part | (2002). As expressed ear-
city of Surat. lier by Parvez et al. (2003) and Hough et al. (2002), the pre-
It is interesting to note that for the Bhuj region, the esti- dicted near- field ground motion of approximately 0.8 g for
mated PGA are in order of 0.64 to 1.04 g corresponding tothe Kachchh areas for the Bhuj 2001 earthquake also shows
b-value studied. Parvez et al. (2003) and Hough et al. (2002}hat the estimated PGAs are higher than the 1S:1893-Part
has predicted near field ground motion of approximatelyl (2002). Being in zone I, 1S:1893-Part | (2002), speci-
0.8 g for the Kachchh areas for the Bhuj 2001 earthquakdies that the expected PGA for Jamnagar city is in order of
which compared well with our present results. During the re-0.24 g whereas the observed PGA as per the present study is
cent excavations at Bet Dwarka, in the Gulf of Kachchh, Ra-around 0.16g. The PGA around Jamnagar city is also ob-
jendran et al. (2003) identified a seismically generated sangerved in the order of 0.18 to 0.2 g as per the seismic hazard
blow that has disrupted an ancient cultural horizon. The agenap compiled by the Jaiswal and Sinha (2007). This shows
data suggested that the causative earthquake may have otat presently, the specified hazard is higher (30 % approxi-
curred about 2000 years ago. While the source of this earthmately) than the required as per the present study. Similarly,
guake remains constrained, its timing seems to be singulaifor the city of Junagadh, the specified PGA is of the 0.169
studies elsewhere in Kachchh have not disclosed any featurevel whereas in the present study it is observed of the or-
of a comparable age as yet. Their study opens the possibilitger of 0.2 g, higher than that specified by the 1S:1893-Part
for another surprise source, and may be adding a new dimenl-(2002) code. Jaiswal and Sinha (2007) have also shown
sion to the seismic hazard of the entire Gujarat region. that the seismic hazard in the region around Junagadh city is
of the order of 0.12 to 0.18 g for the return period of 475 yr.
10.3 Comparison with IS: 1893 — Part | (2002) spectra  The recent earthquake activities around Talala as described
by Yadav et al. (2010) also indicate that the Junagadh region
Several researchers had carried out studies on seismic zonimqgesently has a higher seismic hazard and when estimating
of India even before the publication of the first zoning map future earthquakes, the level of PGA may be higher than that
by the Bureau of Indian Standards in 1962. The early seisspecified by code and should be increased without waiting
mic maps were qualitative in nature and demarcated the arfor a big event to occur via a surprising source.
eas of severe, moderate, light etc. damages (Krishna, 1959).
The later studies quantified the seismic zones on the basis of
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Table 5. Deterministic magnitude-distance pair for hazard-producing ground motion exceeding 0.2 g.

City Model Hazard (producing Mean magnitude Distance
ground motion Mw) (km)
exceeding 0.2 g)
Ahmedabad b-value (present study) 0.00164 5.11 15.88
b-value =0.92 0.00152 5.29 15.70
Surat b-value (present study) 0.00356 5.05 11.81
b-value =0.92 0.00293 5.04 12.45
Bhuj b-value (present study) 0.02230 5.52 12.56
b-value =0.92 0.01240 4.81 8.33
Jamnagar  b-value (present study) 0.00069 6.57 69.27
b-value =0.92 0.000173 6.17 51.83
Junagadh b-value (present study) 0.00075 5.04 22.87
b-value =0.92 0.00088 5.33 18.89

Table 6. Deterministic seismic 1 spectral ordinates for few reference periods.

Location b-value Deterministic Period (s)
Percentile
PGA 0.20 050 1.00
% 0.62*  (50-percentile) 0.13 0.22 0.09 0.04
S 0.92# 0.48 0.86 0.58 0.36
E 0.62*  (84-percentile) 023 039 017 0.07
< 0.92 0.78 141 096 0.58
0.62* (50-percentile) 0.15 0.26 0.11 0.04
- 0.92 035 061 035 0.18
©
5 0.62* (84-percentile) 0.26 0.45 0.20 0.08
@ 0.92 057 1.02 059 0.31
0.417*  (50-percentile) 0.64 1.09 0.61 0.31
0.92 0.75 146 102 0.61
2 0.417* (84-percentile) 1.08 1.85 104 054
@ 0.92 1.26 244 169 1.00
5 0.64* (50-percentile) 0.14 0.26 0.18 0.11
g 0.92 0.27 052 040 0.28
g 0.64*  (84-percentile) 0.24 045 0.31 0.19
- 0.92 045 0.88 0.66 0.46
£ 0.64* (50-percentile) 0.20 0.34 0.17 0.08
g 0.92 045 081 054 0.33
©
5 0.64* (84-percentile) 0.34 059 0.30 0.14
- 0.92 0.73 132 0.89 053

Note: *present study? adopted from Jaiswal and Sinha (2007).
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Fig. 12. Deterministic spectra obtained for various cities with diffetewtlues. The ground accelerations are plotted in unit of 5% damped
acceleration response spectrum as a function of period for differealues at particular site location.

11 Conclusions istic seismic hazard analysis is carried out using maximum
magnitude earthquake associated with 40 faults. For each
city, the hazard associated with each source is calculated us-

In order to be consistent with the other seismic codes World'ing the classical Cornell approach, using the seven different

wide and to cater to performance based seismic desigisMARs including the domestic relations of India given by

approaches, it is necessary to develop regional seismic hagraghu Kanth and lyengar (2007). The deterministic spectra
ard maps/scenarios consistent with the local seismotectonigptained using the 50th percentile (representing MCE) and

Setting. The present Study iS the fiI’St Step tOWards deVelOpingA_th percent"e (representing SSE) have been deve'oped us-

a state-of-the-art seismic hazard map for one of the most acng the probabilistic framework and logic tree approach and

tive regions of Peninsular India and forms a sound basis forcompared with the 1S:1893-Part | (2002) specified spectra.

future eXtenSion of the Site-SpeciﬁC studies of the Control'The Seismic hazard in the Gujarat region iS quite Scattered_
||ng regionS. To estimate seismic ground motions for the feW|t is much h|gher for the Kachchh region (|e Bhuj C|ty) and
commercial hubs of the state of Gujarat, India, the determin-
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damped acceleration response spectrum as a function of period and its comparison with 1S:1893-Part | (2002) specified spectra for seismic
design of structures at particular site location.

comparatively lower for the Saurashtra and Mainland regiongerformance-based designs. Close examination of the de-
of Gujarat State. The most vulnerable site is Bhuj city as it isveloped spectra has revealed that the expected ground mo-
very close to the most active faults in the state of Gujarat. Ittion values become high for the Kachchh region i.e. Bhuj
has also been observed that the calculated hazard is sensitiegy and moderate in the Mainland Gujarat, i.e. the cities of
to theb-value. The variation in hazard computed with respectSurat and Ahmedabad. The seismic ground motion level in
to b-value is highest for Ahmedabad city and lowest for Bhuj Saurashtra is moderate but differs only marginally from that
city. Based on the present study, the recommended PGA vabpresently specified in 1S:1893-Part | (2002), i.e. for the city
ues for the cities studied are 0.13 g, 0.15g, 0.64 g, 0.14 g andf Jamnagar the hazard presently specified is overestimated
0.2g for Ahmedabad city, Surat city, Bhuj city, Jamnagar whereas it is underestimated for Junagadh city by 1S:1893-
city and Junagadh city, respectively. Deterministic spectraPart | (2002). The present provisions in code 1S:1893-Part
have been prepared for each major city for the 50th and 84th (2002) are intensity based observations and do not address
percentiles of ground motion occurrence in order to aid thethe probabilistic estimation of seismic hazard.
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The proposed spectra for the various major cities offerBiswas, S. K. and Deshpande, S. V. :Geological and tectonic maps
practical value to the engineers for seismic design of struc- of Kutch, ONGC Bull., 1970, 7, 115-116, 1970.
tures. The users of the proposed spectra should be calRiswas, S. K.: Rift basins in western margin of India and their hy-
tious that the spectra presented in the present study are for drocarbon prospects with special reference to Kutch basin, Am.
the bedrock level. It is necessary to carry out site response  ASSoC. Petr. Geol. B., 66, 1, 497-1,513, 1982. _
analysis for the sites underlain by soil to compute the maxi-B'Swas S. K.: Regional tectonic framework, structure and evolution

mum horizontal ground acceleration required for the design gg;rleszv;esltgg; marginal basins of India, Tectonophysics, 135,

of earthquake- reS|Sta.nt structures. Itis also nOteworthY tha_éiswas, S. K.: A review of structure and tectonics of Kutch basin,

earthquake return periods are not presently addressed in this \yestern India, with special reference to earthquakes, Current

study and that the fault recurrence relations are obtained em- sjnce, 88, 10 1592—1600, 2005.

pirically from the regional recurrence further calculated from Bonilla, M. G., Mark, R. K., and Lienkaemper, J. J.: Statistical

the earthquake catalogue fof,, > 4. Furthermore, it is relations among earthquake magnitude, surface rupture length

planned to develop probabilistic seismic hazard maps for the and surface fault displacement, Bull. Seism. Soc. Am, 74, 2379—

Gujarat region and site-specific spectra for a few critical lo- 2411, 1984.

cations to help safe and economical planning. Boore, D. M., Joyner, W. B. and Fumal, T. E.: Equations from esti-
mating horizontal response spectra and peak acceleration from
Western North American earthquakes: a summary of recent
work, Seismol. Res. Lett., 68, 128-153, 1997.

%:ampbell, K. W.: Empirical Near-Source Attenuation Relation-
ships for Horizontal and Vertical Components of Peak Ground
Acceleration, Peak Ground Velocity, and Pseudo-Absolute Ac-
celeration Response Spectra, Seismol. Res. Lett., 68, 1, 154-179,
1997.

Cramer, C. H. and Wheeler, R. L.: The 2001 Guijarat, India earth-
quake and seismic hazard in Central and Eastern North America,
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