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Abstract. In this work an attempt has been made to
evaluate the seismic hazard of South India (8.0◦ N–20◦ N;
72◦ E–88◦ E) based on the probabilistic seismic hazard anal-
ysis (PSHA). The earthquake data obtained from different
sources were declustered to remove the dependent events. A
total of 598 earthquakes of moment magnitude 4 and above
were obtained from the study area after declustering, and
were considered for further hazard analysis. The seismo-
tectonic map of the study area was prepared by considering
the faults, lineaments and the shear zones in the study area
which are associated with earthquakes of magnitude 4 and
above. For assessing the seismic hazard, the study area was
divided into small grids of size 0.1◦×0.1◦, and the hazard
parameters were calculated at the centre of each of these grid
cells by considering all the seismic sources with in a radius
of 300 km. Rock level peak horizontal acceleration (PHA)
and spectral acceleration (SA) values at 1 s corresponding to
10% and 2% probability of exceedance in 50 years have been
calculated for all the grid points. The contour maps show-
ing the spatial variation of these values are presented here.
Uniform hazard response spectrum (UHRS) at rock level for
5% damping and 10% and 2% probability of exceedance in
50 years were also developed for all the grid points. The peak
ground acceleration (PGA) at surface level was calculated for
the entire South India for four different site classes. These
values can be used to find the PGA values at any site in South
India based on site class at that location. Thus, this method
can be viewed as a simplified method to evaluate the PGA
values at any site in the study area.

1 Introduction

The Peninsular India is one of the oldest Archaean shield re-
gions in the world, whose continental interiors are generally
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considered as seismically stable. A recent study by Kumar
et al. (2007) indicate a lithospheric thickness of 80–100 km
for Indian plate. This lithospheric depth is very small when
compared to the depth of lithosphere below other continental
masses like Africa, Antarctica and Australia. At present In-
dian plate is moving with a high velocity (Jade, 2004), which
is attributed to the low lithospeheric depth as one of the rea-
sons (Kumar et al., 2007). Gangrade and Arora (2000) have
also reported that a slow and steady accumulation of seismic
energy is occurring in this region which may lead to earth-
quakes of moderate to significantly high magnitudes. Some
of the major earthquakes reported in Peninsular India since
18th Century include Mahabaleshwar (1764), Kutch (1819),
Damooh hill (near Jabalpur, 1846), Mount Abu (1848),
Coimbatore (1900), Son-Valley (1927), Satpura (1938), An-
jar (1956), Koyna (1967), Killari (1993), Jabalpur (1997)
and the recent Bhuj earthquake (2001). Mandal et al. (2000)
highlighted that during the last four decades stable continen-
tal shield region (SCR) of India has experienced moderate
seismic activity.

Earthquake hazard is controlled by three factors – source
properties, path characteristics, and local site effects. For
assessing the seismic hazard the important factors to be con-
sidered are: past earthquake data, earthquake source charac-
teristics in the region and the attenuation relationships. Seis-
mic hazard may be analyzed deterministically by consider-
ing a particular earthquake scenario, or probabilistically, by
considering the uncertainties involved in earthquake size, lo-
cation, and time of occurrence (Kramer, 1996). In this pa-
per an attempt has been made to estimate seismic hazard at
rock level in terms of peak horizontal acceleration (PHA) and
spectral acceleration (SA) using probabilistic seismic hazard
analysis (PSHA). A new seismotectonic map of the study
area has been prepared for this purpose, which consist of
the past earthquake data, collected from various sources, and
the seismic sources associated with these earthquakes. After
declustering the earthquake data, their completeness was an-
alyzed using Stepp’s (1972) method and the values of the
seismicity parameters, “a” and “b”, were estimated using
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G-R method. Using the seismic hazard parameters and the
seismic sources of the region, seismic hazard curves (mean
annual rate of exceedance versus PHA (g) and SA (g) for 1 s),
rock level response spectrum and contours maps of PHA (g)
with 10% and 2% probability of exceedance in 50 years and
spectral acceleration corresponding to 1 s and 5% damping
with 10% and 2% probability of exceedance in 50 years were
prepared.

The peak ground acceleration (PGA) and SA values at
ground surface may vary significantly from the values at
bed rock level. These variations, either amplification or de-
amplification, will depend upon the site conditions. For the
evaluation of PGA values, the site characterization has to
be done and this will require analysis and study of a large
amount of geological, seismological and geotechnical data.
The PGA values at the ground surface for the entire study
area were evaluated by considering four different site classes
viz. site class A to D (BSCC, 2001).

A design response spectrum, which will be extremely use-
ful for designers, has been developed for Mumbai for site
class D, based on Eurocode 8 (2005) and IS (BIS-1893,
2002) code recommendation. The comparison of design val-
ues obtained are also presented in this paper.

The seismic hazard estimation for Peninsular India was
previously attempted by Jaiswal and Sinha (2007) and their
study area starts from 10◦ N. In the present study, the study
area selected is from 8◦ N and the earthquake data and de-
tails of seismic sources were collected for an area of about
300 km from the boundary of study area, as per Regulatory
Guide 1.165 (1997). Apart from this there are major dif-
ferences in the methodology adopted for the evaluation of
seismic hazard. The previous study adopted a zone less ap-
proach and the seismic sources were not identified. How-
ever in this work an extensive study was carried out to iden-
tify and to map the seismic sources from SEISAT (2000)
and from remote sensing images (Ganesha Raj and Nijagu-
nappa, 2004). About 189 active seismic sources, which were
associated with earthquakes of moment magnitude 4 and
above, were identified in the study area. The earthquake cat-
alogue for this study contains 598 events with moment mag-
nitude 4 and above against 184 events considered by Jaiswal
and Sinha (2007). In the current work data until 2006 was
considered where as Jaiswal and Sinha (2007) had consid-
ered the data till 2002. Moreover the present study used a
regional attenuation relationship developed by Iyengar and
Raghukanth (2004), whereas, Jaiswal and Sinha (2007) gave
50% weightage to this relationship and the rest to other atten-
uation relations. The variation of the spectral acceleration at
1 s, with 10% and 2% probability of exceedance in 50 years,
for the entire study area is also provided in the present study.
The variation of peak horizontal acceleration and spectral ac-
celeration has been evaluated for return periods of 475 years
and 2500 years. Site response effects were also considered
and the PGA values at ground surface for the entire study
area were developed for four different site classes. The site

response study has not been attempted previously for this re-
gion. A design response spectrum for Mumbai, based on site
class D, has been developed based on Eurocode 8 (2005) and
Indian standards code (BIS-1893, 2002).

2 Study area

South India (8.0◦ N–20◦ N; 72◦ E–88◦ E) is considered as
a stable continental shield region with moderate seismicity.
The seismic regionalization studies started in 1959 by Tan-
don (1956) and Krishna (1959) to demarcate areas of po-
tential earthquake damage in the Indian subcontinent. The
intensity-based mapping of Indian Subcontinent was pre-
sented by Guha (1962) and Gubin (1968). The probabilis-
tic seismic hazard studies for this area was done by sev-
eral researchers including Basu and Nigam (1977), Kaila and
Rao (1979), Khatri et al. (1984) and Jaiswal and Sinha (2006,
2007). Even though researchers like Reddy (2003), Pur-
nachandra Rao (1999), Gangrade and Arora (2000), etc. have
highlighted the need for seismic study of southern Peninsular
India, no detailed seismic hazard analysis has been done for
the entire South India. The area selected in this study is be-
tween latitude 8◦ N–20◦ N and longitude 72◦ E–88◦ E, which
is shown as the hatched portion in Fig. 1. Seismic study area
covers about 300 km from the boundary of study area, as per
Regulatory Guide 1.165 (1997), is also shown in Fig. 1. The
study area consists of five states of India, viz. Kerala, Tamil
Nadu, Karnataka, Andhra Pradesh, and Goa. The union terri-
tory of Pondicherry and some parts of the states of Maharash-
tra, Orissa and Chhattisgarh also fall in the study area. Total
population in South India is about 300 million and there are
about eight cities with population exceeding one million in
this region. Mumbai, the financial capital of India and the
fifth most populous city in the world, alone accounts for a
population of 19 million. These facts clearly demonstrate the
need to identify the active seismic sources and to assess the
seismic hazard in this region considering the local site ef-
fects. The study area includes two mountain ranges of West-
ern Ghats and Eastern Ghats and a plateau formed by ma-
jor rivers like Tungabhadra, Kaveri, Krishna and Godavari.
A map showing various geotectonic features of South In-
dia (Indian peninsula) like, major fault zones, thrusts, struc-
tural trends, granitic intrusions and the various lithotectonic
provinces was presented by Valdiya (1973).

3 Seismicity characteristics

According to the seismic zonation map of BIS-1893 (2002),
study area falls in zones II and III. Ramalingeswara
Rao (2000) has calculated the strain rate for Indian shield
region and the values obtained were found to be the sec-
ond highest for SCR of the world. Seeber et al. (1999) has
reported that the between 1960 and 1990 the seismicity of
peninsular India showed a three fold increase.
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Fig. 1. Study area along with seismic study area.

Estimation of seismic hazard values in any region needs
the complete details of past earthquakes with a uniform
magnitude scale. The earthquake catalogue for this re-
gion was prepared by consolidating the available informa-
tion from different sources and covers the time period 1820–
2006. The earthquake data were collected from differ-
ent sources like Coast and Geodetic Survey, earthquake-
info (2005), Guaribidanur Array, Geological Survey of In-
dia, Indian Meteorological Department, International Seis-
mological Centre, International Seismological Summary,
Kalpakkam Atomic Reactor, National Geophysical Research
Institute, Seismological Observatory, and United States Ge-
ological Survey. In addition to this, a few more data were
collected from the catalogues published by different re-
searchers like Oldham (1883), Milne (1911), Turner (1911),
Gubin (1968), Kelkar (1968), Gosavi et al. (1977) and in-
tensities of the earthquakes as assigned by Srivastava and
Ramachandran (1983). The details of data collected from
different sources like, duration of data and the magnitude of
data are given in Table 1. The data collected were carefully
analyzed to remove the duplicate events. In some cases the
magnitude for the same event reported by different agencies
were slightly different and in those cases we have selected
the higher magnitude along with its epicentral co-ordinates in
the analysis. The data obtained were in different scales such
as body wave magnitude (mb) surface wave magnitude (Ms),
local magnitude (ML) and the earthquake intensity scale (I ).
Hence these data were converted to a common scale of mo-
ment magnitude (Mw). The local magnitudes were converted

Table 1. Details of earthquake data from different sources.

Source Period of data Magnitude range

Kalpakkam 1820–1990 1.6–5.6
NGRI (Hyd) 1968–1981 2.1–5.2
GBA 1968–1995 0.9–5.7
Earthquakeinfo 1843–1997 3.2–5.9
USGS 1841–2006 2.2–6.4
IMD 1827–2006 2.8–6.3
ISC 1967–1994 4.1–6.4

Table 2. Earthquake events with magnitude 6.0 and above in study
area.

Date Latitude Longitude Depth Original MW Reference
(◦ N) (◦ E) (km) magnitude

26 May
1618 18.9 72.9 6.9 I–IX 7.0 OLD
Aug

1764 17.9 73.7 – – 6.0 KEL
31 Mar

22.1 77.5 – – 6.0
Earthqua-

1852 keinfo
7 Feb
1900 10.8 76.8 70 I–VIII 6.3 BASU

21 Apr
1919 22 72 – I–VIII 6.3 IMD

14 Mar
1938 21.5 75.7 50 I–VIII 6.3 GR

9 May
1963 21.7 84.9 – ML – 6.0 6.0 IMD

10 Dec
1967 17.5 73.73 10 Ms – 6.5 6.4 ISC

13 Apr
1969 17.81 80.67 – Ms – 6.0 6.1 ISC

29 Sep
1993 18.06 77.5 – MW – 6.2 6.2 USGS

using the equation suggested by Heaton et al. (1986), the
body wave and surface wave magnitude were converted us-
ing the relations suggested by Scordilis (2006) and the in-
tensity values were converted using the empirical relation
(M=(2/3)I+1), whereI is the earthquake intensity value.
A declustering algorithm was used to remove the dependent
events from this catalogue. Most of the declustering algo-
rithms are developed for active tectonic conditions; hence
it may not be suitable in the present study. Here we have
considered a criterion based on uniform time (>30 days) and
space (>30 km) window between successive events. After
declustering there were 1588 events in the catalogue, out
of which 10 events ofMw>=6.0, 135 events ofMw>=5.0
and 598 events ofMw>=4.0. All the events ofMw>=4.0
were used for further analysis. The information on earth-
quakes with magnitude greater than or equal to 6.0 is given
in Table 2.
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Fig. 2. Completeness analysis using Stepp’s method.

4 Regional recurrence relation

The Seismic activity of a region is characterized by the
Gutenberg and Richter (1944) earthquake recurrence law.
According to this law,

Log10N = a − bM (1)

WhereN is the total number of earthquakes of magnitudeM

and above in an year anda andb are the seismic parameters
of the region. The completeness of the catalogue was eval-
uated using the Stepp’s (1972) method. From the analysis
it was found that the magnitude range 4–5 was complete for
70 years, magnitude range of 5–6 was complete for 80 years
and magnitudes above 6 were complete for 100 years (Fig. 2).
The frequency magnitude relationship obtained from the data
for a magnitude interval of 0.1 for the study area is shown in
Fig. 3. From this analysis, the earthquake recurrence relation
obtained is

Log10N = 4.58(±0.4) − 0.891(±0.07)M (2)

The hazard parameters area=4.58 andb=0.891. The “b”
value obtained for the study area matches well with the pre-
vious studies of Ram and Rathor (1970), Kaila et al. (1972),
Ramalingeswara Rao and Sitapathi Rao (1984), Anbazhagan
et al. (2009) and Jaiswal and Sinha (2006, 2007).

5 Identification of seismic sources

The seismic sources in the study area were identified from
the seismotectonic atlas (SEISAT, 2000), published by the
Geological Survey of India. The SEISAT maps are available
in A0 size sheets and each map covers an area of 3◦

×3◦.
The study area was covered in 19 sheets of SEISAT. The re-
quired pages of SEISAT were scanned and after georefer-
encing these images, the earthquake data was superimposed
on this. The sources, which are associated with earthquake
events of magnitude 4 and above, were identified and were
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Fig. 3. Frequency magnitude relationship for the study area.

used in the hazard analysis. Apart from this some additional
lineaments and faults were obtained from the remote sens-
ing image analysis of Ganesha Raj and Nijagunappa (2004).
The seismic study area covers about 300 km from the bound-
ary of study area. The seismotectonic map along with the
details of earthquakes is shown in Fig. 4. The details re-
garding location, length, number of earthquakes of magni-
tude 4 and above occurred along a source and the maximum
reported magnitude were collected for all the sources. A to-
tal of 189 seismic sources were identified in the study area,
which includes 39 faults, 139 lineaments, 2 ridges and 9 shear
zones. The length of seismic sources varied form 3 km to
592 km. The details of the source parameters are given in
Table 3.

6 Seismic hazard analysis

Probabilistic seismic hazard analysis (PSHA) was initially
developed by Cornell (1968). Many researchers have
adopted this methodology for evaluating hazard and re-
cently this method has been adopted by Iyengar and
Ghosh (2004), Raghu Kanth and Iyengar (2006) and An-
bazhagan et al. (2009) for the probabilistic seismic hazard
analysis of Delhi, Mumbai and Bangalore respectively. In
the present study also similar methods are used to evaluate
the seismic hazard of South India. The hazard curves ob-
tained from PSHA show the variation of peak horizontal ac-
celeration (PHA) or spectral acceleration (SA) against mean
annual rate of exceedance. For calculating the seismic haz-
ard values, the entire study area was divided into grids of
size 0.1◦×0.1◦ (about 9500 cells) and the hazard values at
the centre of each grid cell were calculated by considering
all the seismic sources with in a radius of 300 km. For this
purpose a new program was developed in MATLAB.

The occurrence of an earthquake in a seismic source is
assumed to follow a Poisson’s distribution. The probability
of ground motion parameter at a given site,Z, will exceed
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Fig. 4. Seismotectonic atlas of South India.

a specified level,z, during a specified time,T is represented
by the expression:

P(Z > z) = 1 − e−ν(z)T
≤ ν(z)T (3)

Whereν (z) is the mean annual rate of exceedance of ground
motion parameter,Z, with respect toz. The functionν (z) in-
corporates the uncertainty in time, size and location of future
earthquakes and uncertainty in the level of ground motion
they produce at the site. It is given by:

ν(z) =

N∑
n=1

Nn(m0)
mu∫

m=m0

fn(m)[
∞∫

r=0
fn(r|m)P (Z>z|m, r)dr

]
dm

(4)

WhereNn (m0) is the frequency of earthquakes on a seis-
mic sourcen, having a magnitude higher than a minimum
magnitudem0 (in this study it is taken as 4.0).fn (m) is the
probability density function for a minimum magnitude ofm0

and a maximum magnitude ofmu; fn (r|m) is the conditional
probability density function (probability of occurrence of an
earthquake of magnitudem at a distancer from the site for a
seismic sourcen); P (Z>z|m, r) is the probability at which
the ground motion parameterZ exceeds a predefined value of
z, when an earthquake of magnitudem occurs at a distance
of r from the site. The integral in Eq. (4) can be replaced
by summation and the density functionsfn (m) andfn (r|m)

can be replaced by discrete mass functions. The resulting
expression forν (z) is given by:

ν(z) =

N∑
n=1

mi=mu∑
mi=m0

λn(mi)[
rj =rmax∑
rj =rmin

Pn(R = rj |mi)P (Z > z|mi, rj )

] (5)

Whereλn (mi) is the frequency of occurrence of magnitude
mi at the sourcen obtained by discretizing the earthquake
recurrence relationship for the sourcen.

The magnitude recurrence model for a seismic source
specifies the frequency of seismic events of various sizes
per year. The seismic parameters were determined using
Gutenberg-Richter (G-R) magnitude-frequency relationship
which is given in Eq. (2). The maximum magnitude (mu)
for each source was estimated based on maximum reported
magnitude at the source plus 0.5 (Iyengar and Ghosh, 2004;
Raghu Kanth and Iyengar, 2006). The recurrence relation
for each fault, capable of producing earthquake magnitudes
in the rangem0 to mu was calculated using the truncated
exponential recurrence model developed by McGuire and
Arabasz (1990), and it is given by the following expression:

N(m) = Ni(m0)
e−β(m−m0)

−e−β(mu−m0)

1−e−β(mu−m0)

for m0
≤ m < mu

(6)

Whereβ=bln (10) andNi (m0) weightage factor for a par-
ticular source based on deaggregation. Deaggregation pro-
cedure followed here is similar to the one followed by Iyen-
gar and Ghosh (2004), Raghu Kanth and Iyengar (2006) and
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Table 3. Details of the fault parameters.

Fault Mmax Length Fault Mmax Length Fault Mmax Length
no. (km) no. (km) no. (km)

1 5.1 231 64 4.2 84 127 6.4 35
2 4.4 249 65 4.7 125 128 4.3 24
3 4.2 160 66 4.2 262 129 5.2 57
4 4.3 113 67 5.0 219 130 4.2 143
5 4.3 107 68 5.0 125 131 5 379
6 4.4 175 69 5.0 332 132 4.3 108
7 4.5 247 70 4.8 53 133 4.3 396
8 4.3 133 71 5.0 21 134 4.3 63
9 5.1 84 72 5.0 207 135 4.5 259
10 4.6 506 73 5.0 349 136 5.7 40
11 4.9 75 74 4.9 127 137 5.2 124
12 5.3 200 75 4.8 110 138 5.8 43
13 4.3 385 76 5.0 76 139 6.7 67
14 4.8 114 77 4.7 52 140 4.3 153
15 6.3 457 78 4.1 181 141 4.3 12
16 5.7 470 79 5.4 120 142 4.3 47
17 5.0 143 80 4.2 143 143 4.2 97
18 4.7 61 81 4.2 220 144 4.4 189
19 4.2 327 82 4.3 106 145 4.5 22
20 4.5 204 83 4.9 50 146 4.5 198
21 4.3 120 84 4.7 58 147 5.2 283
22 4.3 112 85 5.4 148 148 4.3 234
23 4.3 131 86 4.8 221 149 4.2 104
24 4.3 120 87 4.3 125 150 4.6 190
25 4.6 78 88 4.4 90 151 4.3 78
26 4.4 150 89 4.7 67 152 4.8 146
27 4.8 115 90 4.7 121 153 4.9 20
28 4.4 97 91 5.0 57 154 5 47
29 5.2 176 92 5.7 57 155 4.8 85
30 4.5 95 93 4.3 49 156 5.3 26
31 4.8 592 94 4.5 63 157 4.6 167
32 5.0 347 95 4.1 83 158 4.8 45
33 5.0 166 96 4.3 127 159 4 24
34 4.8 88 97 4.4 87 160 4 47
35 5.7 283 98 5.0 62 161 4.9 180
36 5.2 146 99 4.3 120 162 4.9 39
37 5.0 118 100 4.6 184 163 4.9 211
38 4.2 95 101 4.4 78 164 5.7 31
39 5.6 100 102 4.5 64 165 4.5 21
40 5.2 286 103 4.8 74 166 4.2 119
41 5.2 109 104 4.3 96 167 4 15
42 4.8 179 105 4.3 21 168 5.6 372
43 4.8 121 106 4.4 335 169 4.7 34
44 4.9 54 107 4.9 96 170 4 29
45 4.6 123 108 4.9 27 171 4 3
46 5.6 131 109 4.6 29 172 4.7 5
47 4.4 209 110 4.1 131 173 4.6 43
48 4.8 62 111 7 220 174 6 87
49 4.0 227 112 4.3 105 175 4.5 239
50 5.4 123 113 4.4 203 176 4.8 309
51 4.5 151 114 5.1 138 177 5.3 109
52 4.5 103 115 4.8 21 178 5 27
53 5.0 49 116 4.9 129 179 6.3 173
54 4.8 434 117 6.3 59 180 5.7 351
55 5.0 107 118 5.9 50 181 5 160
56 4.8 193 119 4.2 103 182 5 241
57 4.4 178 120 5 35 183 4 531
58 4.8 154 121 4.3 161 184 4.3 198
59 4.0 146 122 4 168 185 4.3 166
60 5.0 107 123 5.2 84 186 4.6 96
61 4.9 99 124 4.2 381 187 4.1 195
62 4.1 266 125 5.1 229 188 4.2 95
63 5.7 35 126 5 36 189 5.2 83

Anbazhagan et al. (2009) for PSHA of Delhi, Mumbai and
Bangalore, respectively.

Weightingfactor= 0.5(αi + χi) (7)

The weigthing factor for length,

αi = Li

/∑
Li

(8)

Li is the length of the faulti. The earthquake event weight-
ing factor (χi) has been taken as the ratio of the past events
associated with sourcei to the total number of events in the
region as given below:

χi =
Number of earthquakes close to the source

Total number of earthquakes in the region
(9)

The recurrence relation of sourcei has been calculated by
averaging both weighting factors as given below:

Ni(m0) = 0.5(αi + χi)N(m0) (10)

The value ofm0 for all the faults were taken as 4 and the
value of mu for each of the faults were calculated as ex-
plained above. The magnitude range for each fault was di-
vided into small intervals and the recurrence rates of each of
these magnitudes were calculated using the above equations.

In PSHA, the probability of occurrence of an earthquake
anywhere in the fault is assumed to be the same. The uncer-
tainty involved in the source to site distance is described by
a probability density function. The shortest and longest dis-
tance from each source to the centre of the grid is calculated.
The hypocentral distance was calculated by considering a fo-
cal depth of 15 km, similar to the one used for DSHA by
Sitharam et al. (2006) and Sitharam and Anbazhagan (2007).
A probable source zone depth of 10 km has been considered
by Bhatia et al. (1997) in an exercise to develop seismic haz-
ard map of the shield region of India in GSHAP. The con-
ditional probability distribution function of the hypocentral
distanceR for an earthquake of magnitudeM=m is assumed
to be uniformly distributed along a fault. It is given by Ki-
ureghian and Ang (1977) as:

P(R < r|M = m) = 0 for R < (D2
+ L2

0)
1/2 (11)

P(R<r|M=m) =
(r2

−D2)1/2
−L0

L−X(m)
for (D2

+L2
0)≤R<{

D2
+ [L+L0−X(m)]

2
}
1/2

(12)

P(R<r|M=m)=1 for R>
{
D2

+ [L+L0−X(m)]
2

}
1/2 (13)

WhereX(m) is the rupture length in kilometers, for an event
of magnitudem, estimated using the Wells and Copper-
smith (1994) equation, which is as given below:

X(m) = min
[
10(−2.44+0.59(mi )), fault length

]
(14)

The notations used in the Eqs. (11–14) are explained in
Fig. 5.
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Fig. 5. Fault rupture model.

Since the study area is located in peninsular India, the at-
tenuation relation (for peak horizontal acceleration and spec-
tral acceleration) for the rock site in Peninsular India devel-
oped by Raghu Kanth and Iyengar (2007) was used. The
attenuation relation suggested for the region is:

lny=c1+c2 (M−6) +c3 (M−6)2
− ln R−c4R+ ln (∈) (15)

Wherey, M, R andε refer to PHA/spectral acceleration (g)
at the bed rock level, moment magnitude, hypocentral dis-
tance and error associated with the regression respectively.
The coefficients in Eq. (15),c1, c2, c3, andc4 are obtained
from Raghu Kanth and Iyengar (2007). The normal cumula-
tive distribution function has a value which is most efficiently
expressed in terms of the standard normal variables (z) which
can be computed for any random variables using transforma-
tion as given below (Kramer, 1996):

z =
ln PHA − ln PHA

σln PHA
(16)

Where PHA is the various targeted peak acceleration levels
which will be exceeded.ln PHA is the value calculated us-
ing attenuation relationship equation andσln PHA is the un-
certainty in the attenuation relation expressed by the standard
deviation.

7 Evaluation of seismic hazard

For generating seismic hazard curves, a newly developed
MATLAB program was used. The input for this program in-
clude the parameters of the faults, viz. latitude and longitude
of the starting and end point of the faults, number of earth-
quakes along the fault, the maximum magnitude, the seismic-
ity parameters and the grid size. The program will divide the
study area into grids of specified size and the seismic hazard
values at the centre of each grid cell will be calculated. The
hazard curves for mean annual rate of exceedance for PHA

and Spectral acceleration for 1 s at rock level were calculated
for each of the grid cells. Uniform hazard response spec-
trum (UHRS) at rock level with 2% and 10% probability of
exceedance in 50 years were also calculated for all the grid
points. UHRS with 2% and 10% probability of exceedance
in 50 years for important cities in South India are shown in
Figs. 6 and 7.

8 Local site effects

In the previous sections the evaluation of PHA and SA
values at rock levels were discussed in detail. Due to
the variations in the local site conditions, the surface level
peak ground acceleration (PGA) and spectral acceleration
values can be different from the rock level values. The
method which is widely followed for classifying the site
is the average shear wave velocity in the top 30 m, which
is commonly referred to asV 30

s . This method has been
adopted by many codes for estimating the design ground
motion at a site, after incorporating the local site condi-
tions. In the present study four site classes were con-
sidered, viz. site class A to D. The shear wave velocity
ranges for each site class, as suggested by National Earth-
quake Hazard Reduction Program (NEHRP) (The Building
Seismic Safety Council – BSSC, 2001), are site class A
(V30>1.5 km/s), site class B (0.76 km/s<V30≤1.5 km/s),
site class C (0.36 km/s<V30≤0.76 km/s) and site class D
(0.18 km/s<V30≤0.36 km/s). For estimating the surface
level spectral acceleration values, the equation suggested by
Raghu Kanth and Iyengar (2007) for peninsular India were
used.

ln Fs = a1ybr + a2 + ln δs (17)

Wherea1 anda2 are regression coefficients,ybr is the spec-
tral acceleration at rock level andδs is the error term. The
value of spectral acceleration for different site classes can be
obtained using Eq. (18).

ys = ybrFs (18)

Whereys is the spectral acceleration at the ground surface
for a given site class.

9 Results and discussions

In this study an attempt has been made to evaluate the seis-
mic hazard based on PHA and SA at rock level and PGA at
ground level, based on different site classes, for South In-
dia based on probabilistic seismic hazard analysis. Using a
newly developed MATLAB program, the hazard curves and
UHRS for 2% and 10% probability exceedance in 50 years
are calculated for 9500 grid points in the study area. The
program was validated by comparing with results obtained
by Raghu Kanth and Iyengar (2006) for Mumbai. The val-
ues obtained in this study matches well with the previous
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Fig. 6. UHRS at rock level with 2% probability of exceedance in
50 years for important cities in South India.
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Fig. 7. UHRS at rock level with 10% probability of exceedance in
50 years for important cities in South India.

results. To compare the seismic hazard for important cities
in South India, hazard curves for mean annual rate of ex-
ceedance versus PHA and mean annual rate of exceedance
versus SA for 1 s (both at rock level) are given in Figs. 8 and
9. The rock level PHA distribution for the entire study area
with 10% probability of exceedance in 50 years (return pe-
riod of 475 years) is shown in Fig. 10. The maximum PHA
value of 0.37 g was estimated at the Koyna region. A PHA
value of 0.37 g corresponds to zone V as per the current seis-
mic hazard map of India (BIS-1893, 2002). However, the
Koyna region is placed in the seismic zone IV, where the
PHA value varies for 0.16 g to 0.24 g (Fig. 11). The PHA
values in the central region of South India, around Bangalore,
are in the range of 0.11 g to 0.16 g. This region also shows
higher seismic hazard than the code (BIS-1893, 2002) spec-
ification. The PHA value for the Bangalore region reported
by Sitharam and Anbazhagan (2007) is 0.146 g, which also
matches with the present study. Similar results were obtained
in the studies by Jaiswal and Sinha (2007) for Koyna region

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

0.0 0.1 0.2 0.3 0.4 0.5
PHA (g)

M
ea

n 
A

nn
ua

l R
at

e 
of

 E
xc

ee
da

nc
e

Coimbatore Mumbai

Bangalore Hyderabad

Pune Chennai

Madurai Vizag

Cochin Panaji

Puri

Fig. 8. PHA (g) at rock level vs. mean annual rate of exceedance
curves for important cities in South India.

1.0E-15

1.0E-13

1.0E-11

1.0E-09

1.0E-07

1.0E-05

1.0E-03

1.0E-01

0.0 0.1 0.2 0.3 0.4 0.5
Time Period (sec)

M
ea

n 
A

nn
ua

l R
at

e 
of

 E
xc

ee
da

nc
e

Mumbai Pune
Coimbatore Cochin
Bangalore Panaji
Chennai Hyderabad
Madurai Puri
Visakhapatnam

Fig. 9. Sa for 1 s at rock level vs. mean annual rate of exceedance
for important cities in South India.

and Anbazhagan et al. (2009) for Bangalore region. The vari-
ation of spectral acceleration at 1 s for 10-percentage proba-
bility of exceedance in 50 years is shown in Fig. 12. Here
also the maximum SA at rock level is obtained at Koyna re-
gion.

In the recent years the building codes are revised to con-
sider the 2% probability of exceedance in 50 years, which
corresponds to a return period of 2475 years. The seismic
hazard curves for PHA at rock level for 2% probability of
exceedance in 50 years is given in Fig. 13. The increase in
PHA values corresponding to a decrease in the probability
of exceedance is very small for most of the regions in South
India. In these hazard curves also the Koyna region is having
the highest PHA value of 0.66 g. The spectral acceleration
at 1 s with 2% probability of exceedance for 50 years at rock
level is given in Fig. 14.

Uniform hazard response spectra (UHRS) were developed
for bedrock and A, B, C and D type soil classes for Mumbai
and Bangalore. For both the cities the probabilities of ex-
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Fig. 10. Rock level PHA (g) values for 10% probability of ex-
ceedance in 50 years.

Fig. 11. Seismic Zonation map of India (BIS-1893, 2002).

ceedance considered were 2% and 10% in 50 years and the
results are shown in Figs. 15 to 18. These results clearly
show the variation of predominant frequency with change
in soil types. For the cities of Mumbai and Bangalore, the
period of oscillation corresponding to maximum SA varies
from 0.05 s at bedrock level to 0.2 s at ground surface for
site class D. The knowledge of soil condition is essential for
determining the PGA at ground surface because the ampli-
fication of spectral acceleration values varies with site con-
ditions. However for a large area like South India, which
covers more than one million square kilometers, getting the

Fig. 12. Rock level Spectral Acceleration (g) at 1 s for 10% proba-
bility of exceedance in 50 years.

Fig. 13. Rock level PHA (g) values for 2% probability of ex-
ceedance in 50 years.

Fig. 14. Rock level Spectral Acceleration (g) at 1 s for 2% proba-
bility of exceedance in 50 years.
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Fig. 15. Response spectra for different site conditions at Mumbai
with 10% probability of exceedance in 50 years.
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Fig. 16. Response spectra for different site conditions at Mumbai
with 2% probability of exceedance in 50 years.

details of site conditions for the entire area is very difficult.
Hence a simplified procedure is adapted here to obtain the
PGA at ground surface at any desired location for the study
area. The PGA values were evaluated for South India for
10% and 2% probability of exceedance based on the site
classes A to D (Figs. 19–23). These results clearly show
the effect of amplification due to overburden soil column.
A geotechnical site investigation will indicate the site class
(based onV 30

s ) at the desired location. Depending on the site
class to which the site belongs, viz. site class A to D, the
PGA at ground surface can be obtained from the respective
figures. Thus it provides a very simple and comprehensive
method to obtain the PGA value for a vast area like South
India.

The design response spectrum for Mumbai has been devel-
oped based on Eurocode-8 (2005) and IS code (BIS-1893,

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Period (s)

Sp
ec

tr
al

 a
cc

el
er

at
io

n 
(g

)

Site class D

Site class C

Site class B

Site class A

Bed rock

Fig. 17. Response spectra for different site conditions at Bangalore
with 10% probability of exceedance in 50 years.
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Fig. 18. Response spectra for different site conditions at Bangalore
with 2% probability of exceedance in 50 years.

2002) for site class D and is shown in Fig. 24. This re-
sult shows that the Eurocode method is giving higher val-
ues when compared to the IS code values. In Eurocode the
soil classification is done based onV 30

s , where as the IS code
classification is given as dense, medium and soft soil based
on SPT-N values.

Even though we have followed an entirely different
methodology for the seismic hazard analysis, the pattern of
variation of PHA values at rock level for a return period of
475 years obtained from this study matches well with the
results obtained by Jaiswal and Sinha (2007). The slightly
higher value of PHA obtained in the present study is mainly
due to the regional attenuation relation used in this study
(Iyengar and Raghu Kanth, 2004), the different methodol-
ogy followed in identifying seismic sources and the modified
earthquake catalogue used. More over this study estimates

Nat. Hazards Earth Syst. Sci., 9, 865–878, 2009 www.nat-hazards-earth-syst-sci.net/9/865/2009/



K. S. Vipin et al.: Estimation of PGA and SA for South India 875

Fig. 19. Peak Ground Acceleration (g) at Surface level for site
class A with 10% probability of exceedance in 50 years.

Fig. 20. Peak Ground Acceleration (g) at Surface level for site
class B with 10% probability of exceedance in 50 years.

the SA for 1s and the PGA values at the ground surface level
for the entire study area. Response spectrum for different site
classes for Mumbai and Bangalore are also presented here.

10 Conclusions

In the present study an attempt has been made to evaluate the
seismic hazard of South India using probabilistic approach.
Seismic hazard was evaluated using the earthquake data ob-
tained till December 2006 and the details of seismic sources
were obtained form SEISAT-2000 and current literature. The
variation of PHA as well as SA for 1 s were estimated for
2% and 10% probability of exceedance in 50 years. It is ob-
served that the difference in PHA values and the SA values
for the probability of exceedance of 2% and 10% is very less

Fig. 21. Peak Ground Acceleration (g) at Surface level for site
class C with 10% probability of exceedance in 50 years.

Fig. 22. Peak Ground Acceleration (g) at Surface level for site
class D with 10% probability of exceedance in 50 years.

for major portion of the study area. Further, local site effects
have been considered and a simple methodology is presented
to estimate ground level response spectrum for any local site
based on PSHA and site class. Based on the present investi-
gation, the following conclusions have been reached.

1. The PHA values obtained for some of the regions are
much higher than what is specified in the seismic zon-
ing map of India (BIS-1893, 2002). This indicates that
more detailed study of the area is required and the seis-
mic zoning map of IS (BIS-1893, 2002) code has to be
revised.

2. The PHA, SA and UHRS values are developed by in-
corporating the uncertainties in magnitude, hypo central
distance and attenuation of seismic waves.
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Fig. 23. Peak Ground Acceleration (g) at Surface level for different classes with 2% probability of exceedance in 50 years.
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Fig. 24.Design response spectrum for Mumbai for site class D with
10% probability of exceedance in 50 years.

3. The seismotectonic map was prepared by considering
all the known seismic sources which are associated with
earthquakes of magnitude of 4 and above. This can be
used for the microzontation studies of different parts of
South India.

4. The period of oscillation for maximum spectral acceler-
ation for the study area (at bedrock level) was found to
be less than 0.1 s.

5. The UHRS for various site conditions at Mumbai and
Bangalore clearly shows the variation in predominant
frequency and spectral acceleration, with change in soil
conditions.

6. This study considers published seismic sources from
SEISAT (2000) and remote sensing studies by Ganesha
Raj and Nijagunappa (2004). The identification of new
seismic sources will have to be carried out using recent
satellite data and this work is under progress. These new
sources need to be further used for revising the hazard.

7. The PGA value for the entire South India has been eval-
uated for different site classes in this study. By know-
ing the site class at any location in the study area, the
ground level PGA values can be obtained based on the
simplified methodology adopted in this study.
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8. Design response spectrum has been developed for
Mumbai, based on site class D, using the Eurocode and
IS code methods and the values are compared.

11 Data and resources

Earthquake data were collected from

http://www.earthquakeinfo.org/CatalogData.htm,
last accessed: May 2007,
http://www.iris.edu/, last accessed: May 2007,
http://www.imd.ernet.in, last accessed: March, 2007,
http://www.ncedc.org, last accessed: May, 2007,
http://asc-india.org/, last accessed: May 2007,
http://www.isc.ac.uk/search/bulletin/rectang.html,
last accessed: May 2007,
http://earthquake.usgs.gov/regional/neic/,
last accessed: May, 2007.

All other data used in this paper came from the published
sources given in the reference.
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