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Chennai city suﬀered moderate tremors during the 2001 Bhuj and Pondicherry earthquakes and
the 2004 Sumatra earthquake. After the Bhuj earthquake, Indian Standard IS: 1893 was revised
and Chennai city was upgraded from zone II to zone III which leads to a substantial increase of the
design ground motion parameters. Therefore, a comprehensive study is carried out to assess the
seismic hazard of Chennai city based on a deterministic approach. The seismicity and seismotectonic
details within a 100 km radius of the study area have been considered. The one-dimensional ground
response analysis was carried out for 38 representative sites by the equivalent linear method using
the SHAKE91 program to estimate the ground motion parameters considering the local site eﬀects.
The shear wave velocity proﬁle was inferred from the corrected blow counts and it was veriﬁed
with the Multichannel Analysis of Surface Wave (MASW) test performed for a representative site.
The seismic hazard is represented in terms of characteristic site period and Spectral Acceleration
Ratio (SAR) contours for the entire city. It is found that structures with low natural period
undergo signiﬁcant ampliﬁcation mostly in the central and southern parts of Chennai city due
to the presence of deep soil sites with clayey or sandy deposits and the remaining parts undergo
marginal ampliﬁcation.

1. Introduction
Earthquakes are one of the most destructive natural hazards of the world. These natural events
can cause massive damage to structures and lead
to total devastation of cities. Earthquakes, which
manifest themselves in the form of vibrations of
the earth, are caused by the abrupt release of
strain that has accumulated over time. There have
been several major earthquakes that have occurred
in India over the recent years – Uttarkashi (1991;
ML 6.6), Latur (1993; Mw 6.1), Jabalpur (1997;
Mw 5.8), Chamoli (1999; ML 6.8) Bhuj (2001; Mw
7.6) and Kashmir (2005; Mw 7.6).
Even though peninsular India has been considered as a stable continental region for years,
damages caused during the 2001 Bhuj earthquake
(Mw 7.6) demanded the immediate study of the
peninsular region. Earthquakes of Koyna (1967;

Mw 7.6), Latur (1993; Mw 6.1) and Jabalpur (1997;
Mw 5.8) also occurred in the ‘stable’ Indian shield.
A review of the historical as well as recent earthquake activity in peninsular India indicated that
diﬀerent parts of the peninsular region are characterized by a low to moderate level of seismic
activity. But it is only in recent decades that
the occurrence of some large and damaging earthquakes has caused concern, which led to the study
of peninsular seismicity in greater detail (Chandra
1977). There is a need to prepare a seismic hazard map and site speciﬁc design response spectra
in accordance with the revision of Indian Standard IS: 1893 (2002), which will enable urban
planners to design earthquake resistant structures
and strengthen existing unstable structures. This
revision of seismic zonation of cities has brought
about awareness of seismic microzonation of cities
particularly in southern India. The recent studies
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by Sitharam et al (2006) have suggested that
Bangalore needs to be upgraded from the present
seismic zone II to zone III based on the regional
seismotectonic details and hazard analysis. Therefore an attempt has been made to carry out seismic
hazard assessment for Chennai city considering site
eﬀects.
2. Geology of the study area
Chennai is located between 12.75◦ –13.25◦ N and
80.0◦ –80.5◦ E on the southeast coast of India and
in the northeast corner of Tamil Nadu. It is India’s
fourth largest metropolitan city covering an area
of 1177 km2 . The city stretches nearly 25 km along
the bay coast from the southern part to the northern part of the city. The seacoast is ﬂat and sandy
for about one km from the shore. The study area
has two distinct geological environments. The eastern and southern parts of the city consist of shallow bedrock (crystalline) while the western and
northern areas have Gondwana deposits below the
alluvium (Ballukraya and Ravi 1994). Almost the
entire area is covered by Pleistocene/Recent alluvium, deposited by the two rivers, namely, Cooum
and Adyar. The thickness of this formation ranges
from a few meters in the southern parts to as much
as 50 m in the central and northern parts, with an
average of 20 to 25 m. This alluvium is made up
of mainly clays, sands, sandy clays and occasional
boulder/gravel zones. Sandy areas are found along
the river banks and coasts. Igneous/metamorphic
rocks are found in the southern area. The marine
sediments containing clay-silt sands and charnockite rocks are found in the eastern and northern
parts. The western parts are composed of alluvium and sedimentary rocks. A thin layer of laterites is also found at some places. Well-rounded
pebbles and small boulders have been encountered
at several locations at varying depths. It is seen
that in general, the eastern coastal zone is predominantly sandy, while the northwestern region is
mostly clayey in nature.
3. Seismicity and seismotectonics
of the region
Seismic susceptibility of the area can be assessed
with the help of the regional seismicity data on
the occurrence of past earthquakes and the seismotectonic details that describe the tectonic features
around the area. Indian seismicity is characterized by a relatively high frequency of great earthquakes and a relatively low frequency of moderate
earthquakes. General discussions on the seismicity of peninsular India (PI) have been previously

presented by Chandra (1977), Rao and Rao (1984)
and Khattri (1992). Typical historical seismicity
of PI based mainly on Gauribidanur seismic array
(GBA) detections of regional earthquakes spanning
two decades (1978–1997) is shown in ﬁgure 1 (after
Gangrade and Arora 2000).
Seismological information and seismotectonic
features of the region were collected from the latest
Seismotectonic Atlas of India (2000). It was found
that regions with pronounced variation in sediment thickness show higher seismicity as compared
to the parts with more or less uniform thickness.
Historical earthquake information within a 100 km
radial distance from Chennai was obtained from
National Earthquake Information Center (NEIC)
of the US Geological Service which includes data
from 1800 A.D. onwards. The seismological details
gathered for establishing ground motion parameters for the Prototype Fast Breeder Reactor
(PFBR) building site at Kalpakkam, located 60 km
away from Chennai city, were also used in this
study. These data were also used by Ghosh (1994)
to estimate design based ground motion parameters for the PFBR site.
Seismicity data alone are not usually suﬃcient
for the purpose of identifying and characterizing earthquake sources. Seismotectonic data are
necessary to supplement the historical and instrumental seismicity data. A detailed investigation on
the seismotectonics has been carried out to study
the faults in and around Chennai. The fault details
are obtained from the Seismotectonic Atlas of India
(2000) and the fault studies carried out by the
Oil and Natural Gas Commission (Ghosh 1994).
The details of known faults around 100 km of the
study area with seismicity is given in table 1. All
the seismic sources in the study are considered as
line sources. Due to lack of suﬃcient information
about seismic activity details of the faults, all the
faults are considered to be active and have been
given equal weightage in the analysis.
4. Base map preparation
A base map is one of the important components
of seismic microzonation studies, the preparation
of which requires a special consideration. Over
the last four decades Geographical Information
Systems (GIS) have emerged as the predominant
medium for graphic representation of geospatial
data, including geotechnical, geologic and hydrologic information. Toposheets of scale 1:50,000
obtained from Survey of India were used for preparing the base map. The Arc Info 8.0.1 version
in GIS platform and Google Earth software were
used for the construction of base map of the city
(ﬁgure 2).
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Figure 1.
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Historical seismicity of peninsular India (Gangrade and Arora 2000).

Table 1. The details of faults and seismicity in the vicinity of Chennai city.

Sl. no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Name of fault
Fault 15d
Fault 24
Fault 53
Kilcheri fault
Fault 15a
Neotectonic fault
Palar fault
Tambaram fault
Fault 15
Fault 52
Fault 15e
Fault 54
Mahapalipuram fault
Kalkulam fault
Muttukadu fault
Fault 26d
Fault 56e
Fault 26

Fault
length
L (km)

Distance
(km)

Hypocentral
distance, R
(km)

Moment
magnitude
(Mw )

PGA
(g)

40
365
137
26
105
105
85
10
96
115
50
129
5
36
11
160
75
1000

10
10
32
33
46
48
59
59
61
67
68
70
75
82
95
96
97
98

14
14
34
34
47
49
60
60
62
68
69
71
76
83
96
97
98
99

4.0
4.4
4.1
4.0
4.5
3.8
4.0
4.4
3.7
3.6
4.5
3.8
4.0
3.6
3.5
4.5
4.5
4.5

0.066
0.106
0.029
0.025
0.032
0.013
0.013
0.021
0.009
0.007
0.020
0.009
0.010
0.005
0.004
0.013
0.013
0.013

More than 400 bore logs were collected from
the reputed soil investigation agencies to establish
the soil proﬁle and its characteristics for almost

entire Chennai. The data collected includes thickness of layers, type of soil, index properties such
as liquid limit, plastic limit, density and SPT
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obtained from the observed seismicity details is
also presented in table 1. The maximum magnitude on a particular seismic source was taken as
the largest observed past magnitude plus 0.5 (Kijko
and Graham 1998; Sokolov et al 2001). It can
be seen from table 1 that the maximum moment
magnitude varies from 3.5 to 4.5.
After getting moment magnitude from past
earthquake history, the peak ground acceleration
(PGA) at bedrock level is estimated using the
attenuation equation of strong ground motion
proposed for peninsular India by Iyengar and
Raghukanth (2004):
ln(y) = C1 + C2 (M − 6) + C3 (M − 6)2
− ln(R) − C4 R + ln ε,

Figure 2.

Base map of Chennai city.

N -value, the location of bedrock, etc. A total of
38 representative sites as shown in ﬁgure 2 are
identiﬁed for the development of hazard curves for
the city.

5. Seismic hazard assessment
Seismic hazard analysis is the quantitative estimation of ground-shaking hazards at a particular site based on the identiﬁcation of all possible
sources of seismic activity, estimation of their associated seismicity and prediction of the probable
consequent ground motions. In the present study,
the seismic hazard for Chennai was estimated by
carrying out deterministic seismic hazard analysis
(DSHA) by adopting the procedure speciﬁed by
Reiter (Kramer 1996).
The fault details around the study area (smaller
part of Chennai city) are listed in table 1. The fault
map developed for Chennai city within 100 km
radial distance is shown in ﬁgure 3. The earthquake
data collected from various sources gives an overall idea about the seismicity details associated
with each fault source. This information is used
for assigning the maximum magnitude for each
fault source by taking into consideration the seismicity around that particular fault source. The
maximum magnitude for all the faults that were

(1)

where C1 = 1.7816; C2 = 0.9205; C3 = −0.0673;
C4 = 0.0035 and σ(ln ε) = 0.3136 M , y, R and ε
refer to moment magnitude, Peak Ground Acceleration (PGA) in g, hypocentral distance (km) and
standard deviation factor respectively.
Since the peninsular shields in general, are more
susceptible to the shallow focus earthquake, a focal
depth of 10 km is assumed and the hypocentral
distance is calculated for all fault sources (Rao and
Rao 1984). The PGA has been calculated for a reference site located at the center of the region under
study (center of the fault map). The PGA calculated for all faults is presented in table 1. It can be
observed from the table that the maximum computed PGA value ranges from 0.004 g to 0.106 g.
Thus it can be established from DSHA that a hazard of 0.106 g (PGA) results from the controlling
earthquake of Mw 4.4 and epicentral distance of
11 km from fault 24. This PGA has been used as
an input acceleration after suitable scaling of input
acceleration time history and the same is used for
the ground response analysis.
6. Local site eﬀects
Local site conditions profoundly inﬂuence most
of the important characteristics mainly the acceleration amplitude and frequency characteristics
of ground motion during an earthquake. The
extent of this modiﬁcation depends on the geometry of the soil proﬁle, thickness and properties of the soil proﬁle and characteristics of
the input motion. The local site eﬀects on the
ground motion are commonly evaluated by carrying out one-dimensional ground response analysis. One-dimensional ground response analysis can
be carried out by equivalent linear or non-linear
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Fault map for Chennai city.

methods. It is preferable to carry out nonlinear
ground response analysis with the site speciﬁc
modulus reduction and damping curves or constitutive models. But due to non-availability of
site speciﬁc modulus curves, the ground response
analysis in the present study is carried out by
equivalent linear approach using computer program SHAKE91. However, the ground response
analysis by equivalent linear approach predicts reasonably well the surface ground motion for low to
moderate earthquake regions like Chennai city.
The ground response analysis is carried out at
38 representative sites of Chennai city as shown in
ﬁgure 2. In the representative sites, the depth to

bedrock varies from about 5 m in southern region to
about 35 m in north and northwestern regions.
The input data include the acceleration time history at bedrock, shear wave velocity or maximum
shear modulus, modulus reduction and damping
curves of soil layers. In the present study, the
shear wave velocity of soil layers is estimated
from the corrected blow counts (N1 )60 . The standard modulus reduction and damping curves proposed by Sun et al (1988), and Seed and Idriss
(1970) and Idriss (1990) are used for clay and
sands layers respectively. Schnabel (1973) modulus
reduction and damping ratio curves are used for
the rock.
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Figure 4.

Acceleration time history and Fourier amplitude spectrum of input motion.

6.1 Selection of input acceleration
time history
The important characteristics of the bedrock
motion include acceleration amplitude, frequency
and duration content. The single frequency content (i.e., predominant period) describes the concentration of maximum energy of a ground motion.
In this study, the frequency content has been calculated based on relation between moment magnitude and distance from causative fault proposed
by Chang and Krinitzsky (1977). The predominant
period is found to be 0.2 s. The bracketed duration
of the bedrock motion is estimated as 3.0 s using
the chart proposed by Seed et al (1969).
In places where recorded accelerograms are not
available such as Chennai city, it is a general
practice to select a recorded time history from
the strong motion database or to simulate an
artiﬁcial time history based on the site characteristics. In this case, a recorded acceleration time
history is selected from the strong motion database and scaled to suit the requirements. The frequency content of the 1952 Kern Country (Taft)
input motion matches with the predominant period
calculated from the above relation. In addition to
the above, the estimated bracketed duration also
matches with the Taft kern ground motion. Hence,
the Taft Kern earthquake of PGA 0.185 g ground
motion time history has been selected and scaled
using the QUAKE/W software for the PGA of
0.106 g obtained from the DSHA and the estimated, bracketed duration of 3 s and predominant
period of 0.2 s. The developed scaled time history and Fourier amplitude of bedrock motion are
shown in ﬁgure 4. The above time history of acceleration obtained for the reference site located at
the center of the study region is adopted as an
input motion for all 38 sites.
6.2 Determination of shear wave velocity
A large and reliable database for a number of sites
in and around Chennai city has been obtained
from reputed geotechnical agencies. The details

of the soil layers and their engineering properties were assessed from the compiled data. The
SPT-N values obtained in the ﬁeld were corrected
for various factors: overburden pressure, hammer
energy, borehole diameter, rod length and ﬁnes
content. The shear wave velocity, Vs was estimated from the corrected blow counts ((N1 )60 )
using the following empirical equations (Japanese
Road Association 1980):
1/3

Vs (m/s) = 100 (N1 )60
1/3

Vs (m/s) = 80 (N1 )60

(for clay),

(2)

(for sand).

(3)

The notation (N1 )60 describes the blow count
value corrected for ﬁeld procedures and overburden
stress.
(N1 )60 = N60 CN ,

(4)

where N60 is the blow count corrected for the ﬁeld
procedures like energy ratio, borehole diameter,
sampling method and rod length to an average
energy ratio of 60% and CN is the overburden stress
correction factor (Skempton 1986). The details of
representative sites with the corresponding location coordinates and the weighted average shear
wave velocity for 30 m obtained from the above
equations (2) and (3) are tabulated in table 2.
In order to verify the shear wave velocity
obtained from the empirical correlations, the
MASW test has been conducted at selected sites.
The results of MASW tests carried out at a typical site near west Mogappair area located in the
northwest region of Chennai city are described
below. The subsoil at the site consists of four layers. The top layer of about 6 m thickness consists
of medium-stiﬀ to stiﬀ-silty-clay with blow counts
varying from 6 to 18. This layer is followed by a
loose to medium dense sand deposit of 7 m thickness with blow counts increasing from 4 to 16
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Table 2. Details of representative sites.

Sites

Latitude

Longitude

Thickness of
overburden (m)

Tambaram
Nandambakkam
Saidapet
Guindy
Perungudi
Velachery
Palavakkam
Ramapuram
Balaji Nagar
Royapuram
Kolathur
Avadi
Thorapakkam
Vepery
Nesapakkam
Perambur
Nungambakkam
Vyasarpadi
Nandanam
Vadapalani
RA Puram
Korattur
Poes
Ambattur
Ashok Nagar
Mandaveli
Tiruvottiyur
Manali
Alwarpet
Adyar
Santhome
T. Nagar
Koyambedu
Madavaram
Anna Nagar
Aynavaram
Abiramapuram
CPR Road

80.1423
80.1987
80.2114
80.2364
80.2373
80.2263
80.2531
80.1817
80.2666
80.2985
80.2207
80.106
80.2358
80.2684
80.1855
80.2591
80.2436
80.2574
80.239
80.2174
80.2609
80.1835
80.2509
80.157
80.2181
80.2677
80.3054
80.2613
80.2483
80.2564
80.2808
80.2136
80.203
80.2389
80.2149
80.2273
80.2591
80.2602

12.9252
13.0149
13.0229
13.0263
12.9561
12.9795
12.9603
13.0313
13.0707
13.1016
13.1177
13.1123
12.9511
13.0845
13.0358
13.1103
13.0582
13.1342
13.0237
13.0542
13.0201
13.1018
13.0403
13.0989
13.0315
13.0236
13.1644
13.1664
13.0354
13.0073
13.0324
13.0582
13.0712
13.1461
13.0888
13.0956
13.0292
13.0357

5
5
8
9
10
10
12
12
12
12
12
12
14
17
17
17
18
18
19
19
20
20
20
20
21
21
22
22
24
25
25
25
26
28
28
28
30
34

with depth. The subsequent layer consists of a soft
to hard clay deposit of 14 m thickness with blow
counts varying from 5 to 78. This layer is followed
by a dense sand deposit of 3 m thickness with blow
counts > 100. The subsequent layer is followed by
weathered rock with the thickness of 2 m.
A geometrics 24-channel geode-based seismograph with single geode operating system (SGOS)
software was used to carry out the MASW tests.
The vertical geophones of 4.5 Hz resonant frequency (24 nos.) with 2 m interval are used to

Weighted average
shear velocity
for 30 m (m/s)
915
918
809
788
747
768
723
728
731
756
769
776
680
557
579
637
530
594
496
538
474
484
485
515
431
491
398
438
430
345
345
399
391
241
260
346
251
271

receive the waveﬁeld generated by the sledgehammer of 5 kg. A sledgehammer was discharged at
oﬀsets of 5, 10 and 15 m from the ﬁrst geophone
to meet the requirement of diﬀerent types of soil
(Xu et al 2006). The acquired surface wave data
were processed using Surfseis software to develop
dispersion curves as shown in ﬁgure 5. The plot
of theoretical and measured dispersion curves are
shown in ﬁgure 6. The shear wave velocity from
the MASW test and empirical relation along with
borelog of the site is shown in ﬁgure 7. It can be
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observed from ﬁgure 7 that the calculated shear
wave velocity values are reasonable matches with
the measured values except at deeper depths where
the quality of the signal is poor due to reduction
of signal-to-noise ratio.
6.3 Results of ground response analysis

Figure 5.

Typical dispersion curve.

Figure 6. Plot of theoretical and measured dispersion
curves with shear wave velocity proﬁle.

Figure 7.

The result of the ground response analyses are
represented in terms of time history of surface
acceleration and acceleration response spectrum.
The ampliﬁcation factor at diﬀerent frequencies
obtained from GRA carried out for three typical
sites, namely, rocky, sandy and clayey sites are
given in ﬁgure 8. It can be observed from the ﬁgure that the ampliﬁcation occurs at low frequency
(about 1.2 Hz) for the clayey site, mid-range frequency (about 4 Hz) for the sandy site and higher
frequency (about 6.5 Hz) for the rocky site. Unlike
other sites, second peak for the rocky site occurs
at much higher frequencies. The ampliﬁcation of
the clayey site is about 1.5 times higher than the
rocky and sand sites due to the presence of thick
deposits with low shear wave velocity as tabulated
in table 2.
The seismic hazard can be represented either by
predominant period or characteristic site period
contours. The predominant period is more relevant
than the fundamental natural period, i.e., characteristic site period, for the determination of vulnerability of the structures due to the fact that
the predominant period represents the maximum
energy concentration. However, Roca et al (2006)

Variation of shear wave velocity with borelog of the site.

Seismic hazard assessment of Chennai city

Figure 8. Frequency response function of selected regions
of Chennai.

Figure 9.

Figure 10.
Chennai.
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Response spectra for the selected regions of

Characteristic site period contours.
Figure 11.

recommend the natural period of the soil system for microzoning studies to represent local site
eﬀect on seismic hazard. Moreover, the result of
ground response analyses shows that the predominant period and characteristic site period are relatively close for the sites considered. In the present
study the seismic hazard is represented by the characteristic site period contour as shown in ﬁgure 9.
It can be noticed from the ﬁgure that the sites
at the southern parts of the city have more short
periods (< 0.15 s) and the central and northern
parts have long periods (> 0.5 s). The characteristic site period for the typical rocky, sandy and
clayey sites considered earlier is found to be 0.15 s,
0.25 s and 0.83 s respectively.
The spectral acceleration (sa ) normalized by the
surface PGA has been used to develop the Sa /g

Spectral acceleration ratio contours for 0.5 s.

response spectrum as shown in ﬁgure 10 for the
three typical sites. It can be noticed from the ﬁgure
that the spectral acceleration values for the clayey
site are high at a wide range of periods up to 0.8 s
in contrast to the rocky sites where high spectral
acceleration values occurs only at narrow range of
low periods.
Response spectra obtained for various sites are
compared with the response spectra obtained
for the input bedrock. The Spectral Acceleration
Ratio, SAR (ratio of spectral acceleration at the
surface to the bedrock spectral acceleration) contours are normally plotted for typical periods
of structures with short periods in the range of
0.1–0.5 s and mid period in the range of 0.4–2 s
(Kramer and Stewart 2004). Figure 11 shows SAR
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contours for a period of 0.5 s utilizing response
spectra obtained from 38 representative sites. It
can be observed from ﬁgure 10 that the ampliﬁcation occurs practically in all regions of the city
but signiﬁcant ampliﬁcation (SAR greater than 3)
occurs mostly in central and southern parts of
Chennai city due to the presence of deep soil sites
with clayey or sandy layers.
7. Conclusions
The seismic hazard analysis was carried out for the
establishment of PGA at bedrock level for Chennai
city by DSHA approach. The one-dimensional
ground response analysis was also performed by
equivalent linear method using SHAKE91 program
to estimate the ground motion parameters considering local site eﬀects. Based on the results
obtained from the above study, the following
conclusions are drawn:
The peak ground acceleration of 0.106 g has
resulted from the controlling earthquake of Mw
4.4 and epicentral distance of 11 km from fault
24. The result of the ground response analysis is
represented by characteristic site period contours
ranging from 0.25–0.83 s for the city. The Spectral
Acceleration Ratio (SAR) i.e., the ratio of spectral acceleration at the surface to the bedrock contours, for a typical period of 0.5 s is also plotted.
It is found that at short periods, the ampliﬁcation occurs practically in all regions of the city
but higher ampliﬁcation (> 3) occurs mostly in the
central and southern parts of Chennai city due to
the presence of deep soil sites with clayey or sandy
deposits. Thus, it is to be noted that the seismic hazard assessment has to incorporate the local
site eﬀects as realistically as possible in the analysis procedure in order to place reliability on the
estimated peak ground acceleration.
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