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Abstract. Chennai city is the fourth largest metropolis in information in selecting the appropriate earthquake resistant
India, is the focus of economic, social and cultural develop-features in designing the forthcoming new buildings against
ment and it is the capital of the State of Tamil Nadu. The seismic ground motion of the city.

city has a multi-dimensional growth in development of its
infrastructures and population. The area of Chennai has ex-

perienced moderate earthquakes in the historical past. Also

the Bureau of Indian Standard upgraded the seismic statu Introduction

of Chennai from Low Seismic Hazard (Zone Il) to Moder-

ate Seismic Hazard (Zone 1I)—(BIS: 1893 (2001)). In this Earthquake hazard zonation for urban areas, mostly referred
connection, a first level seismic microzonation map of Chen-as seismic microzonation, is the first and most important step
nai city has been produced with a GIS platform using thetowards a seismic risk analysis and mitigation strategy in
themes, viz, Peak Ground Acceleration (PGA), Shear wavelensely populated regions (Slob et al., 2002). As it has been
velocity at 3m, Geology, Ground water fluctuation and bedobserved from many earthquake scenarios, the major damage
rock depth. The near potential seismic sources were identito buildings and man-made structures is mostly found in the
fied from the remote-sensing study and seismo-tectonic dearea of soft sediments (Parvez, 2003). As a result, even rela-
tails from published literatures. The peak ground acceleratively minor events can be the source of huge socio-economic
tion for these seismic sources were estimated based on tHéisasters. The earthquake of 12 October 1992 with a magni-
attenuation relationship and the maximum PGA for Chen-tude of 5.4 in Egypt, where the buildings were not earthquake
naiis 0.176 g. The groundwater fluctuation of the city variesresistant, resulted in 554 deaths, 20 000 people injured with a
from 0-4 m below ground level. The depth to bedrock con-reported loss of one million US$ (El-Sayed et al., 2001). It
figuration shows trough and ridges in the bedrock topograds to be recalled that the present study area (Fig. 1) Chennai
phy all over the city. The seismic microzonation analysis City has experienced three earthquakes of magnitudes greater
involved grid datasets (the discrete datasets from differenthan or equal to 5.0 in 1807, 1816 and 1823. Also the popu-
themes were converted to grids) to compute the final seislation of the city was 4.343 million in 2001 and projected to
mic hazard grid through integration and weightage analysiss.343 million in 2011 Census of India (Census, 2501

of the source themes. The Chennai city has been classified Chennai displays various building types of wall mate-
into three broad zones, viz, High, Moderate and Low Seis-rials and their percentage, viz, the earthen walls (9.59%)
mic Hazard. The High seismic Hazard concentrated in a few(mud, unbrick, brick), stone walls (3.1%), burned brick
places in the western central part of the city. The moderatevalls (80.79%), concrete walls (Nil), wood and Ekra walls
hazard areas are oriented in NW-SE direction in the Westerrf0.23%), Gl and other metal sheets (0.21%), bamboo thatch,
part. The southern and eastern part will have low seismideaves, etc., (6.1%) (Gupta, 2000). The earthen and stone
hazard. The result of the study may be used as first-hanthouses account for 12.59% and other brittle burned brick are
80.79%, i.e., a total of 93.38% are vulnerable if shaken by an
earthquake of moderate to severe intensity.
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Fig. 1. Seismicity and seismic sources for Chennai city.
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A number of water bodies (lakes and ponds), which ex-table below the city is shallow and its major part is covered
isted in Chennai in the early period of this century, have beerby thick alluvium with a maximum depth of 28 m. This be-
filled up with garbage and transport sand and clay (CGWBIng the case, Chennai is liable for site-specific amplification

Report, 1993).

The sand dunes and beach ridges in thef seismic motion. Due to its rapid growth in civil construc-

coastal belt of Chennai have also been converted into residertion, industry, etc., a thorough knowledge of the seismicity
tial areas and as a result, the true landform has been alterets needed for adopting mitigation measures. Safety of this
The marshy land existing north of Adyar river has been trans-city is extremely important for safeguarding human lives and
formed into a residential area. Buildings constructed in thesgoroperty. This paper aims at producing a first level seismic
areas would be highly vulnerable to earthquakes. The watemicrozonation map of Chennai city.
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2 Data used Table 1. Estimated Peak Ground Acceleration (PGA) values Chen-

) . . . nai city by the closest potential seismic sources.
The geological, ground motion, seismotectonic features and

ground water conc!|t|0ns_are the input f[o assess the_ SeISMIC ggismic  Cumulative  Maximum  Epicentral _Estimated
hazard for Chennai. The involved baseline data are discussed sources Earthquakes Magnitude Distance  Peak

in the following headings. from Ground
Chennai Acceleration

2.1 Peak Ground Acceleration (PGA)

A 5 5.6 156 0.176

A seismicity study is of great importance to understand the B 1 5.3 10 0.107
. : - : c 3 5.0 155 0.078
dynamic behaviour of the earth and is useful to determine the 5 3 50 174 0.078

earthquake hazard in a specific region. In order to understand
the seismicity of Chennai and its vicinity, data regarding spa-
tial locations of earthquakes and their magnitudes have been

collected for a period of around 200 years (1807-2006) from ifferent site-source distances. This was done using ratios of

various sources and have been used for the. present stu ypocentral distance by Borcherdt and Glassmoyer (1994).
For the historical earthquakes general locations are use

) ) . X ~~Distance corrections incorporating frequency-dependent at-
for which “generalized” epicentral co-ordinates are avail- P g freq y-dep

. " tenuation have been implemented by Borcherdt (2001).
able. The total number of earthquakes identified from these For the regions where strong motion data are not available

sources for the present study is 103. Out of the total 103f . : . .

I or such analysis, the attenuation relationships developed for
earthquakes/earth tremors 48, 23, 21, 10 and 1 InCIdence(§'[her regions can be used based on the resemblance of the
have been in the magnitude range of 2.0-2.9, 3.0-3.9, 4.0= 9

. seismotectonic characteristics of both the regions. Abraham-
| 0,
4.9,5.0-5.9 and: 60 respectively. 52 earthque}keg (5.1 % of son and Litehiser (1989) have proposed an attenuation model
overall) are ofM > 3 in the past 200 years of seismic history for Peak Ground Acceleration (PGA) based on 585 strong
(Ganapathy, 2005).

Analvsis of tectonic i ; d faults helps i q ground motion records from 76 worldwide earthquakes. A
halysis ot tectonic lineaments and faulls NEIps In Under-g, ;10 attenuation relationship developed by lyengar and

sr:andlng the re%lonal §e|smotectpn:jc ac.t||V|ty of thltle are(‘;"fForRaghukanth (2004) for Peninsular India applicable to Chen-
the present study, seismotectonic detalls are collected oM %is \,sed for the present study. The attenuation relation

thg report published by Qentral Ground Water Board, _Chen'used to calculate PGA is given below:
nai. The NE-SW trending Archaean boundary fault is lo-
cated in Chennai and separates two basins. The southenny:c1+c2(M_6)+c3(M_6)2—InR—c4R+In€ Q)
one is shallow without Gondwana sediments. The northern

basin has extensive Gondwana sediments beneath the allyvherey refers to PGA in g,M refer to magnitude and
vium. The presence of bedd|ng jointsy shears and microfefer to hypocentral distance. Since PGA is known to be at-
folding in core samples are indicative of the extensive tec-tributed nearly as a lognormal random variable Iwould
tonic disturbance in the post-Gondwana period. The Adyarformally distributed with the average of @) being almost

fault is shown in Fig. 1 and this weak zone is followed by the Zero. Hence, witle =/, coefficients for the southern region
flow of the Adyar river. are (lyengar and Raghukanth, 2004):

Th_e potential seismic sources dgli_neated basgd on the geoy _ 1.7816 ¢2=0.9205 ¢3=—0.0673 c4=0.0035
physical and geological characteristics of the seismic sources
along with the prevailing fault systems in the region. The as-(N©)

sociation of the cumulative number of epicentres of earth-rhe getermined PGA for the four identified potential seis-
quakes or higher magnitude earthquakes on the respectigic sources for the city of Chennai is in the range of 0.176 g
active lineaments/faults has also been considered. Based qf o g7g (Table 1). The maximum PGA of 0.176 would be

the seismicity and seismogenic systems, 4 sources have begq;sed by the east-west trending in the southern part of Chen-

delineated as potential sources for Chennai city and its vicinq,; (Fig. 2). This fault has been associated with 4 earthquake

ity of a 200 km radius. These seismic potential sources arg,.idences in the past 200-year earthquake history and the

named based on its spatial locations. These sources gengfyaximum magnitudeMmay) So far generated is 5.3.
ated earthquakes in the range of 3.2 to 5.3 in the past earth-

quake history of 200 years. In the present study, the largest. 2  Shear wave velocity from geotechnical data

well recorded earthquakes which occurred in the instrumen-

tal time period are taken into consideration. The estimationChennai city has many multi-storey buildings and these
of ground motion in terms of PGA at bedrock level can be de-buildings have been constructed based on geotechnical stud-
termined using attenuation relationships. A variation of thisies through Standard Penetration Tests (SPT). 503 borehole
approach uses the reference and site recordings as for thedlata have been obtained from various geotechnical agencies

=0.3136 (taken as zerno
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Table 2.“N” value Vg shear wave velocity.

— ez

“N” Value “N” Value Shear
Relative Relative Wave
Density Density Velocity
of Sand of Clay

<4 <2 <50
4-10 2-8 50-130
10-30 8-15 130-165
3 30-50 15-30 165-185
] > 50 > 30 185-350

13%05"

sult of average shear wave velocity have been obtained for
Chennai for the depth of 0—-3 m by using the empirical rela-
tionships proposed by Imai and Yoshimura (1970) — Eqg. (2),
Ohba and Goto (1978) — Eq. (2).

Vs = 76N9-33 2
Vs = 84N031 (3)

Where Vs=average shear wave velocity in misand

N =average SPT “N” value. The contours of average shear
wave velocity at a 3m depth is prepared by using Arc-GIS —
Spatial Analyst software by Interpolating Raster by Inverse

1300
00,€L

Chennai City
Boundary

0.176| Peak Ground

At Bedrock kv distance weighted method and presented in Fig. 4.
Scale
- o 2.3 Geology
Fig. 2. Estimated peak ground acceleration for Chennai city. The Archaean crystalline rocks, Gondwana and Tertiary sed-

iments and Recent alluvium are the three group of geolog-

ical formations found in Chennai. Most of the geological
including SPT-N values, and various characteristics of SO"Sformations are concealed since they are overlain by the allu-
in depths. The borehole locations are given in Fig. 3. Theyjal materials except for a few exposures of crystalline rocks
depth of the boreholes is in the range of 2.0 to 32m. Onlyof charnockites (Fig. 5) in the southwestern part of Chennai
43 boreholes are penetrated down to basement. The “N” val¢(CGWB Report, 1993).
ues observed in the fle'd, using the standard penetration test The Archaean Crysta”ine rocks of the City Comprise Ch|ef|y
equipment, and the standard test procedure were correctesf charnockites, gneisses and the associated basic and ultra-
for (a) overburden stress, (b) hammer energy, (c) boreholasic intrusives. The charnockites represent the major rock
diameter, (d) rod length, and (e) presence or absence of linefype in the area of Saidapet. The crystalline rocks are weath-

Based upon the distribution of “N” values in different ered and jointed/fractured. The degree and depth of weather-
depths, the average SPT-N value contour maps were préng varies from place to place and the thickness of the weath-
pared for a 3m depth. The relative density of sand and clay isred mantle varies from less than 1 m to about 12m in the
categorized based on the SPT-N values (Terzaghi and Peckity.
1967) details are related with shear wave velocity and it is The Gondwana shale is exposed in Adyar river near
given in Table 2. Ramavaram (southern part of Chennai). The Gondwana-
The shear wave velocity is an important parameter to asArchaean contact is a fault concealed by alluvium. The

sess the strength of the soil. Soil profiles are characteriseGondwana shale is black to dark grey in colour and highly
by shear wave velocity because it is a key indicator of soiljointed/fractured. The shale is encountered in a number of
susceptibility. Shear wave velocity can be estimated fromboreholes and its thickness varies from 24 m in Kilpauk, area
correlations with the Standard Penetration Test (SPT), watethrough 20 m in Ashok Nagar area to more than 139m in
content and soil type. Researchers developing empirical atkoyambedu area.
tenuation relations have attempted to use site classification The Tertiary sandstones are reddish brown to grayish
based on average shear wave velocity to account for the difwhite and white in colour, friable and mottled. The oc-
ferences in site response (Boore and Joyner, 1982). The resurrence of the Tertiary in Chennai is not well demarcated.
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Fig. 3. Location of boreholes used for the geotechnical analysis.
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Fig. 6. Map showing the depth to basement of rock at Chennai city.Fig. 7. Map showing the water level fluctuation at Chennai city.

However, the sandstones encountered in some of the bore- The basement is somewhat shallow in the southern side
holes below alluvium in Perambur, Alwarpet, Anna Nagar Of crystalline basement near Saidapet and Guindy Park (0—
and Royapuram areas are different from the compact darle M). The basement is relatively high in the northern part of
coloured shale of Gondwana Group and they may belondhe city (20—40m). The western Central part of the city had a
to the Tertiary. Probably Tertiary rocks are deposited onVery high basement depth of 40-80 m. The generalised base-

the eroded Gondwana System and are overlain by river a|ment contour map needs to be refined with the forthcoming
luvium. of more and more data. The sub-surface geology and base-

The alluvium covers the major part of Chennai. It consists Ment configuration is presented in Fig. 6.

f san ilts and clays. The thickn f alluvium vari :
of sand, silts and clays N .t ckness ot afivium va esqz.S Depth to water table and water level fluctuation
from place to place and a maximum of 28 m is encountere

in drilled boreholes of north Chennai near Perambur. The depth of water level and water-level fluctuation con-

tours are presented in Fig. 7. This ranges between 1.15 and
0.93mb.g.l. where as it is shallow in the range of 0.15 and

5.63mb.g.l. in post-monsoon period. It can be seen that

Borehole data _are_the o_nly reliable data to estima_lte the de_ptthe water table generally follows the topography with gentle
to bedrock, which is an important key parameter in assessmglopes towards the rivers as well as the sea. The water ta-
the soil column thickness over it. The bedrock configura—ble elevation varies from 3.5ma.m.s.l. to 2.2mb.m.s.|l. The

tiﬁn of: sgte will give an ideahabo.lljlt;h;a pasﬁmemdmp??ra'ﬂuctuation is high in selected stations like Besant Nagar and
phy. T, € asement. topography wi ep'lnt est.u yo re'Aminjikarai,anindication of higher draftin selected pockets.
guencies and amplitudes of ground motions. This will help

to identify high (as well as low) seismic risk areas from the
point-of-view of wave propagation influence.

2.4 Depth to bedrock

Nat. Hazards Earth Syst. Sci., 11, 5589, 2011 www.nat-hazards-earth-syst-sci.net/11/549/2011/
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Table 3. Assigned weights for the thematic maps for GIS integration.

Themes PGA Soil Geology Ground Bedrock Weightage
Water

PGA 1 5/4  5/3 5/2 5/1 0.3333

Shear Wave Velocity 4/5 1 4/3 4/2 4/1 0.2666

Geology 3/5 34 1 3/2 3/1 0.2000

Ground Water 2/5 214 213 1 2/1 0.1333

Bedrock 1/5 /4  1/3 1/2 1 0.0666

Table 4. Normalised ratings of the thematic layers.

Themes Weightage Normalised Values
4 3 2 1
PGA (in g) 0.3333 - 0.176 - -
Shear Wave Velocity (msh) 0.2666 50-130 130-165 165-185 185-350
Geology 0.2000 - Alluvium  Beach Sand Rock
Ground Water Fluctuation (m)  0.1333 0-2 2-4 - -
Bedrock (m) 0.0666 > 40 20-40 10-20 0-5
3 Approach The features of each thematic map are also normalized be-

tween 0 and 1 (Nath, 2004) to ensure that no layer exerts an

There are a variety of subjective decision rules and theinfluence beyond its determined weight. The weightage fac-
most commonly used one being the analytic hierarchy proior of each layer calculated is based on expert choice. For the
cess (AHP) of Saaty (1980) and weighted linear combina-Study, the paired comparison matrix is prepared for the five
tion (WLC) (Barredo et al., 2000; Ayalew and Yamagishi, themes (PGA contour, soil, geology, groundwater fluctuation
2004; Ayalew et al., 2004). The analysis has been carried@nd bedrock depth) as shown in Table 3. Following the AHP,
out following Saaty’s Analytical Hierarchy Process (AHP). the thematic maps are assigned weights on a scale of 1-5 de-
Analytic Hierarchy Process (AHP) is one of a Multi-Criteria Ppending on their contribution to seismic hazard. The higher
decision making method that was originally developed byweight is assigned to the theme that contributes more to the
Thomas L. Saaty. In short, it is a method to derive ratio scaled1@zard and in this case the highest weight is given to the PGA
from paired comparisons. It uses hierarchical structures tcontour theme. The weights obtained for each theme are:
quantify relative priorities for a given set of elements on a ra-PGA (0.333), Shear wave Velocity (0.266), geology (0.20),
tio scale, which is based on the discernment of the user. Frorgroundwater (0.133) and bedrock depth (0.066). The nor-
the judgments between two particular elements, a pair wisdnalized ratings for thematic layers are given in Table 4. The
comparison matrix is constructed on a scale of 1-5, 1 indicatfeature of each themes normalised between 0 and 1.

ing that the two elements are equally important, and 5 imply- The obtained values are then incorporated in a GIS plat-
ing that one element is more important than the other. If anform for the integration of all the thematic maps to obtain
element is less significant than the other then it is indicatecthe seismic microzonation map of Chennai city. The integra-
by reciprocals of 1-5values (i.e., 1/1 to 1/5). The pair wisetion of five thematic layers is integrated by the UNION and
comparison matrix prepared is used to derive the individualoverlay operation in GIS.

normalized weights of each element. The weights of each

criterion are calculated by averaging the values of each row

of the matrix. The Consistency Ratio, which is a comparison4 Discussions and conclusion

between Consistency Index and Random Consistency Index,

obtained using AHP method is 8.3%. These weights alsaChennai has been broadly classified into three zones, as high,
add up to 1 and can be used in deriving the weighted sumsnoderate and low in terms of seismic hazard in an event
of rating for each region of polygons of the mapped layers.of future earthquakes. Part of Chennai falls in seismically
This approach has also been successfully used by Mohantynoderate to high hazard prone areas (Fig. 8). The resul-
et al. (2007) for the similar type of microzonation studies. tant map depicts that the high hazard areas are distributed
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Fig. 8. First level seismic microzonation map of Chennai city.
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in patches around Adyar River and few patches distributedIS: 1893: Indian Standard, Criteria for Earthquake Resistant De-
below Cooum River in the south western part of the city. The sign of Structures, Bureau of Indian Standards, New Delhi, 2001.
areas in the southern part of Chennai represent lacustrine d&oore, D. M. and Joyner, W. B.: The empirical prediction of ground
posits is underlined by marine black clay as evident in Tara- motion, B. Seismol. Soc. Am., 72, S43-S60, 1982.
mani areas. The maximum depth to basement is 14 m. Thgorcher_d_t, R_. D: Empirical Ev_|dence for Acceleration-Dependent
central part of the city has mainly fluvial origin of flood plain _ AmPlification Factors, B. Seismol. Soc. Am., 92, 761782, 2001.
deposits as evidence from the flowing Adyar and CooumBorcherdt, R. D. and Glassmoyer, G.: I.nfluences of chal Geol-
. . . ogy on Strong and Weak Ground Motions Recorded in the San
rivers. The upstream portlc_)n of Adyar and Cooum. NVerS  Francisco Bay Region and their Implications for Site-Specific
have a moderate slope and in the down stream, the rivers are Building-Code Provisions, The Loma Prieta, California Earth-
very gentle to flatin coastal areas. These areas in the northern quake of October 17, 1989 — Strong Ground Motion, US Geol.
part of the city represent black clay and alluvium of marine  Surv. Prof. Paper, 1551-A, A77—A108, 1994.
origin with maximum depth to basement of 30 m and patchesCGWB Report:  Groundwater Resources and Development
of these areas show high hazard. The western and northwest- Prospects in Madras District, Tamil Nadu, Central Ground Water
ern part of Chennai falls under moderate hazard. These areas Board, Southern Region, Hyderabad, 1993.
represent the shale and clay of the Gondwana age and afd-Sayed, A., Vaccari, F., and Panz, G. F.: Deterministic seismic
also correlated with lake fill deposits. The remaining areas_ hazardin Egypt, Geophys. J. Int., 144, 555-567, 2001.
are prone to low seismic hazard. It can be concluded that th&2napPathy, G. P.: Seismic Hazard Assessment for Tamil Nadu State
half of the Chennai city is prone to moderate to high haz- and A Spec'f'c. S.tUdy on Loc.al G.round Motion Response for
. . . .. Partof Chennai City, Anna University, Ph.D. thesis, unpublished,
ard. The resultant map provides regional pictures on seismic 5
hazard of Chennai city and is useful information in CONStrUC-Gupta, T. N.: Guidelines — Improving Earthquake Resistance of
tion planning of forthcoming buildings in the city. Alsoitis  Housing, published by: Building Materials and Technology Pro-
helpful as a base material to identify seismic risk of Chennai motion Council, New Delhi, 2000.
city. Imai, T. and Yoshimura, Y.: Elastic Wave Velocity and Soil Proper-
ties in Soft Soil Tsuchi-to-Kiso, 18(1), 17-22, 1970.
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