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1. Introduction

ABSTRACT

Different seismic hazard components pertaining to Bangalore city, namely soil overburden thickness,
effective shear-wave velocity, factor of safety against liquefaction potential, peak ground acceleration
at the seismic bedrock, site response in terms of amplification factor, and the predominant frequency,
has been individually evaluated. The overburden thickness distribution, predominantly in the range of
5-10 m in the city, has been estimated through a sub-surface model from geotechnical bore-log data.
The effective shear-wave velocity distribution, established through Multi-channel Analysis of Surface
Wave (MASW) survey and subsequent data interpretation through dispersion analysis, exhibits site class
D (180-360 m/s), site class C (360-760 m/s), and site class B (760-1500 m/s) in compliance to the
National Earthquake Hazard Reduction Program (NEHRP) nomenclature. The peak ground acceleration
has been estimated through deterministic approach, based on the maximum credible earthquake of
My, = 5.1 assumed to be nucleating from the closest active seismic source (Mandya-Channapatna-Banga-
lore Lineament). The 1-D site response factor, computed at each borehole through geotechnical analysis
across the study region, is seen to be ranging from around amplification of one to as high as four times.
Correspondingly, the predominant frequency estimated from the Fourier spectrum is found to be pre-
dominantly in range of 3.5-5.0 Hz. The soil liquefaction hazard assessment has been estimated in terms
of factor of safety against liquefaction potential using standard penetration test data and the underlying
soil properties that indicates 90% of the study region to be non-liquefiable. The spatial distributions of the
different hazard entities are placed on a GIS platform and subsequently, integrated through analytical
hierarchal process. The accomplished deterministic hazard map shows high hazard coverage in the wes-
tern areas. The microzonation, thus, achieved is envisaged as a first-cut assessment of the site specific
hazard in laying out a framework for higher order seismic microzonation as well as a useful decision sup-
port tool in overall land-use planning, and hazard management.

© 2010 Elsevier Ltd. All rights reserved.

ate site-specific design ground motions for earthquake resistant
structural design and the hazard appraisal. In cognizance to the

Seismic hazard, in a broad perspective, refers to any kind of
phenomena related to earthquakes capable of imparting potential
damages to the built and social environment. Although it is gener-
ally defined as a specified level of ground shaking, several other
hazard entities such as landslides, liquefaction, tsunamis, seiches
are often associated. The hazard is significantly controlled by
changes in geotechnical material properties during the earthquake.
In fact, site-specific attributes related to surface geologic condi-
tions can induce considerable alterations of the seismic motions
(Aki, 1988; Field et al., 1992; Nath et al,, 2000; Sitharam and
Anbazhagan, 2008). It is, therefore, important to deliver appropri-

* Corresponding author. Tel.: +91 8022932467; fax: +91 8023600404.
E-mail addresses: anbazhagan@civil.iisc.ernet.in, anbazhagan2005@gmail.com
(P. Anbazhagan).

1367-9120/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jseaes.2010.01.001

existence of multiple hazard components, an appropriate decision
support tool for hazard classification would incorporate of every
aspect according to their likely contribution to the overall hazard.
To that effect, seismic microzonation has been carried out through
multi-criteria evaluation technique that accounts for several fac-
tors such as site response, shear-wave velocity, landslide, geomor-
phological features, besides the peak ground accelerations
(Sitharam and Anbazhagan, 2008; Pal et al., 2008; Nath et al.,
2008). Making improvements on the conventional regional hazard
maps, microzonation of a region predicts the hazard to much smal-
ler scales (TC4-ISSMGE, 1999; Sitharam and Anbazhagan, 2008). It
involves subdivision of a region into individual areas having differ-
ent potentials for hazardous earthquake effects, defining their spe-
cific seismic behavior for engineering design, and land-use
planning (Anbazhagan and Sitharam, 2008b). The seismic microz-
onation maps are generally envisaged to provide an effective tool
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for land-use planning, hazard mitigation and management, and
structural engineering applications, especially in vulnerable zones
characterized with rapid urbanization and burgeoning population.

Bangalore metropolis area located at 12°58'N, 77°36’ covering
an area of about 220 km? has been investigated for various seismic
hazard components, namely peak ground acceleration at bedrock
level, site response, liquefaction potential, effective shear-wave
velocity, predominant frequency, and soil overburden thickness.
Sitharam and Anbazhagan (2007a) estimated the peak ground
acceleration distribution at bedrock level from synthetic ground
motions for a controlling seismic source in order to present a
deterministic hazard scenario. Sitharam and Anbazhagan (2007b)
evaluated site amplification factor, and predominant frequency of
soil columns in the region from geotechnical borehole data using
SHAKE2000 (Ordonez, 2004). Anbazhagan and Sitharam (2008a)
computed the average shear-wave velocity through Multi-channel
Analysis of Surface Wave (MASW) surveys at 58 locations across
the study region. The velocity measurements were, further,
calibrated with those derived from the drilled boreholes data to
generate correlations between corrected standard penetration test
N-values and shear-wave velocity (Anbazhagan and Sitharam,
2009). Sitharam et al. (2007) investigated the overburden soil de-
tails, and the soil liquefaction potential in terms of factor of safety
against liquefaction in the study region.

In the present study, the different hazard aspects are appraised
in order to establish their validity and usefulness, and eventually to
provide an amalgamation of the different factors in form of a haz-
ard index map for the study region. The analysis, thus, carried out
involved mapping the spatial distribution of these factors on a sin-
gle reference system (1:20,000 scale resolution) using a Geograph-
ical Information System (GIS) platform; each constituting a
thematic layer. Following a multi-criteria evaluation technique -
analytical hierarchical process (AHP, Saaty, 1980, 1990), each
theme and the features have been assigned weights and rankings
respectively according to their perceived relative significances to
the seismic hazard. The layers are, thereafter, integrated through
spatial union to obtain the seismic microzonation map addressing
a first-cut assessment of the site specific hazard to layout a frame-
work for higher order seismic microzonation.
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2. Study area and regional background

Bangalore city in the southwestern part of India come across as
a vulnerable region with its expanding diverse huge population
base, and extending urban infrastructure. The city is the principal
administrative, industrial, commercial, educational and cultural
capital of Karnataka State. It has been the fastest grown city and
is presently ranked as fifth biggest city in India. Besides political
activities, Bangalore hosts several national scientific laboratories,
defense establishments, small and large-scale industries. The city
emerged as ‘the silicon city of India’ with agglomeration of Infor-
mation Technology corporate establishments, along with influx of
thousands of software professionals every year. The metropolis
represents a booming commercial venue with expansive infra-
structure and diverse population that continues to accommodate
the requirement of a modern urban setting. A study concerning
the seismological and geotechnical issues towards providing secu-
rity for the inhabitants and safeguarding the infrastructural invest-
ments is, therefore, not only significant but also essential.

Large number of earthquakes with different magnitudes has oc-
curred often in this region (Bansal and Gupta, 1998). Recently,
Ganesha Raj and Nijagunappa (2004) highlighted neo-tectonic
activities in the Karnataka region and suggested the current seis-
mic zonation of Karnataka placed in lowest hazard zone i.e. zone
Il of BIS hazard zonation code (BIS, 2002) to be inadequate. The re-
gional environs of the city have been implicated with neo-tectonic
and fault reactivation. A seismotectonic map depicting a circular
area of about 350 km radius around the city has been depicted in
Fig. 1. The active faults and lineaments along with associated seis-
micity in the region have been examined in following up to the
previous studies of Dasgupta et al. (2000), and Ganesha Raj and
Nijagunappa (2004). The seismicity is accounted for with a My,
consistent earthquake catalogue covering a period of 200 years
from 1807 to 2006. The seismic activities of the relevant faults
and implications to the fault-rupture patterns have been discussed
in detail by Sitharam et al. (2006). The closest observable linea-
ment extending SW-NE about 105 km with 5.2 km away from
the city to the north Mandya-Channapatna-Bangalore Lineament.
To the west of Bangalore, amongst several minor faults, Chikmag-
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Fig. 1. A seismotectonic map of the study region depicting major linear tectonic features with the seismicity covering a period of 200 years: 1807-2006 (after Sitharam et al.,

2006).
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alur fault to the north is seen trending in NW-SE orientation
(Fig. 1) while Bhavali fault to the south traverses in slight variation
from the NW-SE orientation. Southwest from the city, 1900 Coim-
batore earthquake of My, = 6.2 occurred near the Bhavani fault that
shook the city. In the eastern Dharwar Craton region and closer to
Bangalore, Arkavati fault runs in similar trend to the Bhavali fault.
Earthquakes of magnitude less than but close to My =5.0 have
been observed close to Arkavati fault. To the north, the Chitradurga
Boundary Fault is seen trending in the N-S direction. A strike-slip
mechanism is also indicated in the zone with Bangalore earth-
quake of March 20, 1984, My, = 4.5 (Rastogi, 1992). On the other
hand, to the east, the faults are predominantly oriented in NE-
SW fashion. Major faults include Kadiri Fault to the north; Main,
Amirdi and Attur faults clustered to the southwest of the zone,
and the Cauveri Fault traversing E-W on the southern boundary.
Valdiya (1998) highlighted that the seismic activity is generally
confined to linear belts related to crosscurrent and terrain-bound-
ing faults, and shear zones implying possible reactivation of the
Precambrian faults.

Notably, there were over 150 lakes in and around the city. How-
ever, most of them dried up due to soil erosions and encroach-
ments for construction of residential/industrial buildings leaving
only 64 at present (Sitharam et al., 2006). The old lakes beds natu-
rally have silty clay and sand that have been filled up with soil over
which buildings/structures have been built.

3. Deterministic primary hazard distribution

Earthquakes primarily cause ground shaking that, at times, can
be devastating for buildings and subsequently the populace. Seis-
mic hazard analysis, therefore, aims at the assessment of ground
motion potential at the site. Amongst several peak ground motion
attributes (i.e. peak acceleration, peak velocity and peak displace-
ment), peak ground acceleration (PGA) is often preferred as the
hazard quantifier, which represents a short period ground motion
parameter signifying damage potential to the buildings thus pro-
viding an overall quantitative basis for the design codes and con-
struction practices. However, period-specific spectral acceleration
(SA) would also be a better index when specific buildings are con-
sidered accounting for applicable resonance frequencies.

The seismic hazard assessment can be either deterministic or
probabilistic. The deterministic hazard analysis involves determi-
nation of a controlling earthquake referred to as maximum credi-
ble earthquake that produces the severest ground motion. The
associated strong-motion parameters are estimated accordingly
without considering probability of its occurrence. On the other
hand, the probabilistic analysis explicitly incorporates quantitative
uncertainties in the size, location, rate of recurrence and effects of
earthquakes. Both approaches are significant owing to the purpose,
the seismic environment, and the scope of the assessment (McGu-
ire, 2001; Anbazhagan et al., 2008). The deterministic approach is
appropriate in cases of establishing a seismic framework towards
disaster mitigation and management, and long-term earthquake
hazard appraisal. Realistic seismic deterministic scenarios are also
useful in case of seismic design and retrofits (Nath et al., 2009).
However, in the cases where the nature of decision-making is to
be based on quantitative information involving uncertainties
allowing constrains on investments according to the applicable
scheme; for example, structural design requirements, financial
planning for earthquake losses (insurance), and investment for
urbanization, a probabilistic approach would be more appropriate.

Sitharam and Anbazhagan (2007a) reported a deterministic
hazard analysis in the study region. Maximum credible earth-
quakes corresponding to each tectonic feature have been com-
puted through Wells and Coppersmith (1994) relation between

the length of sub-surface fault-rupture and magnitude, by consid-
ering possible maximum fault-rupture in each case. The maximum
fault-rupture dimensions are, however, constrained by the under-
lying geology. The fault-rupture lengths, therefore, are construed
from the observed seismicity, which indicated the pragmatic max-
imum fault-rupture (segment) length to be 5% of the total fault
length. In order to establish the controlling seismic source, the
PGA at the center of the Bangalore city were estimated using the
regional attenuation relation of Iyengar and Raghukanth (2004)
taking shortest distance from the different sources (faults and lin-
eaments). The highest PGA of 0.159 g has been attributed for a
maximum credible earthquake (MCE) of My =5.1 at Mandya-
Channapatna- Bangalore Lineament, which exceeds more than
50% of PGA due to other sources. The source has been, therefore,
considered as the controlling seismic source for the deterministic
assessment.

The stochastic simulation algorithm of Boore (1983) has been
employed for the strong ground motion synthesis at borehole loca-
tion points; about 620 bore holes have been dug for geotechnical
investigations (discussed in subsequent section) wherefrom the
basement depth information has been derived. MCE has been
placed at a focal depth of 15 km since larger earthquakes (closer
to My, =5.0) in the source region are observed to be in the depth
range. The hypocenter distance from each borehole is taken to be
shortest distance from the lineament. The average crustal shear-
wave velocity has been taken to be 3.65 km/s. The geometric atten-
uation G has been taken to be 1/R for R < 100 km and 1/10,/R for R
> 100 km (after Singh et al., 1999), in this R is hypocenter distance
in km, the quality factor Q(f) has been taken to be equal to 488 f 88
(Sitharam et al., 2006; Sitharam and Anbazhagan, 2007a), f is the
frequency in Hz. A stress drop of 300 bars, and the high-frequency
band-limitation parameter, fi;qx Set to 35 Hz has been considered
to generate the strong ground motions at 80 Hz as suggested
appropriate for 15 km focal-depth earthquakes by Singh et al.
(1999) for the Peninsular Indian region. A representative accelero-
gram has been provided with Fig. 2a. The stochastic simulations
employ random vibration theory to predict the peak ground accel-
eration from time-domain simulations (Boore, 1983). Nevertheless,
the number of simulations at closely located sites using the same
simulation parameters is not expected to yield highly fluctuating
results, which otherwise would indicate huge uncertainty in the
method. The uncertainties in the source model and simulation
parameters (more appropriate for probabilistic studies) have not
been considered for the deterministic analysis (Nath et al., 2009;
Anbazhagan et al,, 2009)). To avoid minor fluctuations, specific
ranges of the predicted PGA values have been zoned through con-
touring, as depicted in Fig. 2b, which exhibits a monotonic trend
with the highest value of 0.15 g to the northwest and lowest of
0.10 g to the southeast.

4. Geotechnical attributes

The strong ground motions caused by an earthquake at a site
are greatly influenced by the underlying geotechnical properties
of the local soil, implying the necessity to incorporate relevant geo-
technical parameters in local specific seismic hazard assessment
(Sitharam and Anbazhagan, 2008). Five parameters have been,
therefore, considered in the present study: soil overburden thick-
ness, effective shear-wave velocity, predominant frequency, site
response, and the factor of safety against liquefaction.

4.1. Soil overburden thickness and effective shear-wave velocity

The bedrock topography of a particular area illustrates the per-
tinent soil overburden thickness which is an important geological
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Fig. 2. (a) A representative accelerogram generated through stochastic modeling at bedrock level, and (b) the deterministic spatial distribution of peak ground acceleration at

bedrock level depicting a variation from 0.10 to 0.15 g in the Bangalore city.

parameter that significantly contributes to spatial variation of the
strong ground motion at the surface due to an earthquake. Sitha-
ram et al. (2007) and Sitharam et al. (2008) developed a sub-sur-
face model of the city using geotechnical bore-log data. A typical
bore log in the southern part of the study area is presented in
Fig. 3. A general depth-wise distribution of the soil type derived
from the bore-log data is given in Table 1. The data from 170 bore-
holes covering the study region, as depicted in Fig. 4, have been
considered to estimate the corresponding soil overburden thick-
ness. The spatial variation of the overburden thickness, obtained
through contouring using the estimated values at each borehole,
is presented in Fig. 4. It is seen that the overburden thickness in
the study region varies from 1 m to 25 m but is predominantly in
the range of 5-10 m.

The shear-wave velocity, Vs, distribution in the city has been
evaluated through multi-channel analysis of surface wave (MASW)
survey and subsequent data analysis by Anbazhagan and Sitharam
(2008a). The study covered 58 sites within the 220 sq. km of the
urban center. Typical dispersion curve and shear-wave velocity is
given in Fig. 5a and b. The recorded data have been selected
according to the associated highest signal-to-noise ratio. All tests

has been carried out with geophone interval of 1 m, source being
kept on both sides of the spread and source to the first and last re-
ceiver were also varied from 5 m, 10 m and 15 m to avoid the ef-
fects of near-field and far-field. The captured Rayleigh wave has
been analyzed using SurfSeis software.

The effective shear-wave velocity, Vy, for the depth, d, of soil has
been computed as

34/ 3 ()

where d; and ¢; denote the thickness (in m) and shear-wave velocity
in ms~! (at a shear strain level of 107> or less) of the ith formation
or layer respectively, in a total of N layers. Shear-wave velocity
averaged over the upper 30 m (V") is accepted for site classification
purpose as per National Earthquake Hazards Reduction Program
(NEHRP, Building Seismic Safety Council, 2001), and International
Building code (IBC) classifications (Dobry et al., 2000; Kanli et al.,
2006). Therefore, V3° is generally considered for amplification and
site response studies. However, if the rock is found to be located
within a depth of about 30 m, the effective shear-wave velocity of

(M
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Fig. 3. An example of typical bore log from the study area.
Table 1
General depth-wise distribution of the soil in the study region.
Layer Northwest Southwest Northeast Southeast
First Silty sand with clay, 0-3 m Silty sand with gravel, 0-1.7 m Clayey sand, 0-1.5m Filled up soil, 0-1.5 m
Second Medium to dense silty sand, 3-6 m Clayey sand, 1.7-3.5 m Clayey sand with gravel, 1.5-4 m Silty clay, 1.5-4.5m
Third Weathered rock, 6-17 m Weathered Rock, 3.5-8.5 m Silty sand with Gravel, 4-15.5 m Sandy clay, 4.5-17.5m
Fourth Hard rock, below 17 m Hard rock, below 8.5 m Weathered rock, 15.5-27.5 m Weathered rock, 17.5-38.5 m
Fifth Hard rock Hard rock Hard rock, below 27.5 m Hard rock, below 38.5 m

soil thickness (overburden thickness), rather than V3°, is considered
since the presence of hard rock mass would implicate a higher V3°
(Anbazhagan and Sitharam, 2008c). The soil thicknesses were eval-

uated from the nearby borehole logs well within 500 m distance. In
compliance to the NEHRP nomenclature (Building Seismic Safety
Council, 2001), the site classification scheme has been adopted,
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Fig. 4. The spatial distributions of overburden thickness of Bangalore city.

and the map, thus, obtained is depicted in Fig. 6. The ranges of V3’ in
the region exhibits site class D (180-360 m/s), site class C (360-
760 m/s), and site class B (760-1500 m/s) as per Anbazhagan
et al. (2009).

4.2. Site Response and predominant frequency

The study region, predominantly, presents altered soil struc-
tures due to dried up water bodies and reclamation of land
(Anbazhagan and Sitharam 2009). The pertinent loose and silty soil
conditions are prone to ground motion amplification that may be
attributed to resonance effects of the velocity contrasts between
the unconsolidated overburden and bedrock, apart from rebound-
ing effects within the stratigraphic layers. As seismic waves travel
from bedrock to the surface, certain characteristics of the waves,
such as amplitude and frequency content is modified as they pass
through the soil deposits, which in turn can transfer large acceler-
ations to structures, particularly when the resulting seismic wave
frequency matches with the resonant frequencies of the structures.
Therefore, high significance is associated to site specific ground re-
sponse analysis to determine effect of local soil conditions on
amplification of seismic waves, and hence the ground response
spectra for future design purposes. The response of a soil column
is generally seen to be dependent on the frequency of the base mo-
tion as well as on the geometry and material properties of the soil
layer above the bedrock (Anbazhagan et al., 2009).

Sitharam and Anbazhagan (2007b) performed a detailed ground
response analysis in the study region. In this work, the sub-surface
model of the study area, represented by 170 geotechnical bore logs
and 58 shear-wave velocity profiles, has been employed to account
for the soil properties and synthetic ground motions at each bore-
hole locations to compute the associated site effects through one-
dimensional ground response with SHAKE2000 computer program
(Ordonez, 2004). The program accounts for the non-linear soil

behavior by adopting equivalent linear steps using the shear mod-
ulus and damping reductions curves. The values for modulus and
damping compatible with the effective strains in each geological
layer are obtained through an iterative procedure. It is seen from
the shear-wave velocity profiles that the hard rock/engineering
rock in the region is seen to be ~760 m/s (site class B). The syn-
thetic strong ground motion due to the controlling earthquake of
the deterministic hazard analysis (Section 3), therefore, has been
given as an input to the hard rock/engineering bedrock having
the shear-wave velocity of 760 m/s. Accordingly, the peak acceler-
ation values and acceleration time histories were computed at the
top of each sub layer. The site response has been quantified as
amplification factor computed as a ratio of the peak horizontal
acceleration at the ground surface to the peak horizontal accelera-
tion at the bedrock. The latter is obtained from the synthetic accel-
eration time history generated at each borehole.

Fig. 7a depicts the distribution of site amplification factor in
the study region. The site response distribution indicates predom-
inantly higher site amplification (2-4 times) to the north, and
lower site amplification (2 times) dominating most of the region,
except for central and a few parts where site amplification is not
observed (i.e. 1 times). Noting that the overall soil overburden
thickness is rather shallow, the soil distribution that is mostly
sand (silty and clayey) is associated with higher site amplifica-
tion. To that extent, the predominant frequency is also seen high
to the north. The site amplification, as the one observed in the
central part of the study region, might be due to possible hard
rock intrusions at the deeper sub-surface corroborated by the per-
tinent borehole data, indicative of the geologic history of the area.
Overall, the observed site amplification factors in view of the soil
conditions and sediment thickness are consistent to those of sev-
eral previous investigations.

The site predominant frequency is defined as the frequency of
seismic response of the soil columns corresponding to the maxi-
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Fig. 5. Typical results from multi-channel analysis of surface wave (MASW) survey for the study area: (a) dispersion curve and (b) shear-wave velocity profile.

mum Fourier amplitude. It has been widely used to categorize the
soil in respect to the ground motion. Sitharam and Anbazhagan
(2007b) estimated the predominant frequency distribution in the
Bangalore city from the Fourier spectrum computed using
SHAKE2000 at 170 boreholes sites. The predicted values have been
contoured and presented as a distribution map as depicted in
Fig. 7b. The predicted predominant frequency distribution is seen
to be predominantly in range of 3.5-9.5 Hz in the study region,
while higher values are observed to the north of the region. Major
part of the study area (Bangalore) have buildings with single to 3-4
stories, which are prone to higher frequency (2-10 Hz) and these
values are within the predominant frequency distribution of the
soil in the study region.

4.3. Factor of safety against liquefaction

Soil liquefaction occurs when loose saturated unconsolidated
soils transform from a solid state to liquefied state due to increas-
ing pore water pressures, and thus decreasing effective stress, in-
duced by their tendency to decrease in volume under drained
conditions when subjected to earthquake loading. Moderate to ma-
jor earthquakes can cause liquefaction hazard. The hazard has been

seen more prone in loose to moderate granular soils with poor
drainage, such as silty sands or sands and gravels capped or con-
taining seams of impermeable sediments (Youd and Idriss, 2001).
The attributing factors include the grain size distribution of soil,
duration of earthquake, amplitude and frequency of shaking, dis-
tance from epicenter, location of water table, cohesion and perme-
ability of the soil.

In the study region, the liquefaction hazard assessment has
been carried out by Sitharam et al. (2007) using standard penetra-
tion test (SPT) data and the underlying soil properties. The lique-
faction susceptibility is a measure of an inherent resistance of
soil to liquefaction, and can range from non susceptible, regardless
of seismic loading, to highly susceptible, which means that very lit-
tle seismic energy is required to induce liquefaction. Liquefaction
susceptibility is evaluated based on the primary relevant soil prop-
erties such as grain size, fine content, and density, degree of satu-
ration, SPT-N values and age of the soil deposit in each of the bore
logs. To that effect, the empirical assessment is decided on basis
that the soil is susceptible for liquefaction if (i) presence of sand
layers at depths less than 20 m, (ii) encountered water table depth
less than 10 m, and (iii) SPT ‘N’ values indicating blow counts less
than 20.
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Fig. 6. NEHRP site classification map of Bangalore city (modified after Anbazhagan et al., 2009).

About 620 borehole data have been used to evaluate factor of
safety against liquefaction in the terrain. The factor of safety
against liquefaction (FSL) of soil layers have been evaluated based
on the simplified procedure of Seed and Idriss (1971) and subse-
quent revisions of Seed et al. (1983), Youd et al. (2001), and Cetin
et al. (2004). To evaluate FSL, the earthquake induced loading is ex-
pressed in terms of cyclic shear stress and compared to the lique-
faction resistance of the soil. The former is represented by Cyclic
Stress Ratio (CSR) while the latter by Cyclic Resistance Ratio
(CRR). The surface consistent peak ground acceleration corre-
sponding to the MCE is used to estimate the cyclic stress ratio
(CSR). In the cyclic stress approach the pore pressure generation
is related to the cyclic shear stress, hence the earthquake loading
is represented in terms of cyclic shear stresses. Liquefaction resis-
tance of soil depends on how close the in situ state of soil is to the
state corresponding to failure, which have been assessed in situ
test based on SPT ‘N’ values. Cyclic resistance ratio (CRR) has been
derived on corrected N value. The MCE of My, = of 5.1 necessitates a
magnitude scaling factor (MSF, Seed and Idriss, 1982) to be evalu-
ated as given below,

MSF = { )

2.56
MW

The cyclic stress ratio caused by the earthquake is greater than
the cyclic resistance ratio of in situ soil then liquefaction could oc-
cur. FSL, is computed as follows,

CRR75
CSR

FSL = { } MSF 3)

The factor of safety for each layer of soil was arrived by consid-
ering corresponding “(Ni)eocs” Values to arrive CRR and CSR for
earthquake loading. The minimum factor of safety from each bore
logs has been considered to represent the factor of safety against

liquefaction. Eventually, the FSL distribution for the city, which is
depicted in Fig. 8, have been mapped taking into account both
the empirical and geotechnical assessments. The reclaimed sites
of old lakes compiled through newspaper publications, accounts
of the inhabitants, and old toposheets in a study conducted by In-
dian Institute of Science, Bangalore has been indicated in the fig-
ure. It is seen that a reclaimed site, namely Kurubarahalli Lake, in
the northeast of the study region exhibited high susceptibility to
the hazard, although most of the reclaimed sites do not. Only
4.2% of the total area are seen to have FSL <1 whereas about
14.7% have FSL between 1 and 2. About 12.5% have FSL between
2 and 3, and about 68% have FSL >3. About 33% of the locations
have silty clay soil that may cause stress reduction in soil during
earthquake as they posses liquid limit >33 and plasticity index
>12. The bore logs at the locations having FSL <1 indicate that very
loose silty sand with clay and sand is present up to a depth of about
6 m which are classified as medium to fine sand with very low field
SPT-N values. Shallow water tables (~1.2 m depth) are also found
in these locations. These factors may be attributed for the low fac-
tor of safety. About 90% of the area in the study region have higher
factor of safety and are non-liquefiable. The city is, therefore, safe
from liquefaction hazard except at few locations where the over-
burden is sandy silt complemented by shallow water table, not-
withstanding that there has been no account of liquefaction in
the area.

5. Seismic microzonation

Multi-criteria assessment for hazard delineation leading to seis-
mic microzonation has been accomplished previously in other In-
dian regions - Guwahati City (Nath et al., 2007, 2008), Sikkim
Himalaya (Pal et al., 2008), and Delhi (Mohanty et al., 2007). The
hazard mapping is achieved through multi-criteria based decision
support tool formulated by Saaty (1980) referred to as Analytical
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Fig. 7. The maps of Bangalore metropolis area depicting (a) site amplification, and (b) predominant frequency (PF) distribution respectively.

Hierarchal Process (AHP). The tool uses hierarchical structures to
represent a problem, and thereafter, develop priorities for the
alternatives based on the consensus judgment. The technique uti-
lizes organized priority in terms of weights assigned to each crite-
ria or themes, which could be easily incorporated to the thematic
layers on a GIS platform. The weighting activities in multi-criteria
decision-making are effectively dealt with hierarchical structuring

and pair-wise comparisons wherein the judgment between two
particular elements is formulated rather than prioritize an entire
list of elements. The process involves construction of a matrix of
pair-wise comparisons (ratios) between the factors of adopted
parameters depicting relative importance based on the assigned
weightage. For example, six parameters are scaled as 1-6 on basis
of the relative importance over one another such that 1 indicating



P. Anbazhagan et al./Journal of Asian Earth Sciences 38 (2010) 186-198 195
77°33'0"E 77°36'0"E 77°39'0"E N
FSL —— Main Road A
Z | JALAHALLI B <1 ——Rail track
g 1 f - 1-2 Tanks B
) .
o . - »2 () Oidakes
PEENYAINDUSTRML AREA
- " YESVANTPU
er@m E OF SCIENCE
- e o
Fa g GROUND
= n
S A b
i
\ IVAJINA = e
IPALYA BH SUR
a GANDRINAGAR . " s
f v .
. -«
z : 1
E i 7 AMBU@MN BAG 15 |
o / . * Lk
':' d y
: .
01 2 4
w1 km

T T

Fig. 8. The liquefaction hazard in the Bangalore city is characterized by the factor of safety against liquefaction. The site of old lakes (reclaimed land) are indicated with circles
with index: (1) Tumkur Lake, (2) Ramshetty Palya kere, (3) Oddarapalaya Lake, (4) Ketamaranahalli Lake, (5) Kurubarahalli Lake, (6) Agasana Lake, (7) Jakkarayana kere, (8)
Dharmambudhi Lake, (9) Vijayanagar Chord Rd. Lake, (10) Marenahallli Lake, (11) Sampangi Lake, (12) Kalasipalya Lake, (13) Siddapura Lake, (14) Tyagarajanagar Lake, (15)

Domlur Lake, and (16) Shule Lake. The existing lakes are referred to as tanks.

that the two factors are of equal importance, and 6 representing
that one factor is more important than the other, and correspond-
ingly reciprocals of the scale (i.e., 1/1-1/6) show that one is less
important than others. The allocation of weights for the parameter
or the theme depends on the relative importance of factors decided
through consensus opinion of participatory group of decision mak-
ers. Accordingly, normalized weights are derived in each case.
Within each theme, the values varies significantly and are hence
classified into various ranges or types collectively referred to as
feature of a thematic layer. The associated features are ranked or
scored within the theme. The initial integral ranking, R; is normal-
ized to ensure that no layer exerts an influence beyond its deter-
mined weight using the following relation,
Rnorm = (Rl - Rmin)/(Rmax - Rmin) (4)
where Ryorm, Rmin and Riyax denotes the normalized, assigned mini-
mum and maximum ranks respectively. In the present study, GIS
software — ArcGIS 9.0 has been used for the purpose of thematic
mapping through vector layer generation, and the spatial analysis.
The advantage of GIS is the capability to store, manipulate, analyze
as well as display spatial and attribute data. The GIS framework also
allows one to account for added levels of details and complexity,
apart from facilitating easy querying.

The hazard themes, pertaining to the study region materialized
as thematic layers on the GIS platform in the present analysis, are:
(i) soil overburden thickness (SOT), (ii) effective shear-wave veloc-
ity (ESV), (iii) factor of safety against liquefaction potential (FSL),
(iv) peak ground acceleration (PGA) at seismic bedrock, (v) site re-
sponse in terms of Amplification factor (SA), and (vi) predominant
frequency (PF). Each thematic layer has been georeferenced on
Universal Transverse Mercator coordinate system. The correspond-
ing weights and the ranks to each thematic layer and the feature

ranks thereof are assigned accordingly to the apparent contribu-
tion of the layers to the overall seismic hazard. The geological site
conditions greatly influences the strong ground motion at a site
and hence, higher importance is given to those attributes directly
connected to geological and geotechnical site conditions (DST,
2007, Sitharam and Anbazhagan, 2008). The basement topography
represented by SOT arbitrarily controls the site specific hazard,
especially in the cognizance to the contrast in geophysical proper-
ties between the basement and the soil deposits in the study re-
gion, and hence has been accorded the highest weightage. The
sediment thickness implicates rebounding of the seismic waves
leading to site amplifications, and therefore, the ranks are decided
according to the increasing order of the thickness (or basement
depth) i.e. higher the depth, higher the rank. The next attribute is
the site class that is defined on basis of effective shear-wave veloc-
ity. The soil liquefaction potential, evaluated in terms of FSL, is
known to be a determinant urban geotechnical hazard, especially
at the reclaimed sites previously of natural water bodies, and

Table 2
Pair-wise comparison matrix of themes and their normalized weights.

Themes SOT  SC FSL PGA SA PF Normalized weights
SOT 6/6 6/5 6/4 6/3 6/2 6/1 0.2857
SC 5/6 55 5/4 5/3 52 5/1 0.2381
FSL 4/6 4/5  4/4  4/3 4/2  4/1  0.1905
PGA 3/6 3/5 3/4  3[3 3/2  3/1  0.1429
SA 2/6 2/5 2[4 2[3 2/2  2/1  0.0952
PF 1/6 15 1/4 1/3 1/2  1/1  0.0476

SOT: soil overburden thickness; SC: site classification; FSL: factor of safety against
liquefaction potential; PGA: peak ground acceleration at the seismic bedrock; SR:
site response in terms of maximum amplification factor; PF: predominant
frequency.
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Table 3
Normalized weights and ranks assigned to the respective themes and the features
thereof for the thematic integration.

Themes Weight Feature Rank Normalized Rank
SOT (m) 0.2857 >20 5 1.00
15-20 4 0.75
10-15 3 0.50
5-10 2 0.25
<5.0 1 0.00
SC 0.2381 Site class D 3 1.00
Site class C 2 0.50
Site class B 1 0.00
FSL 0.1905 <1 3 1.00
1-2 2 0.50
>2 1 0.00
DPGA (g) 0.1429 >0.15 5 1.00
0.14-0.15 4 0.75
0.13-0.14 3 0.5
0.12-0.13 2 0.25
<0.120 1 0.00
SA 0.0952 >4 4 1.00
3-<4 3 0.66
2-<3 2 0.33
1-<2 1 0.00
PF (Hz) 0.0476 <3.5 5 1.00
3.5-<5.0 4 0.75
5-<75 3 0.50
7.5-<9.5 2 0.25
9.5-< 11 1 0.00

swampy tracts. The attribute is strongly connected to the loose soil
conditions and is, therefore, accorded with the appropriate weigh-
tage. Next in the order is PGA that constitutes the deterministic
hazard conforming to the basement. The 1-D site amplification fac-
tor (SA) distribution essentially computed from the shear-wave
velocity profiles over the engineering bedrock comprises a factor
that adds up to the peak ground acceleration. Finally, PF is incorpo-

rated to address a generic hazard conditions for the building distri-
bution. The building distribution in the study region comprises
mostly of 3-4 stories reinforced concrete structures that are gener-
ally prone to high frequencies (2-10 Hz); well within the observed
predominant frequency range of the soil columns in the terrain (3-
9.5 Hz). A generic scheme to address the overall higher raised
buildings is, therefore, adopted in the present analysis with lower
predominant frequency being assigned higher ranking in order to
facilitate an elementary hazard appraisal. The present framework,
thus, accounts for the overall hazard considering the basin effect
(soil overburden thickness, predominant frequency), soil effect
(site classification, site response, liquefaction potential), and the ef-
fect of the projected deterministic ground motion (peak ground
acceleration). Table 2 presents the pair-wise comparison matrix
for the respective themes and their normalized weights. The nor-
malized ranks assigned to the features of each theme are listed
in Table 3. The thematic integration is achieved through the fol-
lowing equation,

DHI = (SOTw - SOTg + SCw - SCg + FSLy - FSLg + SOTy,.SOTx
+ ESVy - ESVg + DPGAw - DPGARg + SAw - SAg + PFw

-PFp)/ Y W (5)

where DHI represents the deterministic hazard index, and the sub-
scripts — W and R have been assigned accordingly to indicate weight
and ranking respectively.

The deterministic seismic microzonation map, achieved in the
present analysis, is depicted in Fig. 9. The variations of DHI could
be grouped into four classifications representing negligible, low,
moderate, and high zones.

6. Discussion and conclusions

The present study focuses on delivering a seismic framework to
enable decision on further investigations, especially, higher order
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Fig. 9. The deterministic seismic hazard microzonation map of Bangalore city; the listing of old lakes (reclaimed lands) have been given in caption of Fig. 8.
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ward-specific analysis. This calls for a deterministic assessment,
which usually preludes a probabilistic one. The study region is lo-
cated in low seismicity zone. However, deadly earthquakes such as
My, = 6.2 Latur 1993, My, = 5.8 Jabalpur 1997, and My, = 7.6 Gujarat
2001 have occurred in the seismotectonic regime that encom-
passes the peninsular India. The high uncertainty involved in
assessment of the hazard predicates the significance of a determin-
istic approach in the present study. A singular and dominant sce-
nario has been assumed in the hazard projection that outstrips
those anticipated from other regional faults. Furthermore, higher
priority in the thematic integration process has been assigned to
the geotechnical themes, emphasizing more on the local geotech-
nical hazard variations.

The final seismic hazard microzonation map obtained in the
present analysis indicates that low hazard zone occupies most
parts of the city. It is also seen that negligible hazard zones in a
few pockets of the southeast and southwest parts of the Bangalore
city conform to the sites of site class C. Interestingly, zones of site
class B in the region is seen with low hazard likely due to the
emphasized overburden thickness. It is seen that zones of low to
moderate hazard encompass almost all the sites of old lakes (re-
claimed land) as well as existing ones with most of the reclaimed
lands in the northern parts under moderate hazard. High hazard
conforming to that of liquefaction susceptibility is seen in the area
west of the study region. However, very shallow basement depths
(~5m) is a likely cause that all the areas having factor of safety
against liquefaction (FSL) less than or equal to one do not come un-
der high hazard in the final hazard map. The patches of maximum
hazard are seen at the central region, which can be attributed to
the overburden thickness.

The present analysis accomplishes a groundwork assessment of
the site specific hazard laying out a framework for higher order
seismic microzonation (1:5000). Period specific analyses based
on spectral accelerations and non-linear site response analysis
are also envisage for the future studies to address building typolog-
ical ward-wise distribution in the city.
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