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Abstract. Seismic microzonation is a process of estimat- themes, namely PGA at the surface, liquefaction potential in-
ing site-specific effects due to an earthquake on urban cendex, NEHRP soil site class, sediment class, geomorphology
ters for its disaster mitigation and management. The state oind ground water table in a fuzzy protocol in the geograph-
West Bengal, located in the western foreland of the Assam-ical information system by adopting an analytical hierarchal
Arakan Orogenic Belt, the Himalayan foothills and Surma process. The resulting high-resolution surface consistent haz-
Valley, has been struck by several devastating earthquakeard, liquefaction and microzonation maps are expected to
in the past, indicating the need for a seismotectonic re-play vital roles in earthquake-related disaster mitigation and
view of the province, especially in light of probable seis- management of the city of Kolkata.

mic threat to its capital city of Kolkata, which is a major

industrial and commercial hub in the eastern and northeast-

ern region of India. A synoptic probabilistic seismic haz-

ard model of Kolkata is initially generated at engineering 1 Introduction

bedrock ¢°~ 760 mst) considering 33 polygonal seis- . o

mogenic sources at two hypocentral depth ranges, 0-25 anijatural disasters inflicted by earthquakes cannot be pre-
25-70 km; 158 tectonic sources; appropriate seismicity modYyented, nor is there any possibility in the near future for accu-
eling; 14 ground motion prediction equations for three seis-rate and socially useful short-term prediction for an impend-
motectonic provinces, viz. the east-central Himalaya, theing earthquake. The damage pattern due to an earthquake
Bengal Basin and Northeast India selected through suitabilitydePends largely on the local site condition and the social
testing; and appropriate weighting in a logic tree framework. infrastructure of the region, with the most important condi-
Site classification of Kolkata performed following in-depth tion being the intensity of ground shaking at the time of an
geophysical and geotechnical investigations places the citfarthquake. A contrasting seismic response is observed even
in D1, D2, D3 and E classes. Probabilistic seismic hazard asWithin a short distance over small changes in the geology of
sessment at a surface-consistent level —i.e., the local seismie€ Site.

hazard related to site amplification performed by propagat- The challenge of urban hazard mapping is to predict the
ing the bedrock ground motion with 10 % probability of ex- ground motion effects related to various source, path and site
ceedance in 50 years through a 1-D sediment column usin@haracteristics with an acceptable level of reliability. Seis-
an equivalent linear analysis — predicts a peak ground acceMic microzonation, recognized as priority area of an earth-
eration (PGA) range from 0.176 to 0.253n the city. A de- guake mitigation program, can be defined as the subdivision
terministic liquefaction scenario in terms of spatial distribu- Of @ region that has relatively similar exposure to seismic
tion of liquefaction potential index corresponding to surface Shaking and accompanying environmental effects, such as
PGA distribution places 50 % of the city in the possible lig- surface faulting, liquefaction and landslides on the basis of
uefiable zone. A multicriteria seismic hazard microzonationdifferent possible soil responses that can increase the dam-

framework is proposed for judicious integration of multiple @g€- A seismic microzonation framework is shown in Fig. 1
along with the seismological and geological attributes. The
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Figure 1. A microzonation framework for site-specific seismic hazard assessment.

scheme outlines a compilation of information related to seis-of My, 8.1, the 1950 Assam earthquakeMs, 8.7, the 1934
micity, identification of potential seismic source zones, de-Bihar-Nepal earthquake adf#f,, 8.1, the 1964 Sagar Island
velopment of seismicity models, maximum earthquake prog-earthquake ofV,, 5.4, and the 2011 Sikkim earthquake of
nosis supported by earthquake catalogs, and other relevant,, 6.9 drew attention to the seismic hazard of the province.
data such as tectonic database and ground rupture. The localhe 1934 Bihar—Nepal earthquake Mfy 8.1 inflicted con-
level assessments involve mapping of surficial geologicalsiderable damage to life and property in Kolkata (GSI, 1939),
and geomorphological features, development of geotechniadhering to the Modified Mercalli (MM) intensity of VI-VII.
cal database, and evaluation of different surficial soil at-The near-source earthquakes reported in Kolkata include the
tributes (e.g., density, rigidity, compressibility, damping, wa- 1906 Kolkata earthquake with MM intensity V=VI (Middle-
ter content). Therefore, the seismic hazard microzonatiormiss, 1908), the 1885 Bengal earthquaka#f6.8 with MM
framework encompasses the seismicity, seismic sources, aridtensity V (Martin and Szeliga, 2010), the 1935 Pabna earth-
earthquake potential based on available historical and inquake ofM,, 6.2 with MM intensity V (Martin and Szeliga,
strumental data covering hundreds of years, such as micra2010) and the 1964 Sagar Island earthquak&gf.4 with
and macro-seismicity, regional tectonics and neo-tectonicglamage intensity of MM VI-VII in the area surrounding the
(faults/lineaments), geology, geohydrology, crustal structure city of Kolkata (Nath et al., 2010). Incidentally, none of these
subsurface lithostratigraphy, ground-rupture hazard and soitlestructive earthquakes are reported to have caused any co-
liquefaction. seismic surface ruptures in and around Kolkata. However, the
The state of West Bengal, India, located in the westernmaximum intensity reported in Kolkata is MM VII, gener-
foreland of the Assam—Arakan Orogenic Belt, the Himalayanated from both the near-source earthquake of 1964 and the
foothills and Surma Valley is affected by sparse seismicity.distant earthquake of 1934, making the province seismically
However the occurrence of devastating earthquakes insideulnerable.
and around the region like the great 1897 Shillong earthquake
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The Kolkata metropolis, the focus of the present investi-(2) basin margin fault zone (western scarp zone), (3) sta-
gation, is the second largest urban agglomeration in Indigble shelf, (4) hinge zone or shelf/slope break, and (5) deep
bounded by latitude 227-2240 N and longitude 88L8— basin, as shown in Fig. 2a and the W-E geological cross sec-
88°28 E. It has developed primarily along the eastern banktion in Fig. 2b. The most prominent tectonic feature in the
of the River Hooghly during the last 3@0years. The city Bengal Basin is the NE-SW-trending Eocene Hinge Zone
is located about 150 km north of the Bay of Bengal, right (EHZ), also known as the Calcutta—Mymensing Hinge Zone,
over the Ganges Delta. The flat topography of Kolkata haswhich is 25 km wide and extends to a depth of about 4.5 km
an average elevation of 6.4 ma.m.s.l. (above mean sea levelpelow Kolkata, reportedly triggered an earthquake of mag-
the highest location is about 9.5 m at Netaji Subhas Chandraitude M,, 6.2 in 1935, with the epicenter at lat 265 N,
Road (Clive Street), and the lowermost place is Mechhua atong 89495 E, that mostly affected Bangladesh, but a pro-
an elevation of 5.5 m. The population of Kolkata, which was longed tremor was felt at Kolkata. The EHZ is covered by
1.5 million in the year 1901, had a phenomenal increase to 14n upper Paleozoic to Holocene sedimentary fill to a maxi-
million as per the census report of 2011, thus making it one ofmum thickness of about 7.5 km. The other major tectonic fea-
the most densely populated regions in the world. It also supiures of this region are the Garhmoyna—Khandaghosh Fault,
ports vital industrial and transportation infrastructure. The Jangipur—Gaibandha Fault, Pingla Fault, Debagram—Bogra
city is situated on a sedimentary deposit with a thicknessFault, Rajmahal Fault, Malda—Kishanganj Fault, Sainthia—
of the order of 7.5km that is above the crystalline base-Bahmani Fault, Purulia Shear Zone, main boundary thrust,
ment. The city is highly developed, with many old buildings, main central thrust, Tista Lineament, and Purulia Lineament,
bridges, subways, tall structures, huge shopping malls, ands depicted in Fig. 2a. In the region of Northeast India, ma-
lifeline facilities (hospitals, emergency services, etc.) that re-jor faults, such as the Dauki Fault, Oldam Fault and Dhubri
quire earthquake disaster mitigation and safety regulations. Fault, marking the boundary of the strikingly elevated Shil-

The prevailing seismic zoning map of India (BIS, 2002) long Plateau also pose a seismic threat to West Bengal and in
prepared based on the peak ground acceleration (PGA) inparticular Kolkata.
duced by the maximum considered earthquake (MCE) fur-
ther constrained by the geologic and seismotectonic consid-
erations, thus scaling it down to the design basis earthquake Probabilistic seismic hazard assessment (PSHA)

(DBE) for urban codal provisions, places the entire city of  framework for Kolkata at engineering bedrock
Kolkata at the boundary between zone IIl and IV, with an
equivalent PGA range of 0.16-0.24As per this zonation 3.1 Seismogenic source definition in the region
scheme, zone V is the highest expected level of seismic haz-
ard, with a PGA level of 0.3g and MM intensity of VI A successful seismogenic source definition requires a declus-
(and above), while seismic zone IV corresponds to @.24 tered homogeneous earthquake catalog of the study region.
PGA, adhering to MM intensity VII. Further, seismic zone lll We therefore prepared an earthquake catalog of the Ben-
corresponds to 0.16 PGA and MM intensity VI, whereas gal Basin and the adjoining region spanning the 1900-2012
zone Il is associated with the lowest level of hazard, with aperiod by considering three major earthquake data sources,
PGA level of 0.1¢; and MM intensity of V (or less). namely the International Seismological Centre (13@p:
/Iwww.isc.ac.ul, the US Geological Survey/National Earth-
quake Information Center (USGS/ NEI@itp://neic.usgs.
2 Geology and tectonic setting of West Bengal and its ~ gov.ug, and the Global Centroid Moment Tensor Project
adjoining region (GCMT, http://www.globalcmt.orlyy wherein the hypocen-
tral depth entries have been computed using the algorithm
The Bengal Basin, in the northeastern part of the Indiangiven by Engdahl et al. (1998). Other data sources used
subcontinent between the Indian Shield and Indo-Burmarinclude the India Meteorological Department (IMDitp:
Ranges, comprises three geotectonic provinces: (1) the staivww.imd.ernet.if, and Jaiswal and Sinha (2004). For uni-
ble shelf, (2) the central deep basin (extending from the Sylform magnitude scaling and establishing data homogeneity
het Trough in the northeast towards the Hatia Trough in thefor meaningful statistical analysigf,, is preferred owing to
south), and (3) the Chittagong—Tripura Fold Belt, as shownits applicability for all ranges of earthquakes, i.e., for large or
in Fig. 2a. The dynamic nature of the Bengal Basin can besmall, far or near, and shallow- or deep-focus earthquakes.
attributed to the interaction of three plates, namely the In-Thereafter, the entire catalog has been declustered to re-
dian, Tibetan (Eurasian) and Burma (West Burma Block) move foreshocks and aftershocks to derive a main-shock cat-
plates. The intensity and pattern of plate-to-plate interactionalog accessible dtttp://www.earthghaz.net/sacathe fault
varied with time, affecting the basin architecture and sed-database is compiled with a geographical information system
imentation style throughout the basin (Alam et al., 2003). (ArcGIS 9.1). The sources include seismotectonic map of In-
The basin is structurally divided into five tectonic elements dia published by the Geological Survey of India (Dasgupta et
from northwest to southeast: (1) the North Bengal foreland,al., 2000) and the one extracted from Landsat TM/MSS and
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Figure 2. (a) Seismotectonic system of West Bengal and its adjoining region (lat 19.6 to28l&ng 85.4 to 92.9E) (modified considering
Dasgupta et al., 2000; USGS-BGAT, 2001; and GSB, 1990)(ah@& W-E geological cross section depicting the lithostratigraphy and
structural setting of the Bengal Basin (modified from Alam et al., 2003).

SRTM data. To characterize the seismogenic sources respoi3:1.1 Layered polygonal seismogenic source zones

sible for significantly contributing to the seismic hazard of

Kolkata, the earthquakes from the catalog supplemented by popular approach in the seismogenic localization process

records of historical earthquakes (occurring prior to 1900 ands the areal source zonation, wherein the objective is to cap-

as early as AD 819) and instrumental data covering a periodyre uniform seismicity. The seismicity pattern and seismo-

from 1900-2012 are projected with the fault pattern in thegenic source dynamics are known to have significant vari-

region. Thus, in the present study, we classified seismogenigtions with depth (e.g., Prozorov and Dziewonski, 1982;

sources based on two categories, viz. (a) layered polygonathristova, 1992; Tsapanos, 2000; Allen et al., 2004; Nath

sources and (b) active tectonic sources. and Thingbaijam, 2012). This has been considered by sci-
entists in other parts of the globe (e.g., Stirling et al., 2002;
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Figure 3. A layered polygonal seismogenic source framework for West Bengal and its adjoining region modified after Nath and Thingbai-
jam (2012) for PSHA®@) hypocentral depth of 0-25 km aifld) hypocentral depth of 25—70 km.

Suckale and Griinthal, 2009). Hence, considering a single sehethodology adopted in the present study can be outlined
of seismicity parameters over the entire depth range may geras (1) delineation of areal source zones, (2) derivation of
erate an incorrect hazard estimation. Based on the hypocera seismicity model for each zone, and (3) application of a
tral depth of seismicity in this region, two hypocentral depth seismicity-smoothing algorithm to obtain activity rates for
ranges (in kilometers) — 0—25 and 25-70 — are consideredspecific threshold magnitudes.

Thereafter, the zonation is carried out based on seismic-

ity patterns, fault networks and similarity in the style of 31 5  Active tectonic source zones

focal mechanisms (e.g., Caceres et al., 2005) demarcating

33 source Zones as d_eplcted n Fig. 3. The layered mo_de] "Additional seismic sources considered are the active tec-
expected to facilitate in resolving the source characterlstlcs[OniC features such as faults and lineaments (Azzaro et al

more precise_ly than the conventional single-layer SChemeiQQS' Slemmons and McKinney, 1977). As discussed earlier
considered hitherto by other authors. the Bengal Basin encompasses many active faults and linea-

In real situations, it is difficult at times to establish a . . . :
. . ; . ments which can be considered potential sources contribut-
definite tectonic class for a given zone. While the source.

zonation becomes a case of tectonic dismantling, reduced'J to the seismic hazard of the region. In the present study,

. ) : . . active tectonic features are extracted from the seismotectonic
seismogenic zone dimensions with sparse earthquake occur- . -
N o atlas of India (Dasgupta et al., 2000), and additional fea-

rences would obscure seismicity parameterization. In that re: . ;
o . . tures are extracted via image processing of Landsat TM data

spect, seismicity smoothing or a zone-free approach is Con(htt -llglovis.usgs.goythrough edge enhancement filterin
sidered pragmatic to account for the absence of fault asso* p-Ig -USgs-g 9 9 9

ciability while adhering to the spatial distribution of earth- and prmcpal component analysis. The fpcal mechanism data

) . ) employed in the present study are derived from the Global

quake occurrences. This complies with the fact that the loca- : .
tions of future large earthquakes tend to follow those of theCentrOId Moment Te_nsor PrOJegt (GCMilww.globalemt.

org) database, covering the period from 1976 to 2012, and

past seismicity (Kafka, 2007; Parsons, 2008). The approac%ther studies, viz. Dasgupta et al. (2000), Chandra (1977),

has been in vogue since the works of Vere-Jones (1992)... :
Kagan and Jackson (1994) and Frankel (1995). Recent stu Singh and Gupta (19.80) ‘?‘T‘d Bilham and Englapd (2001).
herefore, we have identified about 158 tectonic features

les have employed seismicity smoothing for small to rnOd_(i.e., faults and lineaments) in the 0-25 and 25—-70 km depth

erate earthquakes and fault-specific zonation for larger earthr-an es that have the potential to cenerate earthquakes of
quakes (e.g., Petersen et al., 2008; Kalkan et al., 2009). Alter- 9 P ) 9 ) rihg .
. o . M\, 3.5 and above. Figure 4 depicts major active tectonic
natively, a unified approach can be formulated such that seis- . S .
sources of West Bengal and its adjoining region.

micity models based on area zonation are employed for theé L -
7 . L The deterministic assessment of characteristic earth-

estimation ofb values andnmay, While seismicity smooth- . - .
quakes, viz. maximum earthquakes from a fault, is gener-

ing is used to establish the distribution of the seismic activity v achieved by means of a relationship between earthauake
rate. This delineates the grid cells according to regions ofa y Y P q

. . . magnitude and coseismic subsurface fault rupture length.
homogenous seismotectonic characteristics. Eventually, th‘?‘he primary method used to estimate subsurface rupture
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Table 1. A list of major active tectonics which are considered to be seismic sources, along with total fault length (TFL), observed maximum
earthquakeMmax,obg, Subsurface rupture length (RLD), and estimated maximum earthqiikgy) in Kolkata and adjoining regions.

Fault name TFL Mmaxobs Faulttype RLD Mmax

Pyudung Thrust Fault 172 5.1 Reverse 46 #0.6)
Main boundary thrust 725 6.6 Reverse 74 HB(6)
Dhubri Fault 248 7.1 Reverse 175 78Q.26)
Atherkhet Fault 143 5.2 Strike slip 20 6.%0.24)
Dhansiri—Kopili Fault 142 4.8 Strike slip 25 6.40.24)
Bomodila Fault 83 4.9 Reverse 34 6:80.26)
Kalaktang Fault 105 5.2 Reverse 18 6#40(26)
Sylhet Fault 234 7.6 Strike slip 198 7.80.24)
Pyudung Fault 142 5.6 Reverse 24 6i5)(26)
Main central thrust 468 6.5 Reverse 123  HB(26)
Main frontal thrust 103 5.3 Reverse 23  6:50.26)
Eocene Hinge 608 6.2 Strike slip 47 6:80.24)
Dauki Fault 342 71 Strike slip 110 7.40.24)
Everest Lineament 324 5.2 Strike slip 35 6468)(24)
Gourishankar Lineament 293 5.6 Strike slip 63 AOER4)
Tista Lineament 257 5.5 Strike slip 70 7A@.24)
Gangtok Lineament 44 5 Strike slip 19 62q.24)
Arun Lineament 265 6.8 Oblique reverse 65 AHD(26)
Himalayan Frontal Thrust 387 8.1 Reverse 335 8&B8.g6)
Krishnai Lineament 80 4.9 Strike slip 17 62Q.24)
Jangipur—Gaibanda Fault 48 4.1 Strike slip 49 58.p4)
Jamuna Fault 124 6.8 Strike slip 80 72Q.24)

length and rupture area is the spatial pattern of early after-
shocks (Wells and Coppersmith, 1994). Aftershocks that oc-
cur within a few hours to a few days of the mainshock gen-
erally define the maximum extent of coseismic fault rupture
(Kanamori and Anderson, 1975; Dietz and Ellsworth, 1990;
Wong et al., 2000). Basically, an aftershock zone roughly
corresponds to the fault ruptured during the mainshock; pre-
cise studies indicate that aftershocks are concentrated near
the margin of the fault area where the large displacement oc-
curred (e.g., Das and Henry, 2003; Utsu, 2002). The gen-
eral assumption, based on worldwide data, is that one-third
to one-half of the total length of fault would rupture when it
generates the maximum earthquake (Mark, 1977; Kayabalia
and Akin, 2003; Shukla and Choudhury, 2012; Seyrek and
Tosun, 2011). In the present study, the fault rupture seg-
mentation was identified using the maximum length of the
well-defined mainshock and aftershock zone along the faults
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Figure 4. Major active tectonic sources of West Bengal and its ad- rupture dimension and magnitude. Table 1 lists some major
joining region. active tectonic sources, their total length (TFL), the asso-
ciated observed maximum earthquak&fnayx obd, the sub-
surface rupture length (RLD) and the maximum predicted
earthquake Mmay)-
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3.2 Seismicity analysis 08}, Zone 445 a-value: 3.30(+0.08) 0P 2" B9 o value: 4.25(20.56)

b-value: 0.75(+0.08 b-value: 0.99 (+0.13)
m o 6.
max(obs) m
m_ -850 (+0.30)
max

max(obs)”
m__:7.90 (+0.30)
max

The evaluation of seismicity parameters is one of the most
important steps for hazard estimation. Earthquake occur-2 -i»
rences across the globe follow the Gutenberg—Richter (GR)_&{:;?
relationship, 27

logigA(m) =a — bm 1 7
Y10 (m) ’ ( ) 35 4 45 5 55 6 65 7 75 8 85 9 85 4 45 5 55 6 65 7 75 8
Magnitude(MW) Magnitude(M, )

whereA(m) is the cumulative number of events with magni-

tude> m (Gutenberg and Richter, 1944). The slope parame-Figure 5. Representative frequency-magnitude distribution plots
ter, commonly referred to as tlevalue, is often employed at some typical polygonal seismogenic sources: zone$ 4nd

as an indicator of the stress regime in the tectonic reinforceZones 8+9. The red line represents truncated Gutenberg-Richter
ments, and to characterize seismogenic zones (SChorIemmé-FGR) relation; the blue line represent the Gutenberg—Richter (GR)

et al., 2005). The maximum likelihood method to estimaterelation; and the circles and squares represent the instrumental
B L . . events (complete data coverage) and incomplete data (including the
]'Egﬁol\:vs\‘/.alue given by Aki (1965) and Utsu (1965) is as historical data as extreme data coverage), respectively.

Ioglo(e)

[mmean— (m: — 5*)]

b=

) zone is of appropriate size and the temporal coverage of the
catalog is also long enough; the TGR model is assumed to
wheremmeanis the average magnituder, is the minimum  be more appropriate considering the energy dissipations at
magnitude of completeness, andn is the magnitude bin larger magnitudes. For polygonal sources, a maximum like-
size (0.1 in the present study). The standard deviation of thdihood method for maximum earthquake estimation referred
b value ¢b) has been computed by means of the bootstrapio as Kijko—Sellevoll-Bayesian (Kijko, 2004) has been used.
ping method, as suggested by Schorlemmer et al. (2003))n several cases, zones with similar tectonics are merged to
which involves repeated computations, each time employingachieve a sufficient number of events, i250, as well as an
aredundant data sample, allowing events drawn from the catacceptable uncertainty with the estimated seismicity param-
alog to be selected more than once. A minimum magnitudeeters. This produced 21 zones out of a total of 33. Sample
constraint is generally applied on the GR relation given byfrequency—magnitude distribution plots for a few polygonal
Eg. (1) on the basis of the magnitude of completeness enseismogenic sources are given in Fig. 5. The seismicity pa-
tailed by the linearity of the GR relation on the lower magni- rameters estimated for all the polygonal seismogenic sources
tude range. An upper magnitude has been suggested in accaxre listed in Table 2.
dance with physical dissipation of energy and constraints due o
to the tectonic framework (Kijko, 2004). This is achieved by 3-3 Smoothed seismicity model
establishing the maximum earthquakgax physically capa-
ble of occurring within a defined seismic regime in an un-
derlying tectonic setup. The magnitude distribution is there-

fore truncated atimax such thatm in- A modified S . ) : o
max max>> tmin tributions into spatially continuous probability distributions.

version of Eq. (1) formulated by Page (1968) and Cornell . . . .
and Vanmarcke (1969) is a truncated exponential distributionThe technique given by Frankel (1395) is employed in the

termed as truncated Gutenberg—Richter (TGR) frequencypresent study. The entire region is gridded at a regular in-
magnitude relationship as follows: terval of 0.2, with each grid point encompassing a cell of

0.1° x 0.1°, which represents about 11 EnThe smoothened

10~b0n—mmin) _ 1 g—b@mmax—mmin) @) function is given by

The contribution of background seismicity in the hazard per-
spective is estimated using smoothened gridded seismicity
models. This allows modeling for of discrete earthquake dis-

A(m) = A (mmin)

1 — 10—t (mmax—mmin)
S ey e (@10
J
N; (my) = , 4
i (my) Ze*(dij/c)z ( )
J

wherempmin IS minimum magnitude antkmax iS an upper-
bound magnitude. The maximum earthquakfygy) is the
largest seismic event characteristic of the terrain under the
tectonostratigraphic consideration. The&alue anda value

are estimated by applying the maximum likelihood methodwheren ; (m;) is the number of events with magnituder;,

(Aki, 1965; Utsu, 1965) on the instrumental catalog. The in-d;; is the distance betweéth and;th cells, and: denotes the
complete data (including the historical data) are rendered reeorrelation distance. The annual activity rate is computed

turn periods according to the models, namely the GR andeach time asv; (m)/ T, whereT is the (sub)catalog period.
truncated GR (TGR) models. The linear GR relation canThe present analyses make use of subcatalogs for the peri-
statistically accommodate large events if the seismic sourceds 1990-2012, 1964-2012 and 1903-2012, with threshold
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Table 2. Estimated seismicity parameters for all the polygonal seismogenic sources considered for PSHA in Kolkata.

280N

280N

240

2208

Zone b value a value Mmax Observed
(predicted) Mmax)
Zone 1 0.7340.14) 3.0240.59) 7.700.40) 6.9
Zone 2 0.824£0.12) 3.54{0.45) 8.804£0.20) 8.1
Zone 3 0.5440.07) 1.9640.36) 8.3040.30) 6.2
Zone 4+5 0.75 ¢-0.08) 3.3040.08) 8.50 £0.30) 6.5
Zone 6+7+11 0.84 ¢0.16) 3.22£0.59) 7.2040.30) 6.8
Zone 8+9 0.99 ¢-0.13) 4.25{0.56) 7.90 £0.30) 7.4
Zone 10 0.654£0.14) 2.0040.32) 7.00{0.40) 55
Zone 12 0.774£0.10) 2.96 £0.63) 8.80 £0.40) 7.4
Zone 13+ 14 0.63 (£0.15) 2.32£0.63) 8.20{0.40) 6.4
Zone 15 0.99+40.18) 4.1640.41) 8.2040.40) 5.6
Zone 16+ 17+26+31+32 0.57 &0.15) 1.6440.45) 6.80 {0.30) 5.8
Zone 18 1.3140.15) 5.93£0.50) 7.1040.30) 6.0
Zone 19 0.884£0.14) 3.9140.32) 8.3040.20) 6.8
Zone 20 0.934£0.13) 3.9540.32) 8.304£0.20) 6.5
Zone 21+ 33 0.98 (c0.09) 4.44 £0.32) 8.30{0.20) 7.7
Zone 22+ 23+ 27 0.92 (£0.13) 3.77 £0.50) 6.50 £0.30) 6.2
Zone 24 0.914£0.07) 3.9340.45) 8.304£0.20) 8.1
Zone 25 1.2140.15) 5.35{0.54) 7.2040.40) 5.8
Zone 28 0.99+40.13) 4.4140.63) 8.8040.40) 7.6
Zone 29 1.064£0.10) 4.83{0.41) 7.900.40) 6.2
Zone 30 0.9840.10) 4.65{0.41) 7.900.40) 6.5
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Figure 6. Smoothed seismicity in West Bengal and its adjoining region for a threshold magnitiig ®5 at two hypocentral depth regions
(0-25 and 25-70 km) indicating the seismic activity distribution (frequency of occurrence of a magwitud@.5 per year considering an
earthquake catalog of the region for the period 1900-2012).

magnitudes oV, 3.5, 4.5 and 5.5, respectively, as summa- activity rates for each active tectonic source within a 25 km
rized in Table 3. Correlation distances of 55, 65 and 85 kmbuffer around each are also computed using the threshold
are decided for the respective cases by calibrating the outmagnitudes of\f,, 3.5, 4.5 and 5.5 at both the hypocentral
puts from several runs of the algorithm with the observeddepth ranges.

seismicity. The smoothened seismicity analysis is performed

for the threshold magnitudes #f,, 3.5, 4.5 and 5.5, with the

results of M,y 3.5 at the hypocentral depth ranges 0-25 and

25-70km being displayed in Fig. 6. Likewise, the seismic
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Figure 7. Recorded accelerograms and comparison of the observed and simulated acceleration sf@d¢tra 88 December 2005 earth-
quake ofMy, 4.0, (b) the 6 February 2008 earthquakeMfy 4.9 recorded at the IIT Kharagpur (IITKGP) Broadband Observatory for the
Bengal Basin seismogenic sourg¢e) the 18 September 2011 Sikkim earthquakeMaf 6.9 recorded at Gangtokd) the Siliguri strong
motion station of DSSMN for the east-central Himalaya seismogenic sdg)dbe 18 August 2009 Myanmar—India border earthquake of
My 5.6 recorded at Guwahati, affil the 4 February 2011 Myanmar—India border earthquakid\p6.4 recorded at the Jowai strong motion
station of PESMOSH(ttp://pesmos.ipfor the Northeast India seismogenic source.

Table 3. The subcatalogs for the three different threshold magni-to one or more seismic attributes (Campbell and Bozorgnia,

tudes considered for the construction of seismicity grids. 2003). In the study region, a strong motion network recorded
several moderate intensity earthquakes (Nath, 2004; Pal et
Depth range Subcatalog (threshold magnitude) al., 2008; Raj et al., 2008) from the near and distant fields
(km) My 3.5 My 4.5 My 5.5 from within th_e Bengal Basin, east-central Himalaya and
Northeast India. Due to paucity of good magnitude cover-
0-25 1990-2012  1964-2012  1903-2012 age of strong ground motion data, analytical or numerical
25-70 1990-2012 1964-2012 1902-2012

approaches for a realistic prognosis of possible seismic ef-
fects in terms of tectonic regime, earthquake size, local geol-
ogy, and near-fault conditions necessitate systematic ground
motion synthesis. In order to strengthen the ground motion
database, the seismic events of small to moderate magnitude
. . . recorded by the Darjeeling—Sikkim strong motion network
The ground motion parameters at a site of interest are evaI(DSSMN) of IIT Kharagpur, PESMOShftp://pesmos.inof

uated by using a ground motion prediction equation that T Roorke, the IIT Guwahati strong motion network in the
lates a specific strong motion parameter of ground shaking

3.4 Ground motion prediction equations

www.nat-hazards-earth-syst-sci.net/14/2549/2014/ Nat. Hazards Earth Syst. Sci., 14, 2528¥5 2014
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Table 4. Parameters used for strong ground motion simulétion

Parameter East-central Himalaya Bengal Basin Northeast India
source zone source zone source zone

Strike 285 232 112

Dip 6° 32 50°

Focal depth (km) 20 35.9 35

Source (location) 27.5N, 87.09 E 21.6N,88.0PE 26.0N,91.CE

Stress (bar) 275 30 159

Crustal density (g cmd) 2.7 2.7 2.7

Shear wave velocityd) (kms™1) 3.8 3.8 3.8

Quality factor 1677047 400 £0-48 372072

Kappa 0.02 0.02 0.02

Geometrical spreading /R (R <100km), ¥R%® (R > 100 km)

Windowing function Saragoni and Hart (1974)

Damping 5%

* Source parameters have been adopted from Nath et al. (2010).

025 earthquake oM,, 4.0 and the 6 February 2008 earthquake of
L1 0000 My 4.9 both recorded at IIT Kharagpur Broadband Seismo-

RMSE: 0.005232

logical Observatory for the Bengal Basin seismogenic source
(Fig. 7a and b); (2) the 18 September 2011 Sikkim earth-
guake ofMy, 6.9 recorded at Gangtok and Siliguri strong mo-
tion stations of DSSMN for the east-central Himalaya seis-
mogenic source (Fig. 7c and d); (3) the 18 August 2009
Myanmar-India border earthquake of,, 5.6 recorded at
Guwabhati; and (4) the 4 February 2011 Myanmar-India bor-
der earthquake o#, 6.4 recorded at Jowai strong motion
station of PESMOS for the Northeast India seismogenic
source (Fig. 7e and f). Furthermore, a scatterplot shown in
ol oo - o o Fig. 8 between the recorded and the synthesized PGA val-
Recorded PGA(9) ues for a wide magnitude range M, 3.9 to 6.9 considering
Figure 8. Scatterplot of the recorded and the synthesized PGA val-aII the three sglsmogenlc SOurces, viz. the Ben.gal Basin, the
ues for a wide magnitude range dfy 3.9 to 6.9 considered in east-central Hlmalayg apd Northegstlndla, depictsal:1 cor-
all the three seismogenic sources, viz. the Bengal Basin, the easf€Spondence, establishing the efficacy of earthquake synthe-
central Himalaya and Northeast India. sis and its utility in conjunction with the recorded ones in the
creation of a significant strong ground motion database for
working out the next-generation attenuation (NGA) models
in the present study for probabilistic seismic hazard assess-
Northeast India, and the IIT Kharagpur Broadband Seis-ment of the region. Thereupon, nonlinear regression anal-
mological Observatory have been combined with the simu-yses were performed for different shaking paramet&rs,
lated ones. There are several algorithms available for groungi.e., PGA, PGV and PSA at different periods), following
motion synthesis. However, finite-fault stochastic method isleast-squares error minimization to estimate the coefficients
considered to be best suited over a large fault rupture distancef NGA models following Atkinson and Boore (2006) and
and the source characteristics for near-field approximationCampbell and Bozorgnia (2003) as given in Egs. (5) and (6),
In order to create a strong ground motion database, we simurespectively, for the three major tectonic provinces, viz. the

lated earthquakes d@ff, 3.5 to the maximum credible earth- east-central Himalaya, the Bengal Basin and Northeast India.
quake magnitude in the three tectonic provinces, namely the

east-central Himalaya, the Bengal Basin and Northeast In- a. The Atkinson and Boore (2006) (BA 06) model:
dia, at My, 0.2 intervals with the source functions given in "

Table 4 and using the EXSIM stochastic simulation package ~ 109Y = C1+ CaoM + C3M® + (Ca+ CsM) f1 (5)
developed by Motazedian and Atkinson (2005). Figure 7 ex- 4+ (Ce+ C7M) fo+ (Cg+ CoM) fo+ C1oRcd,
hibits a satisfactory agreement between the recorded and the

simulated acceleration spectra of (1) the 13 December 2005  Where

Simulated PGA(g)
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Table 5. Regression coefficients considering the Atkinson and Boore (2006) (BA 06) NGA model for three tectonic regimes.

PSA (s) Cq1 Co C3 Cy Cs Cg C7 Cs Cyq C10 SD©)
East-central Himalaya source
0.05 0.628 0.798 —0.049 -1.256 0.061 —-1.767 0.254 0.539 —0.198 -0.0039 0.208
0.08 0.680 0.753 —0.043 -0.970 0.030 —-1.535 0.301 0.514 -0.181 -0.0047 0.257
0.1 0.919 0.730 -0.044 -—-1.286 0.070 —2.480 0.315 0.337 —0.147 -0.0036 0.205
0.2 1.080 0.717 —-0.049 -1.388 0.112 —2.153 0.351 0.806 —0.156 —0.0049 0.175
0.3 1.073 0.730 —0.050 —-2.093 0.201 -1.070 0.218 —0.110 -0.040 -—-0.0042 0.160
0.5 0.114 0.954 -0.065 -—-2.159 0.209 -1.222 0.231 0.884 —0.185 —-0.0039 0.159
1 —-1.306 1.281 -0.089 —-2.309 0.231 -0.785 0.199 0.826 —0.182 —0.0036 0.164
2 —4.666 2.061 —-0.138 -—-2.343 0.220 -0.093 0.112 0.952 —0.207 -0.0035 0.157
5 —8522 2741 -0.166 —-2.120 0.194 -0.080 0.099 0.979 —-0.217 -0.0035 0.156
PGA 0.724 0.674 —-0.044 -1.070 0.074 -1.510 0.281 2.052 —0.357 —-0.0054 0.201
PGV —0.669 0.840 —-0.049 -1.898 0.129 -2.107 0.389 0.085 —-0.112 —-0.004 0.117
Bengal Basin source
0.05 3.428 0.221 —-0.033 —-2.828 0.328 —-0.936 0.231 -2.128 0.263 —0.0053 0.131
0.08 3.368 0.206 —0.030 —2.701 0.319 1569 -0.040 -—2.189 0.291 —-0.0059 0.132
0.1 3.159 0.272 -0.029 -2.666 0.291 0.426 0.020 —2.002 0.232 —-0.0051 0.128
0.2 3.081 0.296 —0.031 -—-2.725 0.308 1.260 -0.014 -2.076 0.213 —-0.0057 0.142
0.3 2,705 0.304 -0.028 —2.449 0.274 1.107 0.022 —2.086 0.246 —0.0054 0.124
0.5 2.095 0.396 -0.032 -2.476 0.278 1.397 -0.026 -2.174 0.232 —-0.0051 0.137
1 1.148 0.580 —0.045 -—-2.443 0.274 1163 -0.022 -—-2.445 0.292 —-0.0045 0.142
2 —-1.622 0.942 -0.049 -2.205 0.235 1.107 -0.021 -2.224 0.271 —-0.0041 0.143
5 —-1.726 0.862 -0.047 -2.280 0.254 1.099 -0.025 -2.290 0.289 —-0.0042 0.181
PGA 0.515 0.614 —-0.042 -1.041 0.107 -1.090 0.204 2.977 —-0.406 -—0.0063 0.153
PGV 1543 0.275 -0.027 -2.692 0.294 0.627 0.057 0.085-0.069 —0.0048 0.171
Northeast India source
0.05 0.770 0.650 —0.032 —-1.077 0.060 0.592 0.141 0.090-0.098 —0.0069 0.112
0.08 0.666 0.662 —0.032 -0.917 0.039 0.822 0.095 0.214-0.121 -0.006 0.112
0.1 0.698 0.666 —0.031 —-1.016 0.047 0.860 0.088 0.337—-0.147 -0.0059 0.108
0.2 0.789 0.676 —0.032 —1.028 0.046 0.494 0.086 0.606—0.166 —0.0058 0.116
0.3 0.703 0.721 -0.039 -—-1.121 0.058 0.298 0.088 0.610-0.159 -0.0054 0.109
0.5 0.470 0.730 —-0.032 —-1.283 0.054 0.654 0.045 0.388—0.175 —0.0049 0.116
1 —-0.325 0.751 -0.035 -1.163 0.080 0.483 0.068 0.826-0.162 —0.0044 0.161
2 —-0.609 0581 -0.018 -0.966 0.061 0.463 0.071 0.952-0.177 -0.0041 0.227
5 —-0.683 0521 -0.011 -1.055 0.051 0.710 -0.068 -0.179 -—-0.077 -0.0034 0.138
PGA 0.743 0.680 —0.040 -1.270 0.073 -—1.460 0.226 0.446 —0.122 —-0.0041 0.378
PGV —0.423 0.731 —-0.045 -1.749 0.146 0.202 0.223 0.085—-0.069 —0.0056 0.116

fo=max(log(Ro/Rcq),0); f1 = min(log Rcg, IOgR1),
f2 =max(log(Rcd/R2),0); Ro=10; Ry =70; R, = 140,

“M” is the moment magnitude andR¢y” is the clos-

est distance to the fault. The obtained regression coef-
ficients for the three main tectonic provinces using this

NGA model (Eq. 5) are given in Table 5.
b. The Campbell and Bozorgnia (2003) (CB 03) model

INY = c1+ f(Mw) +calny/f2(Mw, rseis S)
+ f3(F) + fa(S), (6)

where

www.nat-hazards-earth-syst-sci.net/14/2549/2014/

f1(My) = coMy + ¢3(8.5— My)?,

f2 (M, rseis S) = riuist+ g(S)?

(exp[csMW +cg(85— MW)ZDZ :

8(8) = cs+c6 (Svrs + Ssr) + ¢7SFR,
f3(F) = c10FRv + c11FTH,
fa(S) = c12SvEs + c13SsR+ c14SER.

2559

Sves=1 (very firm soil), Ssr=1 (soft rock),Spr=1
(firm rock), Svps = Ssr= Sekr =0 (firm soail), Frp=1
(thrust faulting), Fry =1 (reverse), Fry = FrH =0
(strike slip and normal). My, represents moment
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Table 6.Regression coefficients considering the Campbell and Bozorgnia (2003) (CB 03) NGA model for three tectonic regimes.

PSA(s) C1 Ca C3 Cq Cs Cs C7 Cg Cg Ci0o Cn C12 C13 Ci4 SDE)

East-central Himalaya source

0.05 —3.104 0.970 -0.034 -1.547 0.0106 —0.0039 0.052 0.809 0.084 0.479 0.436-0.144 0.088 0.242 0.287
0.08 —3.046 0.865 0.064 —1.251 0.1221 -0.0051 -0.063 0.710 0.041 0.203 0.292-0.151 0.143 —-0.238 0.281
0.1 —3.133 0.882 0.063 —1.231 0.1449 -0.0051 -0.079 0.719 0.034 0.305 0.372-0.142 0.196 —-0.289 0.279
0.2 —2.902 0.861 0.066 —1.261 0.1395 —0.0045 -0.041 0.654 0.045 0.570 0.522-0.146 0.247 —-0.300 0.273
0.3 —2.614 0.952 0.064 —1.459 0.128 —0.0003 -0.025 0.751 0.040 0.290 0.334-0.123 0.302 -0.238 0.372
0.5 -3.122 0.742 -0.109 -1.070 0.2801 -0.0003 -0.251 0.791 -0.140 0.474 0.518 —0.123 0.294 -0.070 0.537
1 —3.689 0.780 —0.110 —-1.059 0.2716 O —0.206 0.788 —-0.176 0.326 0.335 —0.072 0.257 —0.239  0.492
2 —4.013 0.721 -0.142 -1.153 0.294 0 —0.226 0.729 -0.168 0.414 0.445 -0.121 0.246 —-0.234 0.360
5 —4.847 0.757 —-0.129 -1.243 0.2807 O —-0.214 0.726 -0.170 0.275 0.299 —0.151 0.149 —-0.204 0.430
PGA -3.777 1.101 0.037 —1.586 0.0108 -—-0.005 —0.096 0.759 0.108 0.544 0.536-0.123 -0.082 -0.293 0.352
PGV —-0.781 1.134 0.030 —1.272 0.0361 —-0.005 —0.017 0.822 0.149 0.343 0.351-0.123 0.476 —-0.625 0.374

Bengal Basin source

0.05 —4.732  1.040 0.046 —1.212 0.0458 —-0.005 —-0.080 0.784 0.096 0.243 0.333-0.150 -0.272 -0.284 0.244
0.08 —2.852 0.837 0.056 —1.271 0.1261 -0.005 —0.068 0.779 0.044 0.243 0.333-0.150 -0.082 -0.294 0.335
0.1 —2.582 0.812 0.039 —1.258 0.1464 —0.009 —0.060 0.674 0.093 0.224 0.313-0.146 -0.184 -0.289 0.329
0.2 —-3.296 0.950 0.021 -1.276 0.103 —0.014 -0.036 0.746 0.059 0.296 0.342-0.148 -0.288 -0.264 0.318
0.3 —4.377 0.987 0.004 —1.192 0.0208 —0.002 —0.004 0.888 0.068 0.406 0.479-0.123 0.229 -0.142 0.390
0.5 —4.694 1.027 0.029 —1.164 0.0228 -0.007 —0.046 0.874 0.100 0.216 0.279-0.173 -0.108 -0.279 0.336
1 —3.440 0.762 -0.036 —-1.175 0.0298 O —0.065 0.786 0.097 0.329 0.338-0.073 -0.149 -0.235 0.306
2 —4.737 0.757 —-0.094 -0.939 0.0182 O —0.041 0.854 0.012 0.060 0.064-0.124 -0.212 -0.212 0.277
5 -5.777 0.733 -0.142 -0.857 0.0124 0 —0.019 0.876 0.126 0.061 0.057-0.054 -0.597 -0.225 0.225
PGA —4.734 1.027 0.031 —-1.294 0.0228 -0.002 —-0.092 0.744 0.110 0.406 0.479-0.123 -0.108 -0.279 0.356
PGV —0.540 1.086 0.023 —1.209 0.0408 -0.005 —0.015 0.828 0.144 0.343 0.351-0.123 -0.645 -0.796 0.373

Northeast India source

0.05  —2.184 0767 0.036 —1.347 0.0896 -0.004 —0.049 0789  0.088 0.274 0.334-0.140 0678 —0.231 0.269
0.08  —2276 0800 0.065 —1.348 0.114 -0.005 —0.067 0790 0.057 0.302 0.392-0.150 0234 —0.222 0.269
0.1 —2403 0825 0062 —1.295 0.1239 —0.009 -0.059 0709 0.068 0.201 0.290-0.146  0.485 —0.250 0.264
0.2 —2.152 0.840 0.034 —1.346 0.0925 —0.014 —0041 0743 0085 0.374 0.320-0.148  0.456 —0.280 0.256
0.3 2398 0.899 0030 —1.470 0.0906 -0.002 —0.047 0.821 0061 0482 0455-0.123 0458 —0.213 0.346
0.5 —2.182 0798 —0.036 -1.324 00806 —0.002 —0047 0791 0081 0.226 0.327-0.123  0.494 —0.257 0.445
1 3260 0810 —0.052 -1.211 0084 0 —0.046 0.801 0.095 0.243 0252-0.073 0335 —0.251 0.456
2 —-4.129 0585 —0.096 —0.903 0.0788 0 —-0.047 0750  0.086 0.403 0.407-0.124 0556 —0.244 0.336
5 —4797 0578 —0.099 -0.954 0.06107 0 —-0.092 0766  0.068 0.290 0.286-0.054  0.153 —0.215 0.336
PGA  —3230 0870 0.040 —1.311 0.0609 0 —-0.096 0781  0.095 0.143 0.152-0.073  0.335 —0.251 0.353
PGV —1455 1071 0052 —1.072 0037 -0005 —0.047 0.863 0.091 0243 0251-0.123 0.231 —-0241 0.357

magnitude and-sejs represents the closest distance to idated using an analysis of residuals:

seismogenic rupture. According to Campbell and Bo-

zorgnia (2003), t_he non_linear_site effects i_nher_ent_ in residual= logy (Y_OS) @)

large ground motion on firm soil do not permit a signif- p

icant increase in ground motion over the hanging wall
effect. Moreover, the hanging wall effect dies out for
rseis< 8 km, or sooner i, > 5km oré§ > 70°. Hence,

in the present scenario, the hanging wall effect is not
considered and the prediction equation has been mod-
ified after Campbell and Bozorgnia (2003) to generate
a NGA model suitable for the entire West Bengal re-
gion. The obtained regression coefficients for the three
main tectonic provinces using this NGA model (Eq. 6)
are given in Table 6. For establishing further efficacy of
the analyses performed in the present study, we gener-
ated a comparative plot of the predicted, recorded and
simulated PGA values for the three aforesaid dominant
seismogenic sources, as shown in Fig. 9, which exhibits
a satisfactory agreement amongst all the three values.
The regression models for PGA and PSA have been val-

whereYys is the recorded and simulated PGA/PSA and
Yy is the estimated PGA/PSA from the empirical atten-
uation relation. Residual plots for PGA as a function
of fault distance for the three seismogenic sources are
shown in Fig. 10. It is evident that the residuals have
a zero mean and are uncorrelated with respect to fault
distance. A residual analysis of PGA and PSA of the
NGA models predicted in the present investigation is
unbiased with respect to both the magnitude and fault
distance, and hence can be used along with other ex-
isting prediction equations available for the region as
well as those available for a similar tectonic setup in a
logic tree framework for seismic hazard assessment of
Kolkata.

Nat. Hazards Earth Syst. Sci., 14, 2542575 2014 www.nat-hazards-earth-syst-sci.net/14/2549/2014/



S. K. Nath et al.: Earthquake scenario in West Bengal with emphasis on seismic hazard microzonation 2561

Table 7. Selected ground motion prediction equations for PSHA in the present study.

Selected ground motion prediction equations (GMPES)

Tectonic province Reference and code in parentheses

East-central Himalaya Campbell and Bozorgnia (2003) (CB 03), Atkinson and Boore
(2006) (BA 06), Sharma et al. (2009) (SHAR 09), Toro (2002)
(TORO 02), Campbell and Bozorgnia (2008) (CB 08)

Bengal Basin Campbell and Bozorgnia (2003) (CB 03), Atkinson and Boore
(2006) (BA 06), Raghukanth and lyengar (2007) (RI 07), Toro
(2002) (TORO 02)

Northeast India Campbell and Bozorgnia (2003) (CB 03), Atkinson and Boore
(2006) (BA 06), Nath et al. (2012) (NATH 12) (shallow and deep
crust), Youngs et al. (1997) (YOUNGS 97), Campbell and
Bozorgnia (2008) (CB 08)

+ Simulated
"

T
Northeast India

+  Simulated
Bengal Basin + Predicted (GMPE)

Recorded/Observed

Peak Ground Acceleration (g)

-
400

250 300 350

100 150 2
Fault Distance (km)

100 150 200 250 300
Fault Distance (km)

+ Simulated
East Central Himalaya + Predicted (GMPE)
Recorded/Observed

Figure 9. The blue dots represent the simulated PGA, the red dots represent the estimated PGA from the prediction equation, and the greer
dots represent the recorded PGA for three dominant seismic sources.

We adopted a total of 14 Ground Motion Prediction Equa-3.5 PSHA computational model
tions (GMPEs) as given in Table 7 for hazard computations in
the region, whereas the coefficients for the additional 8 GM-A synoptic probabilistic seismic hazard model of Kolkata
PEs have been used as reported in the original publicationss generated at engineering bedro&@‘ﬂ~ 760ms?t). The
The GMPEs are selected according to the assessment criteasic methodology of probabilistic seismic hazard analy-
rion of Nath and Thingbaijam (2011b). Appropriate GMPE sis involves computation of ground motion thresholds that
weight has been assigned based on the seismotectonism aate exceeded with a mean return period of, for example,
geology of the province, with maximum weight being as- 475 years/2475 years at a particular site of interest. The ef-
signed to the regressed NGAs developed as a part of théects of all the earthquakes of different sizes occurring at
present study. various locations for all the seismogenic sources at various
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Bengal Basin
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Figure 10. Residuals of PGA with respect to fault distance for the Bengal Basin, Northeast India and east-central Himalaya seismogenic
sources.

probabilities of occurrences are integrated into one curvesite distance R”, and an uncertainty or residual)(through
that shows the probability of exceeding different levels of
a ground motion parameter at the site during a specified
time period. The computational formulation as developed byln(Y) = f (M, R) + 4. (10)
Cornell (1968), Esteva (1970) and McGuire (1976) is given

as The ground motion uncertaintyis modeled as a normal dis-

tribution with a standard deviatiomn ,. Hence the above
@ > A) =Z///AiP(a = A, 7. 8) fnm) fi(r) equation can be expressed as
i mr §

In(Y) = f(M, R) +¢&0in,y, (11)
fa(8)dmdrds, 8) ) . . L
wheree is the normalized residual, which is also a normal

wherev (a > A) is the annual frequency of exceedance of distribution with a constant standard deviation, angd, is
ground motion amplitude, A is the annual activity rate for the standard deviation associated with the GMPE. In the
the ith seismogenic source for a threshold magnitude, andPSHA formulation as given in Eq. (8), standard deviation
function P yields probability of the ground motion parame- denoted bys is basically the residual associated with each
tera exceedingA for a given magnitude: at source-to-site  GMPE. The probability density functiofi (8) follows a log-
distancer. The corresponding probability density functions normal distribution that can be expressed as

are represented bin(m), f;(r) and fa(8). The probability

density function for the magnitudes is generally derived from _ (Iny = Inymn)? 12
the GR relation (Gutenberg and Richter, 1944). The pres:emfA @)= V2ronm . exp| - 2(;'2 ' ’ (12)
implementation makes use of the density function given by ’ Y

Bender (1983) as where Inymr= f(M, R) is the functional form of the pre-

Bexpl—B (m — mmin)] diction model in terms of magnitude and distance. Ground
mr , 9) motion variability constitutes aleatory uncertainty intrinsic to
1 —exp[—p (mmax— mmin)] the definition of GMPEs and consequently to that of PSHA.
whereg = b In(10) andb refers to theb value of GR relation. ~ Computations based only on the median ground motions
The distribution is bounded within a minimum magnitude ignoring the associated variability are known to underesti-
mMmin @and a maximum magnitudemax. fa (8) is the proba- ~Mate the hazards, especially at low annual frequencies of ex-
bility density function (in lognormal distribution) associated ceedance (Bommer and Abrahamson, 2006). The value of
with the standard deviation of the residuals in GMPE(S)  &maxranging from 2 to 4 has often been employed in proba-
also defines the epsilon)(standard deviations of the ground Dbilistic seismic hazard estimations (e.g., Marin et al., 2004).
motion from its median value through the prediction equa-However, truncation aimax < 3 has been suggested to be in-
tion. The GMPEs are described as relationships between appropriate (e.g., Bommer and Abrahamson, 2006). In the
ground motion parametet™ (i.e., PGA, PGV or PSA atdif-  Present study, truncation ghax= 4 is considered to be prag-
ferent periods), an earthquake magnitudé”: a source-to- matic and implemented uniformly for all the GMPEs.

fm(m) =
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The distance probability functiory,(r) represents the 4 Surface consistent and site-specific hazard
probability of occurrence of a given earthquake at a distance attributions
in the range £, » +dr). In the present analysis, instead of
considering probability function for the source-to-site dis- gjie-gpecific hazard attribution necessitates (i) precise geo-
tance distinctively, we have implemented gridded-point loca-pqrphologic definition of the terrain, including the lithologi-
tions within the source zone, where finite-fault ruptures arecg) characterization and sediment classification:; (ii) in-depth
constructeq based on the rupture dimensions estimated fQf;face geophysical and downhole geotechnical investiga-
each magnitude. o , _ tions for shallow shear wave velocity estimation and site clas-
The hazard computation is performed using a Poisson Ocsjfication following the National Earthquake Hazard Reduc-
currence model given by Eg. (13) below on grid points cov-tion program (NEHRP), USGS and FEMA nomenclature:
ering the entire study region at a spacing of 0:005 (iii) a site response analysis and probabilistic seismic haz-
ard assessment at a surface-consistent level propagating the
bedrock ground motion with 10 % probability of exceedance

wherex is the rate of occurrence of the event (annual activity " 20 Yéars through a 1-D sediment column and performing

rate) ands is the time period of exceedance. With this, the equivalent linear analysis of an otherwise nonlinear system
annual rate of exceedance for an event with 10 % probabilit)}hrough DEEPSOIL (Hashash, 2009); and (iv) assessment of

P=1—e", (13)

in 50 years is given by liquefaction potential index from in situ.boreholle geotechni-
cal data andV value/shear wave velocity profiles. To date,
A = —[In(1— 0.1)/50] = 0.0021/yr. (14) no evidence of any ground rupture in Kolkata due to the his-

torical earthquakes affecting the terrain has been reported. In
A logic tree framework depicted in Fig. 11 is employed in addition, following the earthquake ground effect postulations
the computation at each site to incorporate multiple modelof Silva et al. (2008) and Reicherter et al. (2009), there is
in the source considerations, GMPEs and seismicity paramenly a very remote possibility of the occurrence of a coseis-
eters. In the present study, the seismogenic sources, i.e., tegiic surface-rupture hazard in the city during the time span
tonic and layered polygonal sources, are assigned weightgsed in the present study with the probabilistic framework
equal to 0.6 and 0.4, respectively. The three derivatives foffor 10 % probability of exceedance in 50 years. Nonetheless,
the threshold magnitude af, 3.5, 4.5 and 5.5 are assigned the utility of ground-rupture hazard mapping from histori-
weights equal to 0.20, 0.35 and 0.45, respectively. The seiscal/paleoseismic evidence and its integration with all the ge-
micity model parameters, namely the annual rate of earthological and seismological themes in the holistic seismic mi-
guakes {(m)) and B pairs, are assigned weights of 0.36, crozonation protocol is well conceived in the microzonation
while the respectivet1 standard deviation receives weight framework used in the present study.
equal to 0.32. Similar weight distribution is assigned for
Mmax. The weights are a_l_located following t_he statistical ra- 4.1 Geomorphology of Kolkata
tionale suggested by Griinthal and Wahlstrém (2006). In or-
der to define appropriate weights, the percentage of proba- . , o
bility mass in a normal distribution for the mean value and Kolkata overlies the Bengal Basin, which is formed by the
+1 standard deviation is considered corresponding to thé&>anga-Brahmaputra river system and is also one of the
center of two equal halves. Figure 12 depicts seismic haz!argest deltas in the world. The basin consists of fluvio-
ard curves for selected landmarks of Kolkata correspondindn@rine sediment of a pericratonic Tertiary basin. The sur-
to PGA, PSA at 0.2 and 1 s at engineering bedrock. Both th '|C|al geology in and around Kolkata is rather umform, and
2 and 10 % probability of exceedance levels in 50 years havésS characterized by the presence of 10-15m of silty clay, be-
been marked with horizontal dotted lines in the diagram. The!®W Which relatively coarser sediments occur that consist of
spatial distribution of PGA in Kolkata presented in Fig. 13 €ither silt or clay with kunkar or sand (Vaccari et al., 2011).
for 10 % probability of exceedance in 50 years at engineeringf’eomorphf’log'Ca”}” itis a typical deltaic flat land with sur-
bedrock shows a variation of 0.124 to 0.17& he regions of ~1ace elevation ranging between 5.5 and 9.5ma.m.s.| sloping
Rajarhat, Newtown and Salt Lake are seen to have a highemostly southward. Deltaic plains, |_nterd|str|butary_ marshes,
hazard level, while a moderate hazard level is associated witR@/€ochannels, younger levees adjacent to the River Hoogly
the regions of Park Circus, Dhakuria, Kasba, Barabazar an@nd older levees on both the sides of the old Adi Ganga are
Dharmatala. A low hazard level of around 0.12—0z18 ob- the important geomorphological units (Roy et al., 2012), as

served in the southwestern part of Kolkata, encompassing ad€Picted in Fig. 14. Youd and Perkins (1978) classified the
eas of Behala, Metiabruz and Mahestala. geomorphological units with affinity to high, moderate and

low susceptibility to liquefaction, with the maximum likeli-
hood in deltas, river channels and uncompacted artificial fills,
whereas Ganapathy and Rajawat (2012) asserted abandoned
river channel to be “likely” liquefiable. Thus, in Kolkata, all
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Figure 11. A logic tree formulation for probabilistic seismic hazard computation at each node of the region gridded at000035

intervals.
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Figure 12. Annual frequency of exceedance vs. ground acceleration plots usually termed as seismic hazard curves for a few selected locations
in Kolkata for peak and spectral accelerations at 0.2 and 1 s for a uniform firm rock site condition (compliaﬂf%ﬂ% ms1). Both
the 10 and 2 % probabilities of exceedance in 50 years have been marked with horizontal dotted lines in each plot.

geomorphological units have potential liquefaction suscepti-components are the percentages of sand, silt and clay com-

bility during strong seismic shaking.

4.2 Sediment classification in Kolkata

prising a sediment sample. Each sediment sample plots as
a point within or along the sides of the diagram, depend-
ing on its specific grain size composition. Using the bore-
hole lithologs and the Shepard classification system, shallow

Based on the proportions of sand, silt and clay-sized partic|e§ediment classification of Kolkata is performed that exhibits

obtained from 350 boreholes in Kolkata as shown in Fig. 14,
the bottom sediments have been classified according to Sheﬁ-
ard’s diagram (O’Malley, 2007), which is an example of a
ternary diagram — a device for graphing a three-componen
system summing to 100 % (Shepard, 1954). In this case, the

Nat. Hazards Earth Syst. Sci., 14, 2542575 2014

highly liquefiable sediments (Updike et al., 1988; Yamamuro
nd Hade, 1999), viz. sand, sand-silt-clay mixture, sandy
clay, silty sand and silty clay up to abott5m as shown

n Fig. 15.
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Figure 13. Spatial distribution of PGA in Kolkata with 10% prob- Figure 15.Top ~ 5 m sediment classification from geotechnical pa-

ability of exceedance in 50 years at bedrock.
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Figure 14. Geomorphology map of Kolkata highlighting the bore-
hole locations where detailed geotechnical investigations have bee
carried out (total of 350 locations) for the purpose of site character-

ization.

4.3 Shear wave velocity estimation and NEHRP site
classification in Kolkata

Effective shear wave velocity£) for a 30 m soil column

rameters obtained from 350 boreholes in Kolkata.

tween the corrected SPTV" values and empirically derived
average shear wave velocities of clay, sand and all types of
soil for the city of Kolkata calibrated using in situ downhole
shear wave velocity at 350 borehole locations yield the fol-
lowing relations:

Vs = 97.86(Nego)*3%® clay (15)
Vs = 82.59(Ngo)?3%8  sand (16)
Vs = 87.54(Nep)*3*° all soil. (17)

The horizontal-to-vertical response curves obtained from mi-
crotremor survey reflect the geology and soil properties of
the test site. Ambient noise data acquired using SYSCOM
MR2000 at 1200 locations in the city have been processed
using View2002 and GEOPSY softwareww.geopsy.ory
and inverted to authenticate the geotechnically derived 1-
D shear wave velocity model by comparing the theoreti-
cal horizontal-to-vertical spectral ratio (HVSR) to the ob-
IEerved ones. The Matlab code ModelHVSR developed by
erak (2008) has been used to invert HVSR curves for the
estimation of 1-DVs profiles at each investigation site. In situ
downhole shear wave velocity profiling eventually bench-
marks theVs30 derived from surface geophysical techniques
and SPT N” values. Figure 16 depicts a few microtremor
records, the borehole lithology, the 1-D shear wave veloc-
ity from the SPT ‘N” value, andVs from in situ downhole
shear wave seismic survey, as well as that obtained by HVSR

is one of the most important parameters used in the underinversion.
standing of geotechnical earthquake engineering problems. Site classification of Kolkata performed based on NEHRP,

One of the easiest ways to estimat€® is to use an em-

USGS and FEMA regulations places the city in DA

pirical relationship between Standard Penetration Test (SPT180-240ms?), D2 (v30: 240-300ms?), D3 (V30 300-
“N” values and shear wave velocities. Several empirical re-360ms?) and E (/3% < 180ms?) classes, as shown in
lations between SPTN” values and lithology are available Fig. 17. From the diagram it is evident that the low-velocity
(Nath and Thingbaijam, 2011a). A nonlinear regression besite class E ‘(/S3°< 180ms?) is related to alluvial debris

www.nat-hazards-earth-syst-sci.net/14/2549/2014/
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Figure 16. Representative ambient noise survey as “Recorded Signal”, lithostratigraphy as “Lithology”, and comparative 1-D shear wave
velocity (Vs) models derived from empirical SPT formulations, HVSR inversion and in situ downhole shear wave seismic sugueyas)

at Rajarhat (top left panel), Salt Lake (top right panel) and Park Circus (bottom panel) in Kolkata for calibration at 350 borehole locations
and 1200 ambient noise survey sites with 500 m spacing.

Depth(m)
&

wise wzze ot emes s soil with varied sediment deposits of clay, sand and clayey
sand. In contrast, site class D3 comprises very dense soil and
soft rock, such as boulders, cobbles or near-surface fractured
rocks.

220N
22°00N

22°3730N
223730

4.4 Site response and surface consistent probabilistic
PGA/PSA

22°35N
22°35N

The amplification of ground motion over soft sediments oc-

curs fundamentally due to the impedance contrast between
sediments and the underlying bedrock resulting in the trap-
ping of seismic waves. Geotechnical parameters such as soil

22'3230N
22°3530N

22:30N
230N

P i type, thickness of the layer, unit weight, Atterberg limits and
) ™ e o cnss i shear wave velocity of the material have been used for the
s o £ estimation of site effects by propagating the bedrock motion
e o . ™ e tothe ground surface through a 1-D soil column using equiv-

alent linear analysis of a nonlinear system. A 5% damping is
Figure 17.Site classification of Kolkata following NEHRP nomen- used for all soil types while synthesizing the subsoil response
clature. Site classes D1, D2, D3 and E have been identified in thdor earthquake engineering purposes. The input time series
terrain. obtained by inverse Fourier transform of the pseudo-spectral

acceleration computed for 10 % probability of exceedance in

50 years at engineering bedrock is used to model the nonlin-
thick horizons with clayey silt. Site class D1 is identified in ear behavior of a 30 m soil column at 350 borehole locations
some parts of Mukundapur, Salt Lake, Narkeldanga, Sealdakvith a precise 1-DVs profile in order to generate site ampli-
and the southeastern part of the city, all of those being prefication and hence compute surface consistent PGA and PSA
dominantly underlain by silty clay and sandy clay. Most of at each location. Figure 18 depicts the generic site amplifi-
the areas classified as site class D2 are composed of deep stifation spectra for all the site classes in the city. The PGA

Nat. Hazards Earth Syst. Sci., 14, 2542575 2014 www.nat-hazards-earth-syst-sci.net/14/2549/2014/



S. K. Nath et al.: Earthquake scenario in West Bengal with emphasis on seismic hazard microzonation 2567

Site Class-E Site Class- D1 Site Class- D2

-

n

@

®

Amplitude Ratio-—>
Py
Amplitude Ratio-->
Amplitude Ratio-->

re

s

=
- L
\‘_\
40 50 10

40

o

20 30
Frequency(Hz)-->

20 30 20 0
Frequency (Hz)--> Frequency(Hz)-->

Site Class- D3

Amplitude Ratio--»

Aa,

S ———

0 10 40 50

20 ~ 30
Frequency(Hz)-->
Figure 18. Generic site amplification curves depicting spectral ground motion amplification within a frequency band encompassing the
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at all borehole locations in a site class (E, D1, D2, D3), while the red curve represents the average site amplification curve for each site class).

wazwe from light to moderate. The 5% damped design response
PGA with 10% probability of exceedance in 50 years g
at surface level e A

22°40N

spectra generated using PSA at 1.0 and 0.2 s with 10 % prob-
ability of exceedance in 50 years following the International
Building Code (IBC, 2009) for selected locations/landmarks
in Kolkata at both the bedrock and the surface presented in
Fig. 20 exhibit an increase in the design values for updating
of the existing building code and imply a probable escalation
in the urbanization cost of the city.

22°3730N
220N

22°35N

4.5 Ground water table and soil liquefaction assessment

22°3230N

Ground water table depth is among the major factors af-
fecting the stability of soil. The main water-bearing forma-
tion of the region is Quaternary alluvium consisting of sands
: of various grades interbedded with silt and clay. The high
e ;w groundwater levels create favorable conditions for the oc-
T e — TR currence of liquefaction during an earthquake (Yilmaz and
Bagci, 2006). In the present study, water table depths ob-
Figure 19. Spatial distribution of PGA in Kolkata with 10 % prob- tained from 350 boreholes calibrated with a post-monsoon
ability of exceedance in 50 years at surface placing the city in thepjezometer survey are used to generate a water table depth
distinct updated BIS zones v apq V with probable zone ffictors ofyariation map of the city, as shown in Fig. 21 depicting water
0.240 and 0.253 and MM intensities of VI and VI, respectively. table level ranging between 0.1 and 7.7 m. Thus the sediment
properties in terms of lithology, age of the deposit, grain size,
shape and deposit compactness, along with geomorphology,
for 10 % probability of exceedance in 50 years computed athydrogeological conditions (i.e., groundwater level) and un-
the surface and presented in Fig. 19 exhibits a variation fromtompacted artificial fills, constitute favorable conditions for
0.176 to 0.253 with probable zone factors (PGA thresholds ground motion amplification in the city as well as causing it
for each of these zones) of 0.240 and 0.253 in two updatedo be prone to imminent liquefaction hazard (Updike et al.,
distinct BIS-compliant zones — IV and V. The probabilistic 1988; Yamamuro and Hade, 1999; Youd and Perkins, 1978;
surface-consistent PGA projects a seismic intensity follow-Yilmaz and Bagci, 2006).
ing Wald et al. (1999) to vary between MM VI and VII in
the entire city, where the potential damage distribution varies

22°30N

22°2730N
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Figure 20. Design response spectra (5% damped) generated using PSA at 1 and 0.2 s with 10 % probability of exceedance in 50 years for
selected locations/landmarks in Kolkata at both engineering bedrock and surface levels. An increase in the design values due to modification
in the building code can be observed, which implies an escalation in the probable cost of urbanization.

e wme s ally expressed as the factor of safety (FOS), which indicates
the site’s ability to resist liquefaction and assumes a value
greater or smaller than 1 according to whether the site is con-
sidered to be safe or not. The FOS does not give any informa-
tion about the severity of liquefaction, which can be quanti-
fied by the probability of liquefactionH ). Also, in order to
consider the hazard of liquefaction for the entire soil column,
a liquefaction potential index (LPI) for a depth of up to 20 m
is calculated. A holistic framework for soil liquefaction as-
sessment based on Seed and Idriss (1971), Youd et al. (2001),
Idriss and Boulanger (2006) and Iwasaki et al. (1982) for-
mulations, depicted in Fig. 22, is used to generate a deter-
ministic liquefaction scenario (Juang and Li, 2007) in the
city that corresponds to the surface PGA distribution with
10 % probability of exceedance in 50 years with the moment
: magnitude for each PGA derived through a de-aggregation
e e e e e process. To generate the liquefaction susceptibility map of
the city of Kolkata, an LPI distribution map is prepared in
a GIS platform as shown in Fig. 23. The LPI values have
been categorized according to Iwasaki et al. (1982) as non-
liquefiable (LPI=0), low (0< LPI < 5), high (5< LPI < 15)
and severe (LP+ 15). Large patches of zones with severe
liquefaction potential have been identified in the northeast-
ern and eastern regions of the city, encompassing Salt Lake,
Soil liquefaction is a secondary phenomenon associateRajarhat, Newtown and Nicco Park. The Bihar—Nepal earth-
with an earthquake which plays a major role in increasing thequake of M,y 8.1 caused considerable damage to life and
seismic risk of a province. It is generally observed in cohe-property (GSI, 1939): in the form of cracks in the buildings
sionless saturated soil when, because of dynamic loading angith subsidence and collapse as reported, presumably due to

increase in pore water pressure, the shear strength of the safie effect of soil liquefaction triggered by the intensifying
decreases to zero. The liquefaction potential is convention-

22'30N 22°3230N 22°35N 22°3730N
22°3530N 22735N 22°3730N 22°50N

22°30N

22°2730N
22°2730N

Figure 21. Post-monsoon water table level in Kolkata derived from
both the piezometric survey and dug well information.
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Assessment

Earthquake Data
Magnitude (Mw), Hypocenter distance,

Geotechnical Data
Crustal density, Stress Drop, Quality Factor

I J ] ] }

¢ & Plastic Limit (PL), SPTN Effective overburden Fines content
—— — _ Liquid Limit (LL), SaBEsI (A%
e coefficien Bedrock PGA/PSA with 10% Unit Weight,
i: ;i,x o fM) probability of exceedence Water Table, l
= ~1.012- 1.126sin[5.133+ (/11.73)]
B=0.106+0.118sin[5.142+ (2/11.28)] (N1)soes I
y
MSF =-0.058+6.9exp(-M,, /9 <1 .S‘ Shear wave velocity
Y y F
(m/sec)
1D site response analysis
using DEEPSOIL to compute [ CRR Statistics
9K tatisies « S - oW (Ve J (% >J [, J _28
Pl 126 236 )\ 254 )

encol ool

Where,

K,=1-C,In(c,/ p,)<1.0

. 1
c - <03
®18.9-2.55f(N) g0,

mTJ )601‘: = ﬂ\ri )60 +7Jﬁ\7} )6(3

Liquetaction Probability

In(F5)+0.13 Liquefacli?n potential index w(z) =10—0.52
PL(FSJ=1—¢ T LPI_Z 3 T
. = L wSH,
- g 0 for  ES>1
1- FS FS<l

PL <35% (Unlikely to liquefy),

35%=PL<65% (Liquefaction and no
liquefaction are equally likely),
65%<PL<85% (Very likely to liquefy)

LPI =0 (Non-liquefiable zone)
0 <LPI =5 (Low liquefiable zone)
5 <LPI < 15 (High liquefiable zone)

o, =dJ(

_Z_d&)_[(dj ~wl)*9.81]

24

LPI >15 (Severe liquefiable zone)

PL>85% (Almost certain it will liquefy).
(Iwasaki et. al., 1982 classification)
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Figure 22. A framework for soil liquefaction susceptibility assessment.

ground motion coupled with the shallow ground water ta- of the user. From the judgments between two particular ele-
ble and the thick alluvial-filled Bengal Basin. The reported ments, a pairwise comparison matrix is constructed on a scale
liquefaction-triggered damage due to the impact of the 1934of integer factors 1-6, indicating an increasing importance of
Bihar—Nepal earthquake is seen to occur mostly in the zonethe elements. The ratio between such factors defines the rel-
of high liquefaction susceptibility. ative importance of one element to another (Anbazhagan et
al., 2010). The pairwise comparison matrix that has been pre-
pared is used to derive the individual normalized weights of
each element. The weights of each criterion are calculated
by summing up all the ratios in the relative matrix column
and then dividing each element in the matrix by its column
Multicriteria seismic hazard microzonation has been carrietgtz| to generate a normalized pairwise matrix, and then the
out previously in other Indian regions — Guwahati (Nath yejghted matrix is generated by dividing the sum of the nor-
et al., 2007), the Sikkim Himalaya (Nath, 2004; Pal et al., malized row by the number of criteria used. The consistency
2008), Delhi (Mohanty et al., 2007), Bangalore (Anbazhaganingex (CI) is an important feature of the AHP that enables
et al., 2010) and Chennai (Ganapathy, 2011).The hazarghe rating inconsistencies to be determined (Saaty, 2000).
mapping is achieved through use of a multicriteria-based deThe consistency ratio (CR), which is a comparison between
cision support tool formulated by Saaty (1980) referred to ashe C| and the random index (RI) obtained using the AHP
an analytical hierarchal process (AHP). AHP uses hierarchimethod, is< 0.1. Saaty (1980) developed an average RI for
cal structures to quantify relative priorities for a given set of gifferent matrix orders. The weights are normalized to 1 and
elements on a ratio scale, which is based on the discernment

5 Multicriteria seismic hazard microzonation of
Kolkata
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Figure 23. Liquefaction potential index (LPI) distribution in Figure 24. Probabilistic seismic hazard microzonation map of
Kolkata. An LPI> 15 indicates a severe liquefaction hazard con- Kolkata. Four broad divisions have been identified with the haz-
dition, an LPI between 5 and 15 indicates a tendency to liquefy, ancard index (HI), defined as 0.68HI <0.88, indicating severe
LPI around 5 depicts a non-liquefiable condition. hazard conditions, in the areas of Salt Lake and New Town;
0.47<HI <0.68, indicating high hazard conditions, mostly in
the areas of Rajarhat and Mahishbathan of the expanding city;
0.27<HI <0.47, indicating moderate hazard conditions, in the
can be used in deriving the weighted sums of rating for eachnost part of south and west Kolkata; and 40.27, indicating a
the values vary significantly and are hence reclassified intgt-934 Bihar—Nepal earthquake iy 8.1 is reported (GSI, 1939) to
various ranges or types collectively referred to as a feature of 2/ iInduced an MM intensity order of VI-VIl in Kolkata, mostly
. . - Identified in the moderate to high hazard zones (marked with a star).
a thematic layer. The associated feature attributes are scorelcfe

. . . . detailed seismological and geohazard attributions for each di-
within the theme. The initial integral scoring,;, is normal- vision are presented in Table 10.
ized to ensure that no layer exerts an influence beyond its de-
termined weight using the following relation (Nath, 2004):
the lowest rank is assigned to clay (Youd and Perkins, 1978;
R; — Rmin Yamamuro and Hade, 1999). Table 8 presents the pairwise
- o (18) comparison matrix for the respective themes and their nor-
malized weights. The normalized ranks assigned to the fea-
whereR; is the row score an@max and Rmin are the maxi-  tyres of each theme are listed in Table 9. All the georefer-
mum and minimum scores of a particular layer. enced thematic layers are integrated step by step using the

The hazard themes pertaining to the study region whichaggregation method in GIS to generate a seismic hazard mi-
are materialized as thematic layers on the GIS platform arerozonation map (SHM):
(i) peak ground acceleration (PGA) at the surface, (ii) the lig-
uefaction potential index (LPI), (iii) NEHRP soil site class SHM =[PGAyPGA, + LPIwLPI; 4+ SG,SCG
(SC), (iv) sediment class (SEC), (v) geomorphology (GM),
and (vi) ground water table (GWT). Each thematic layer has +SEG/SEG + GMyGM + GWTWGWTi] /Z v (19)
been georectified on a Universal Transverse Mercator prowhere “w” represents the normalized weight of a theme and
jection system. The corresponding weights, the ranks of eacty” is the normalized rank of a feature in the theme. There-
thematic layer, and the theme attribute score thereof are asfter, a 3x 3 “majority filter” is applied to the SHM as a
signed values according to the apparent contribution of thepost-classification filter to reduce the high-frequency varia-
layers to the overall seismic hazard. For example, in the getion. SHM is a dimensionless quantity that helps in indexing
omorphology theme, with regard to severity to liquefaction, the seismic hazard and hence the microzonation of a region
we have assigned a ranking of “high” to swampy land, waterinto a qualitative scheme such as “low”, “moderate”, “high”
bodies and river channels and “low” to paleochannel (Youdand “severe”. The probabilistic seismic hazard microzona-
and Perkins, 1978; Ganapathy and Rajawat, 2012). In théion map of Kolkata shown in Fig. 24 depicts four broad di-
sediment class, considering the effect on the FOS, highevisions with a hazard index (HI) defined as 0681l <0.88
rank is assigned to sand, clayey sand and silty sand, wheredsr “severe” hazard conditions, in Salt Lake and New Town

X;=

- £
Rmax— Rmin

Nat. Hazards Earth Syst. Sci., 14, 2542575 2014 www.nat-hazards-earth-syst-sci.net/14/2549/2014/



S. K. Nath et al.: Earthquake scenario in West Bengal with emphasis on seismic hazard microzonation

2571

Table 8. Pair-wise comparison matrix of themes used for seismic hazard microzonation and their normalized weights.

Themes PGA LPI SC SEC GM GWT Weight
Peak ground acceleration (PGA) 1 6/5 6/4 6/3 6/2 6/1 0.2864
Liquefaction potential index (LPl)  5/6 1 5/4 5/3 5/2 5/1 0.2381
Site class (SC) 4/6  4/5 1 4/3  4/2 4/1 0.1905
Sediment class (SEC) 3/6 3/5 3/4 1 3/2 3/1 0.1429
Geomorphology (GM) 2/6 215 214 23 1 2//1  0.0952
Ground water table (GWT) 1/6 15 14 13 1/2 1/1 0.0476

Table 9. Normalized weights and ranks assigned to respective themes and the features thereof for thematic integration.

Theme Weight  Attributes Rating Normalized
rating
Peak ground motion (PGA)  0.2864 0.176-0.18p ( 1 0.00
0.190-0.202 2 0.20
0.202-0.215 3 0.40
0.216-0.228 4 0.60
0.229-0.240 5 0.80
0.241-0.253 6 1.00
Liguefaction potential index  0.2381 0 (non-liquefiable) 0.00
(LPI) 0.1-5.0 (low) 2 0.33
5.1-15.0 (high) 3 0.66
> 15.0 (severe) 4 1.00
Site class (SC) 0.1905 D3£°300-358msl) 1 0.00
D2 (v30240-300msl) 2 0.33
D1 (v30180-240ms1l) 3 0.66
E (v 119-180ms?t) 4 1.00
Sediment class (SEC) 0.1429 Clay 0.00
Gravelly sediment 2 0.25
Silty clay, silt, clayey silt 3 0.50
Sandy clay, sandy-silty clay, sandy silt 0.75
Sand, clayey sand, silty sand 1.00
Geomorphology (GM) 0.0952 Paleochannel 0.00
Older Levee 2 0.25
Interdistributary marsh 3 0.50
Deltaic plains, younger levee 4 0.75
Water bodies, canal, river, swampy land 1.00
Ground water table (GWT) 0.0476 <1.0 (b.g.l.inm) 8 1.00
1.0-2.0 7 0.86
2.1-3.0 6 0.71
3.1-4.0 5 0.52
4.1-5.0 4 0.42
5.1-6.0 3 0.29
6.1-7.0 2 0.14
7.1-7.7 1 0.00
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Table 10.Microzonation hazard level with corresponding geophysical and geotechnical attributes at selected locations in Kolkata.

Location Hazard level PGAg) Pr LPI sc/ve  Ium Sa
Behala Moderate 0.196 1.41 3.30 (low) D2/272.9 VIl  3.36
Rajdanga Moderate 0.214 1.47 12.07 (high) D2/258.0 VI  3.68
Shyambazar  High 0.217 2.38 13.50 (high) D2/258.0 VIl  3.09
Dum Dum Moderate 0.228 1.38 4.71 (low) D2/269.2 VIl 342
Barahanagar High 0.223 1.54 11.45 (high) D2/274.4 VIl  3.36
Bali Moderate 0.221 1.51 4.85 (low) D2/274.4 VI  3.47
Kona Moderate 0.213 1.44 9.39 (high) D2/280.1 VIl  3.86
Maheshtala Moderate 0.196 1.38 3.60 (low) D2/258.0 VIl  3.42
Alipur Moderate 0.204 1.73  10.11 (high) D2/253.4 VI 3.73
Metiaburuz Moderate 0.195 1.44 4.60 (low) D2/258.0 VIl  3.63
Sura Low 0.178 1.63 0 (non-liquefiable) D2/264.5 VI 3.64
Jadabpur Moderate 0.210 1.51 13.50 (high) D2/258.0 VI 3.90
Kalighat Moderate 0.208 1.35 4.16 (low) D2/258.0 VIl  3.47
Deora High 0.219 1.44 21.16 (severe) D1/2154 VI 251
Dhakuria Moderate 0.213 0.95 14.35 (high) D2/258.0 VIl  3.29
Thakurpukur  Moderate 0.199 153 3.76 (low) D2/267.0 VII  3.85
Satghara Moderate 0.179 1.41 4.03 (low) D2/248.6 VI 3.09
Belur High 0.219 1.97 11.76 (high) D2/280.1 VI  3.29
Bakdoba High 0.219 1.44 12.67 (high) D2/258.0 VIl  2.86
Paikpara Moderate 0.223 1.20 12.07 (high) D2/270.3 VIl 3.23
Park Street Severe 0.216 1.35 24.36 (severe) E/174.3 Vil 3.80
Salt Lake Severe 0.236 1.17 28.09 (severe) E/163.1 VIl 4.22
New Town Severe 0.228 1.20 26.50 (severe) D2/267.3 VIl 3.73
Rajarhat High 0.230 0.95 34.28 (severe) D2/244.6 VIl  3.23

Pg: predominant frequency (Hz); LPI: liguefaction potential index;/ﬂi@o: NEHRRP site class/effective shear wave velocity
(m s*l) of ~ 30 m soil columni\yv : predicted modified Mercalli intensity (Richter, 1958);: site amplification.

areas; 0.4% HI < 0.68 for “high” hazard conditions, mostly els, NEHRP site characterization with associated generic
in the areas of Rajarhat and Mahishbathan of the expandsite response spectra, liquefaction scenarios, and surface-
ing city; and 0.27< HI < 0.47 for “moderate” hazard condi- consistent PGA distribution with upgraded 5% damped de-
tions, in most parts of south and west Kolkata. The damagesign response spectra depicting an increase in the design val-
distributions due to the great 1934 Bihar—Nepal earthquakaies for an appropriate modification in the building code of
are mostly identified in the moderate to high hazard zonethe city of Kolkata.

(marked with a star). The detailed seismological and geohaz-

ard attributions for each division are presented in Table 10.
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