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ABSTRACT

In the present paper, the site-specific response spectra at bedrock level are generated by
deterministic seismic hazard analysis and soil amplification study for Kolkata (India) is performed.
The site-specific bedrock spectra are obtained by enveloping 10 response spectra corresponding
to 10 attenuation relationships with pga 0.104 g. Eighteen seismic downhole test data upto
50 m depth are collected from various sites in Kolkata, along with the SPT-N value profile. An
empirical relationship between shear wave velocity and SPT-N value is proposed considering
nonlinear power law for soft soil. The results of this study can be used for site response study of
Kolkata. The average (V2°) of Kolkata soil varies from 146 to 295 m/sec. As per NEHRP classifica-
tion, the sites are classified as Class D and E. Nonlinear soil amplification study is conducted in all
borehole locations and uncertainty of soil parameters, like shear wave velocity with plasticity of
soil, are considered. A total of 1170 soil profiles are analyzed, and site-specific response spectrum
is proposed. A maximum surface PGA of 0.18 g is obtained corresponding to 3.8 times amplifica-
tion in peak spectrum. The proposed acceleration time history and the response spectra may be
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used for design and safety evaluation of infrastructures in Kolkata.

1. Introduction

It is a well-established fact that the response of ground due
to an earthquake depends on myriads of factors such as
magnitude and characteristics of earthquake, and local
geology of the site. Ground motion contributes a major
role in causing damages to the structures (Narayan 2005,
2010, 2012, Oprsal et al. 2005). The loss of life and damages
to the properties may be reduced by designing structures
with realistic ground motions. Generally, seismic waves
propagate in the upward direction through different layers
of earth. In the process, the energy content decreases due to
radiation and material damping. But amplification
increases with reduced wave motion due to stiffness and
material damping of the soil. Large damages were observed
during the Mexico City Earthquake of 19 September 1985,
due to local site effects (Flores-Estrella et al. 2007). It is
reported that a part of Mexico city is located over an ancient
lake bed with varying shear wave velocity of 40 m/sec to
90 m/sec. Below this sediment, a layer with a shear wave
velocity 500 m/sec is encountered. The amplification of
ground motion to an order of 3 to 20 was occurred due
to the high impedance contrast between the top layer and
bottom layer (Dobry et al. 2000). The ground failures
during the 1989 Loma Prieta Earthquakes are studied by
Kayen and Mitchell (1997). The peak ground acceleration

(PGA) at sites underlain by rock and stiff alluvium varies
between 0.08 g and 0.12 g. Whereas, two times amplifica-
tion of motion was observed compared to the rock site at
the deep soft soil deposits and at the artificially consolidated
soil. Damage pattern from various past earthquakes like
1985 Mexico earthquake, 1989 San Fransisco earthquake,
2001 Bhuj Earthquake it was observed that local soft soil
plays an essential role in ground amplification (Zeng 1996,
Tsuda et al. 2006, Govindaraju and Bhattacharya 2012).
Soil amplification study has been conducted in
many Indian cities by a number of researchers
(Anbazhagan and Sitharam 2008, Shiuly and Narayan
2012, Roy and Sahu 2012, Rao and Rathod 2014,
Kumar et al. 2014, Basu et al. 2017, Dammala et al.
2017, Bashir and Basu 2018). As per seismic zoning
map of India, Kolkata city is located in the border of
seismic Zone III, and Zone IV, and an earthquake
magnitude 6 (M,,) and more may be expected. The
proposed PGA value of an expected maximum consid-
ered earthquake (MCE) in Kolkata between 0.16 and
0.24 g, which are corresponding MCE value of zone III
and zone IV. A number of researchers (Mohanty and
Walling 2008, Govindaraju and Bhattacharya 2012,
Shiuly and Narayan 2012, Nath et al. 2014) have per-
formed seismic hazard and soil amplification study for
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Kolkata city. In previous study, soil amplification have
been performed by equivalent linear methods. In
equivalent linear approach, the material properties
such as shear modulus (G) and damping ({) is constant
in each layer for entire duration of earthquakes, irre-
spective to strains are large or small for a given time.
An iterative procedure is adopted to determine the
value of G and ( for each layer. Details of this proce-
dure are explained in Hartzell ef al. (2004). Two main
weaknesses are associated with the equivalent linear
approach. First, equivalent linear approach overattenu-
ate the high frequencies at high levels of strain. Second,
equivalent linear approach can overestimate the reso-
nant-frequency amplitudes and shear stresses com-
pared with nonlinear analysis.

Ground response analysis is a special field of geotech-
nical engineering. A number of local soil parameters, like
shear modulus degradation curve with soil shear strain,
shear wave velocity are required for soil amplification
study. Low strain shear modulus (G,,,) of soil, is deter-
mined from the shear wave velocity of soil. During the last
few decades, various in situ and laboratory methods to
estimate shear wave velocity (V) of soil have been devel-
oped by researchers. V, can be obtained from various
laboratory test ultrasonic pulse test, resonant column test,
and piezometric bender element test. But results from
laboratory tests are influenced by small sample size and
disturbances during sampling. One of the drawbacks is, if
soil samples are disturbed during collection then labora-
tory test results are inaccurate. To overcome these, various
in situ tests like seismic refraction test and reflection test,
multi-channel analysis of surface wave test (MASW ), spec-
tral analysis of surface wave test (SASW), Seismic down-
hole and cross-hole test are performed to obtained shear
wave velocity profile of soils. During seismic downhole
test, seismic wave sources are placed at the ground surface,
and receivers are placed inside the borehole at the different
depth. Source to receiver distance and travel time of com-
pression wave (P-wave) and shear waves (S-waves) are
measured to obtained shear wave velocity (V) and com-
pression wave (V) of the site. Shear wave velocity deter-
mination is an expensive procedure. More overall this
procedure requires expert knowledge, good equipment
and it is not possible to conduct many tests at all the
times. Thus, empirical correlations have been developed
between static field test, such as SPT-N value, and dynamic
shear wave velocity by many researchers (Akin et al 2011,
Athanasopoulos 1970, Ohta and Goto 1978, Imai 1981,
Seed and Idriss 1981, Pitilakis et al. 1992, Lee 1992, Rollins
et al. 1998, Kiku 2001, Jafari et al. 2002, Ulugergerli and
Uyanik 2006, Dikmen 2009, Karim et al. 2010). In any
geotechnical site information, SPT-N value information is

readily available, so, the V; soil profiles can be easily pre-
dicted from the SPT-N values. In seismic micro-zonation
study for the Indian city of Chennai, shear wave velocity
was determined by Boominathan et al. (2007) from cor-
rected SPT-N values of soil using correlations given by
Japanese Road Association (Lee 1992). Hanumantharao
and Ramana (2008) and Mhaske and Choudhury (2011)
was developed a correlation between V; and SPT-N value
for two Indian cities, Delhi and Mumbai, respectively.
Chatterjee and Choudhury (2013) also proposed
a relationship between SPT-N value and V; for Kolkata
soil.

In this study, first, a relationship between V, and
SPT-N value for Kolkata soft soil is established. Then,
deterministic seismic hazard analysis (DSHA) of
Kolkata is performed. The outcome of this present
study consists of deterministic response spectra of hor-
izontal ground motion, Spectrum compatible time his-
tories are developed, and site response studies are
conducted considering soil nonlinearity.

2. General setting of the study area and
regional geology

Megacity Kolkata is bounded by latitude 22°27" N to
22°40" N, and longitude 88°18’ E to 88°28’ E. The area
of the city covers up to 205 sq km. As per latest census
(2011), Kolkata is the third most populous city in India
with a population of 14.1 million. Kolkata is the capital
of West Bengal, India and hub to many commercial
and financial companies. In recent times, many high
rise buildings, elevated bridges are being constructed
within the city and thus the suitable hazard study of the
city is very much required. Figure 1 shows the city of
Kolkata.

Number of researchers (Shiuly and Narayan 2012,
Govindaraju and Bhattacharya 2012, Nath et al. 2014)
have described local seismo-tectonic features of Bengal
basin. Details of tectonic features of the study area are
shown in Figure 2. West Bengal subsurface and most of
the part of Bangladesh are in the Bengal basin. The south-
ern part of the basin is open to the Bay of Bengal, where it
passes to Bengal deep-sea fan which is almost 3000 km
long and 1000 km wide with a sediment thickness of
12 km. Indian shields area are exposed one side of
Bengal basin with disappearance below a blanket of allu-
vium within the basin. Salt et al. (1986) subdivided the
Bengal basin into three parts such as eastern deeper basin,
middle shelf zone and western scrap zone. The west and
north-west part of the Bengal Basin is bounded by basin
margin fault zone and east and south west part of the
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Figure 1. Location of Kolkata city in India and BH locations in Kolkata city used in this study.

basin area is bounded by The Eocene Hinge Zone (EHZ)
and constituted a broad shelf zone. EHZ demarcates the
deeper basin from Indian plateau. EHZ has differential
thickening and zone has given rise to a belt of possible
flexures and faulting during Oligocene and Miocene sec-
tion Salt et al. (1986). Kolkata is located over western part
of the hinge zone across which sediment thickness and
facies significantly vary from self-area in the west to the
deep basinal part in the east. Calcutta Mymansingh
Eocene Hinge Zone associated with gravity high and
magnetic low and possibly represents zone of numerous
en-echelon faults over the Eocene Sylhet limestone. The
major fault systems in study region are Garhomoyana-

Khandaghosh Fault (GKF), Rajmahal Fault (RF),Dhubri
Fault (DHF), Jangipur-Gaibandha Fault (GGF), Pingla
Fault, Sylhet Fault (SF) Debagram Bogra Fault (DBF),
Dauki Fault (DF), Sainthia Bahmani Fault (SBF). The
total sedimentary thickness below Kolkata is of the
order of 7500 m above crystalline basement; off which
top 350-450 m is Quaternary, followed by
4500-5500 m of Tertiary sediment and 600-800 m of
Perm-Carboniferous Gondwana rock (Dasgupta and
Acharyya 2006).

Available earthquake record shows that in last three
centuries, Kolkata and its nearby regions have experi-
enced about 30 seismic events due to ‘near-source’ and
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Figure 2. Seismotectonic map for Kolkata city and surrounding region.

‘far-source’ earthquake. During the 29 September 1906
(M = 5.0, epicentre located just north of Kolkata city)
Calcutta Earthquake, many buildings within the city
suffered major cracks. The earthquake was of the
order of VI-VII on the Rossi-Forel scale. The
15 April 1964 (M = 5.0, the epicentre is on the south
of Kolkata) Kolkata Earthquake with VI intensity on
the Mercalli (MMI) scale caused damages within the
city. Both the earthquake’s epicentres were located on
EHZ. The Bihar-Nepal Earthquake of 15 January 1934
(M = 8.3, the epicentre was located 480 km from city)
with intensity of VI on MMI scale, Srimangal earth-
quake of 8 July 1918 (M = 7.6, epicentral distance of
350 km), Dubhri Earthquake of 3 July 1930, and the
earthquakes of 1% September 1803, 26" August 1833,
and 31" December 1881 also caused significant
damages to Kolkata.

3. Local geology of Kolkata city

Kolkata city is located 150 km from the Bay of Bengal,
right over the Ganges delta. The regional slope of this

city is North to South. The flat topography of Kolkata
is an average 6.4 m above MSL. To get a better under-
standing about the local geology, total of 81 boreholes
data around the Kolkata are collected from a consulting
agency C.E.Testing and analysed. The data consist of
SPT-N value, density, plasticity limits, the friction
angle of the soil strata at a different depth, etc. The
subsurface geology of Kolkata is reconstructed from
these borehole data. Data are collected by keeping in
view that data should be widely distributed in the study
area. To determine SPT-N values of soils, standard
penetration test was conducted in 150 mm diameter
boreholes at every 1.5 to 2 m interval. Typical soil
profile of Kolkata are presented in Figure 3 and
Figure 4. As may be observed from the figures, on an
average, top 12-13 m depth of soil strata are very soft
silty clay. This layer is very much unconsolidated for
which very low N-value of less than 10 is observed.
Below the top layer, average 20-m thick dense to very
dense grey sticky clay layer with N-value varies
between 15 and 30 is observed. This sudden increase
in N value may indicate the boundary between the
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Figure 3. Variation of soil profile along with depth (Site-1).

Holocene sediments and Pleistocene sediments Nandy
(2007). A coarse sediment consisting of silt or fine to
medium sand and coarse sand with or without pebbles
with N-value more than 100 is encountered below
33 m. Below 50 m depth, very dense, yellowish brown
to yellowish grey, silty fine sand is observed. The
groundwater table is noticed at a shallow depth of
1 m. Variation of the plasticity index of soil along

@ Gravel/Sand/Silt/Clay %

with soil depth and atterburg limits chart are shown
in Figures 5 and 6 respectively. Similar soil profile for
Kolkata is also observed by other researchers (Shiuly
and Narayan 2012, Chatterjee and Choudhury 2013).
Dasgupta and Acharyya (2006) have reported a -
613 m deep borehole in Kolkata (at Beleghata ID hos-
pital). Their data indicate that top 42 m of Kolkata is
a sticky clay with kankar at the bottom, followed by
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261 m thick coarse sand with very thin silt/clay part-
ings at regular intervals. They have reported another
clay layer after this. Similar soil profiles are also
reported in other two deep borehole locations one in
the western part of the city and another one at the
periphery of Kolkata (Garia).

£00/91/09/00 |

Very dense, yellowish brown to
yellowish grey, silty fine sand with
traces of mica.

=l

O C/ @ values @ Gravel/Sand/Silt/Clay %

To study the dynamic characteristic of a site, the shear
wave velocity profile of the site is required. In reality, the
shear wave velocity profile of the study area is limited.
Among 81 borehole data, only 18 bore log data have extra
shear wave velocity profile information up to 50 m depth.
Apart from this, another 8 shear wave velocity profile data
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are collected from Chatterjee and Choudhury (2013). All
the downhole test data are shown in Figure 1 and also
reported in Table 1. Figure 7 shows the shear wave
velocity profile within Kolkata. In the top 13 m, the
shear wave velocity is varying from 70 to 150 m/s. After
that, a uniform increase in the shear wave velocity profile
is observed. At a few sites (such as, at site number
5,6,12,15), a sudden decrease in the shear wave velocity
is observed after 30 m of depth. At the other sites,
a change in the slope of shear wave velocity profile is
observed. The shear wave velocity between 600 and
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850 m/sec is observed after 50 m. At a Bishnupur location
near Kolkata, a shear wave velocity of 1048.27 m/sec is
observed at 700 m depth. A shear wave velocity of the
order of 1890.17 m/s is also obtained from the same
seismic refraction survey line (Reddy et al. 1998) for the
bedrock.

4, Deterministic seismic hazard analysis of
Kolkata city

The seismic hazard analysis at a location may be done in
two ways — by the deterministic method (DSHA) and by
the probabilistic method of analysis (PSHA). In a PSHA,
the hazard at a site due to an earthquake is obtained in
a probabilistic sense considering the possibility of earth-
quakes of varying magnitude and distance from the study
area. In a DSHA, the ground motion of a site is determined
for an earthquake of fixed magnitude at a known fault with
the shortest distance between sources to site distances
(Barani and Spallarossa 2017). In this study region, seismic
sources are uncertain and due to lack of instrumental data,
recurrence interval of the regional large earthquake is not
well defined. In this regard, deterministic seismic hazard
analysis is performed to find out the maximum considered
earthquake (MCE) at bedrock level which is then utilised in
soil amplification study. For this study, all faults of the
study area are considered to obtain a major fault system.
For generation of seismo-tectonic map, around the 300 km
radial distance from kolkata city, earthquake data have
been collected from three major earthquake data sources,
such as the US Geological Survey/National Earthquake
Information Center (USGS/NEIC, http://neic.usgs.gov.
us), the International Seismological Centre (ISC, http://
www.isc.ac.uk), and the Indian Meteorological department
(IMD). Collected earthquake data for the period of
1765-2016 and tectonic sources which are identified and
used in this analysis are shown in Figure 2. Seismo-tectonic
information is also collected from Shiuly and Narayan
(2012). The maximum considered earthquake for each
seismogenic source is identified from the maximum mag-
nitude earthquake occurred close to or on that seismogenic
source plus one intensity extra. Due to the scarcity of strong
ground motion record, it is impossible to generate a ground
motion prediction equation (GMPE), and attenuation
model for the region. For seismic hazard study in
Bangladesh, Al-Hussaini et al. (2015) used attenuation
models, which are developed for the western USA. The
Western USA has an active tectonic region, which is similar
to the Bengal basin region and both tectonic regions have
fractured rock and soil. Trianni et al. (2014) also used
attenuation model which was developed based on the
western USA, and applicability of this model for Bengal
basin region is also reported. According to the tectonic
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Table 1. Bore hole loaction used in this study.

Site No Site location Lattitude Longitude Vs,30 N,30 Site Class Data Collected Source

1 At Maheshtala High School 22°2'54.33"  88°14/45.17" 225 74  ClassD  CETST Lab

2 At Metiabruz Recreation Club 22°3205.04"  88°15'17.14" 186 7 Class D CETST Lab

3 Nature Park (Garden Rich Area) 22°31/32.066” 88°17'29.018” 174 4.64 Class E  CETST Lab

4 Eco Park (Rajarhat) 22°36/22.829"  88°28'14.91" 169 4 Class E CETST Lab

5 Newtown (Rajarhat) 22°34'26.542" 88°27'30.156” 147  3.01 Class E CETST Lab

6 Calcutta University Campus (Alipore) 22°32/07.500” 88°20'02.700” 286 17  Class D  CETST Lab

7 Opposite of 6no. Tank, Saltlake 22°35/32.600” 88°25'03.200" 178 3.9 Class E  CETST Lab

8 Shitala Mandir, Thakurpukur 22°27'33.100” 88°19'07.600” 178 472  Class E  CETST Lab

9 Lake Town Foot Bridge, VIP Road 22°35'57.100” 88°24/25.500” 181 45 Class D CETST Lab

10 Kashba Post Office, Ballygunj 22°31'06.400” 88°2239.100” 220 9.6  Class D  CETST Lab

1 Nicco Park, Chingrighata 22°3'09.600” 88°24'23.800" 170 5.7 Class E CETST Lab

12 SRCM Road, Rajarhat 22°34/00.200” 88°28'56.400” 296 15 Class D CETST Lab

13 Layellka Math, Baghajatin 22°29'09.800” 88°22/11.700” 180 5.8  Class D  CETST Lab

14 Kheyali Math, Paikpara 22°36/57.600” 88°22'49.400” 147 349  ClassE  CETST Lab

15 Tarun Samity, Dum Dum 22°37’15.500” 88°23/52.900” 180 46 Class D CETST Lab

16 Bengal Engineer & Science University, Howrah 22°33/12.500” 88°18'21.700” 177 4 Class E CETST Lab

17 Rupak Sangha, Dumurjala, Howrah 22°35'19.400" 88°18'49.800” 162 4.2 Class E CETST Lab

18 Shibaji Sangha, Dumujala, Howrah 22°35'19.068” 88°18'24.637” 170 5 Class E CETST Lab

19 Park street 22.5496° 88.3529° 240 DNA Class D  Chatterjee and Choudhury (2013)
20 Ho Chi Min Sarani 22.4845° 88.3062° 175 DNA Class E  Chatterjee and Choudhury (2013)
21 Beliaghata Road 22.5614° 88.4062° 214 DNA Class D  Chatterjee and Choudhury (2013)
22 E.M.Bypass 22.5316° 88.3959° 171 DNA Class E  Chatterjee and Choudhury (2013)
23 Rajar Hat 22.5776° 88.4518° 162 DNA Class E  Chatterjee and Choudhury (2013)
24 Batanagar Township 22.5121° 88.2172° 190 DNA Class D  Chatterjee and Choudhury (2013)
25 Panditya Road 22.5218° 88.3588° 187 DNA Class D  Chatterjee and Choudhury (2013)
26 Belgharia 22.6569° 88.4115° 171 DNA  Class E  Chatterjee and Choudhury (2013)
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Table 2. Ground motion prediction equation adopted from the
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Figure 7. Shear wave velocity profile for various locations of
Kolkata city.

condition, variability of ground motion is captured by
considering three base case scenarios. One corresponds to
shallow crustal earthquakes in the active crustal region, and
the other two scenarios are earthquake from stable con-
tinental regions and subduction zones. Therefore, depend-
ing upon the compatibility of tectonic environments
GMPEs are selected from the literature. In this present
study, 10 different GMPEs are considered and reported in
Table 2. PGA and response spectral shapes are obtained
from 10 GMPEs and envelop of all spectra is used for
analysis. Among these 10 GMPES, Boore et al. (2014),
Idriss (2013), Choiu (2013), Campbell and Bozorgnia
(2013), Abrahamson et al. (2013) are developed for active
crustal zone, for shear wave velocity around 750 m/sec to

study.
GMPE
Abrahamson et al. (2013) ASK14
Boore et al. (2014) BSSA14
Campbell and Bozorgnia (2013) CB14
Choiu (2013) Y14
Idriss (2013) 114
Youngs et al. (1997) Young
Zhao et al. (2006) Zho
Toro (2002) Toro02
Campbell and Bozorgnia (2003) CBO3
Atkinson and Boore (2006) AB06

1000 m/sec. The other two GMPEs Youngs et al. (1997)
and Zhao et al. (2006) are developed for subduction zone,
and rest of the GMPEs (Toro 2002; Atkinson and Boore
2006; Campbell and Bozorgnia 2003) are developed for
stable continental regions.

4.1. Peak ground acceleration

For seismic analysis of structures, the peak ground
acceleration (PGA) is one of the important parameters.
The global seismic assessment programme (Zhang
et al. 1999) estimates PGA of Kolkata between 0.08
g and 0.13 g with 10% probability of exceedance in
50 years. The variation of PGA obtained in this present
study for different GMPEs are given in Table 3. From
Table 3, it is noticed that the Eocene Hinge Zone
(EHZ) shows the highest hazard. Among the 10
GMPEs, Youngs et al. (1997) show the highest value
for PGA. The values of PGA and their corresponding



Table 3. PGA variation PGA with GMPEs.
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Ground motion prediction equation (GMPE) (g)

Distance

Fault Name Magnitude (km) ASK14 BSSA14 (B14 Y14 114 Young Zho Toro02 CB03 ABO06
1 Eocene Hinge Zone 59 36 0.03234 0.05134 0.0.050 0.034 0.03488 0.1043 0.018273 0.0135 0.0419 0.0457
2 Debagram Bogra Fault 6.7 137 0.0115 0.0236 0.014 0.01305 0.009 0.03402 0.003286 0.0149 0.0141 0.0291
3 Garhomoyana-Khandaghosh 5.7 55 0014 0027 0024 0016 001586 0.053 0.00703 0.006 0.0207 0.0169

Fault
4 Dauki Fault 8.7 387 N-A N-A N-A N-A N-A 0.046  0.00281 0.0303 0.0181 0.0285
5 Sylet Fault 7.6 290 0.006 0005 000649 0008 N-A 0025 000131 00229 00109 0.0209
6 Sainthia Bahmani Fault 6.2 182 0.0033 0005 000507 0004 N-A 0012 00097 0.0055 00065 0.0115
7 Dhubri Fault 6.9 256 0.0038 0004 00046 0005 N-A 0014 000301 0012 00073 00137

0.25 magnitude 6-6.5 (ASCE 2000). Figure 9 shows the
_ ‘gsls( /i‘:4 spectrum compatible time histories and their corre-
2 020 -- ésﬁ sponding response spectrum.
% —114 To consider a wide range of frequencies in spec-
2 ois —*—ih" trum, real earthquakes are also considered in the ana-
o 0.154 —*— Young . . .
9 —o— Toro02 lysis. Based on this study, two North American records,
§ ] - iggz San Fernando (09/02/1971) and Northridge (17/01/
5 01040 1994), are selected. Their time histories are shown in
] 1 Figure 10. All these earthquake motions are arithmeti-
9 0.05- cally scaled down to PGA of 0.104 g. The elastic

Time Period (Sec)

Figure 8. Bedrock spectra obtained from various GMPEs.

response spectra are presented in Figure 8. The
response spectra obtained from GMPE, Youngs et al.
(1997), envelopes all the other response spectra and it
is selected for the generation of spectrum compatible
time histories for the study area. The PGA to peak
spectral value ratio is found to be 2.18 for this response
spectrum. However, Indian standard code (BIS 2002)
proposes this ratio be 2.5.

4.2. Spectral compatible time history for study
area

There is no previous record of strong ground motion
available for the Kolkata region. Due to lack of earth-
quake data for the site, synthetic time histories may be
developed, or bedrock motions may be obtained from
site-specific response spectra. Here, site-specific
response spectra have been developed for Kolkata.
ASCE (2000) has given the procedure to generate the
spectrum compatible time history.

For the generation of time histories, trapezoidal time
history envelop function is considered with the rise
time of 1 sec, duration of motion of 7 sec, and decay
time of 5 sec. These correspond to an earthquake of

response spectra at 5% damping of these earthquake
records are shown in Figure 10(b,d). Chowdhury et al.
(2015) also considered these two earthquakes in his
study.

5. N value vs shear modulus relationships

The low strain shear modulus of soil is essential para-
meters which are used in a site response study. The low
strain shear modulus G,,,, of soil are obtained from
shear wave velocity as per Equation 1

Gmax :PVSZ (1)

where p is density of the soil.

It is always recommended to obtain the shear wave
velocity profile at a site from various in situ tests. Due to
cost involvement, it is not feasible to conduct shear wave
velocity test in a project. The SPT N-values for the subsoils
are more readily available as they are widely used to
characterise the subsoil profile at a site (NEHRP 2003).
An empirical relationship between V; and SPT N-value
can be made to generate the V; profile at a site. In the
present study, only 18 boreholes have complete data of
shear wave velocity profile with SPT-N value. In 18 bore-
holes, total of 414 numbers dataset of SPT-N value vs V,
data is available and used for regression analysis. Number
of correlations between the V, and the SPT N-value are
collected from the literature and shown in Table 4.
Chatterjee and Choudhury (2013) have proposed
a correlation between V; and SPT N-value for Kolkata
city. Figure 11 shows the comparison among the
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Figure 9. a,c,e, shows three spectrum compatible time histories, and b,d,f shows corresponding response spectra of TH-1, Th-2 and

TH-3 with target spectrum.

correlations between the measured SPT N-value and V. It
may be observed that all the existing correlations predict
a lesser value for V; at SPT N-value of 40 and above. As
shown in Figure 7, the on an average, top 12-13 m depth of
Kolkata soil, which has soil type soft clayey silt/silty clay
with N-value in the range of 4 to 10 and SPT N-value and
Vs in the range of 150 m/sec. But after that, the SPT
N-value and V; increases with depth as the comparatively
hard stratum are encountered. A new relationship is devel-
oped based on the measured SPT N-value and measured
V; for the Kolkata soil using nonlinear regression analysis
employing power model. The basic power law model is
given by Equation 2 (Haldar and Mahadevan 2000). In the

relationship, the independent variable is SPT N-value and
response variable is V.

V, = aN’ )
where a and b are power law parameters. The trans-
formed equation in linear form 1is given by
Equation 3.

In(V) = In(a) + bin(N) (3)

where In(a) is denoted by ay. The values of ay and b are
obtained by least square method. Details are given in
Haldar and Mahadevan (2000). The coefhicient of
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Figure 10. a,c, shows modified spectral compatible real earthquake, and b,d corresponding comparison of response spectra of

Northridge earthquake, and Sanfernando Earthquake.

regression, denoted by R?, is the proportion of the var-
iance of the dependent variable. It varies between 0 and 1.

S (V.- V)
RR=S— (4)
Z(Vs - \75)

where the mean shear wave velocity is V,. For the
Kolkata subsoil, one correlation has been proposed
for clayey silt/silty clay, where SPT N-values are less
than 10. Another correlation has been put forward for
the soil type stiff to very stiff silty clay/clayey silt (CH)
where SPT N-values are more than 10. Both the corre-
lations are given by Equation 5.

V, = 87.18N%¥_ For, very soft to soft clayey
silt/silty clay

V, = 41.74N"° For, stiff to very
stiff silty clay/clayey silt (CH) (5)

where N is uncorrected SPT N-value. The value of R?
for the first and second correlations are 0.85 and
0.8316, respectively.

Rahman et al. (2018) reported that a correlation
between uncorrected SPT N-value with V, shows
a much better match than with the corrected SPT
N-value. Thus, in this present study, the uncorrected
between SPT N-values are considered for the develop-
ment of the above two correlations. The existing cor-
relations developed by Chatterjee and Choudhury
(2013) and other existing relationships used for
Kolkata subsoils (Iyisan 1996, Shiuly and Narayan
2012) are compared with the proposed correlations in
Figure 12. It may be observed from the figure that the
proposed nonlinear empirical relationships predict the
Vs profile for the Kolkata subsoil quite well. V3, and
N3 of 26 sites are calculated, and variation of V3, and
N3y are observed in 147 to 296 and 3.01 to 17, respec-
tively. As per the guideline proposed by NEHRP
(2003), Kolkata is in Class D (stiff soil) to Class
E (soft soils). The value of V3 varies from 180 to
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Table 4. Correlations between SPT N value and shear wave
velocity (Vs) for all soils considered in the present study.

sl.

No. Authors Corelation

1 Imai and Yoshimura (1970) V, = 76N°33
Ohba and Toriumi (1970) V, = 84N03!

3 Ohsaki and Iwasaki (1973) V, = 82N

4 Fujiwara (1972) Vy = 92.1N0-3%7

5 Imai and Yoshimura (1972) Vs = 91N03%7

6 Imai and Yoshimura (1970) Vs = 90NO34

7 Ohta and Goto (1978) Vs = 85.35N0348

8 Seed and Idriss (1981) Vs = 61N

9 Imai (1982) V, = 97N03!

10 Sykora and Stokoe (1983) Vs = 100.5N03%°

1 Athanasopoulos (1970) Vs = 107.6N036

12 Zheng (1987) V; = 116.1(N + 0.3185)*%*

13 Lee (1990) V, = 57.4N°%

14 lyisan (1996) V; = 51.5N0516

15 Kiku (2001) Vs = 68.3N02%2

16 Yokota et al. (1981) Ve = 121N%%

17 Mhaske and Choudhury (2010) V, = 72N040

18 Hanumantharao and Ramana V, = 82.6N*4

(2008)

19 Kalteziotis et al. (1992) V, = 76.2N02%*

20 Jafari et al. (2002) Vs = 22N085

21 Dikmen (2009) V, = 58N03°

22 Hasancebi and Ulusay (2007) Vs = 90N030°

23 Maheswari et al. (2010) V, = 95.64N030"

24 Sitharam and Anbazhagan (2008) v, = 78(N60CS)**
25 Chatterjee and Choudhury (2013) '\

360 m/sec and below 180 m/sec for Class D and Class
E, respectively.

6. Soil amplification study of Kolkata region

In previous earthquakes, like the 1985 Mexico City
Earthquake, and 2001 the Bhuj earthquake, it is
observed that ground responses are depended on the

1000

soil condition. The ground response of the soil profile
subjected to an earthquake depends upon the funda-
mental frequency of the soil column, which is related to
the V; of the soil and given by Equation 6.

Vs
soil = 7.5 6
Jeoi iH (6)

where height of the soil column is H.

The frequency of the soil column depends upon the
Vs of the soil layers. So, for a soil amplification study
accurate representation of the variation of shear wave
velocity with depth is very important. A soil amplifica-
tion study depends on (1) Selection of motion for the
region, (2) Idealisation of soil stratification and use of
proper geotechnical parameter and (3) evaluation of
the response at surface level. In the present site ampli-
fication study, data collected from 26 numbers of bore-
holes (18 shear wave profile collected form consulting
agency, and other 8 boreholes shear wave profile
obtained from the literature) and 5 sets of different
spectrum compatible time histories are considered.

Generally, uncertainties and spatial variability of soil
parameters, like Vj, layer thickness, soil plasticity, the
variation of shear modulus and damping ratio with
strain, etc., are incorporated through statistical analysis.
Rao and Rathod (2014) reported that, among all these
parameters, V; and the thickness soil layer, are the
most sensitive parameters. In this study, uncertainty
in the determination of soil parameters is incorporated
by considering the variation of G, between best
estimate value times (14 C,) and best estimate value
divided by (1 + C,). Here, C, is a factor to account for
the uncertainty in soil parameters. To consider a wide
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range of uncertainty, C, value of 0.5 is considered in
this study. So, for particular boreholes, three different
shear wave soil profiles are considered.

6.1. Modelling of the soil column

The 1-D site amplification study, considering effective
stress-based nonlinear method, is performed using
a 1-D wave propagation software, DEEPSOIL
(Hashash et al. 2015). For the nonlinear time domain
analysis, Newmark’s integration technique is utilised.
In the present study, the soil layers up to a depth of
50 m are considered. In time domain analysis, the
following equations are solved.

(M{i} + [Cl{u} + Ku} = —[MI{T}i, — (7)
where [M] is mass matrix, [C] is damping matrix and [K]
stiffness matrix. {ii},{&} and {u} is a relative modal
acceleration, relative velocity and relative displacement,
respectively. To account the dynamic behaviour of soil
under seismic excitation, dynamic properties of soil, such
as shear modulus degradation curve with shear strain,
which depends upon the plasticity of a soil for cohesive
soil and density of a soil for cohesionless soil are used.
Due to lack of dynamic soil test data for Kolkata soils,
various dynamic soil test data are collected from

published literature around the world and India, where
dynamic tests were performed in various soft soils, which
have similar soil properties like study area. Okur and
Ansal (2007) conducted cycle tests of 98 soil samples of
different soil types such as ML, MH, CL, CH, which was
collected at various locations of Turkey with depth varies
2.5 m to 23.55 m, and plasticity index varies from 9 to 40.
Kumar et al. (2018) estimated dynamic properties for
cohesive soil in Guwahati region, which is located in
north eastern part of India. Yang et al. (2006) determined
dynamic properties of soft soils in Shanghai location. The
variation of G — y curve is obtained from literatures. The
variations of the shear modulus degradation curve of the
soil with shear strain are shown in Figure 13. In the
present study, soft clay model proposed by Sun et al.
(1988) is used, whereas for stiffer clay, the model sug-
gested by Vucetic and Dobry (1991) are used based on
plasticity index properties. In case of sandy soil, the
curves proposed by Darendeli (2001) are utilised. The
nonlinear stress-strain model parameters are obtained
by fitting the curves using the MRDF fitting procedure
as proposed by Phillips and Hashash (2009); Kumar et al.
(2014). The backbone curves of soil model are incorpo-
rated using pressure dependent hyperbolic model pro-
posed by Kondner (1963) and further modified by
Matasovic¢ and Vucetic (1993). The shape of the backbone
curves for the loading part is represented by Equation 8.
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G())/
T=—"0 (8)
1+ By
where Gy = initial shear modulus, y = shear

strain, 7 = shear strength, and f, y,, b are the model
parameters. The previous model was modified by
Hashash and Park (2001) by relating the y, with con-
fining stress as shown in Equation 9

= Referencestrain % )
Y= Referencestress

The unloading part of the backbone curves is given by
Equation 10.
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Figure 14. Proposed response spectra of Kolkata city.

_ GO((Y - yrev)/z) . Go (V - yrev)
R T (T e A T e
GO (y - ))rev) 47
L+ By, =)
(10)

where 1y, reversal shear strain, y, reference shear
strain, T,, reversal shear stress, F(y,) reduction
factor, y,, maximum shear strain. The small strain
damping is also depended upon confining pressure
and represented by Equation 11

= Dampingratio

UV

(11)

The variation of shear modulus degradation curve
depends on confining pressure and plasticity of a soil.
For Kolkata soil, the plastic limit varies from 10 to 45 %
with the mean of 25%. In this study, to take care of the
variation of plastic limit, the upper and lower bound
values are considered for each layer. Total 1170 numbers
(26 (boreholes) x 5 (base time history) x 3 (shear wave
profile) x 3 (Plasticity vales) = 1170) of soil profiles are
generated and simulations are performed to take care of
the uncertainty. As an outcome of the analysis, time
histories of ground motion, shear stress and shear strain
at any depth, fundamental frequency of soil column and
response spectra are obtained.

The site-specific response spectrum of Kolkata is pre-
sented in Figure 14. The proposed spectra is compared
with soft soil spectra as recommended in IS-1893 (BIS
2002) and Euro code (EuroCode 2005) spectra for Class
D for 0.18 g PGA. The PGA of the proposed spectra is
0.18 g and the ratio of PGA to the spectral peak of the
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proposed spectra is 3.48 whereas, Indian standard code is
suggested a value of 2.5 for this ratio. It may be also
observed that, at a period greater than 1 sec, IS spectra
gives the higher value than the proposed spectra. Similar
behaviour is also observed for Euro code spectra for
Type-1. As an outcome of the present study, an attempt
is made to modify the spectral acceleration shape, pro-
posed by IS-1893 (BIS 2002), and it is given in Equation
12. A modified spectral shape for Kolkata city with PGA
0.18 g is shown in Figure 14.

S 1+28T for 0< T < 0.1
2= 38 for 0.1 <T < 0.5 (12)
8 1.687/T for T > 0.5

The spectrum compatible time histories at the surface
level are important for the structural design of build-
ings, etc. Three spectrum compatible time histories, as
shown in Figure 15, have been developed for use by
engineers for the seismic design of structures in the
Kolkata region.

7. Conclusion

In the present study, site-specific response spectra for
Kolkata have been developed by deterministic seismic
hazard analysis considering local geology.

(1) Peak ground acceleration of engineering bedrock
spectra are obtained from DSHA and three sets of
response compatible time histories are generated.

(2) A new empirical relationship has been developed
between shear wave velocity and uncorrected SPT
N-value. It is one of the important parameters for
site response study. The magnitude of average shear
wave velocity of the study regions varies 147 to
298 m/sec, and as per NEHRP guidelines, the site
is classified as site class D and E.

(3) Soil amplification analysis for Kolkata is carried
out considering the uncertainties in soil para-
meters, such as shear wave velocity and plasti-
city index of soils. Nonlinear site response
analyses are performed. A total of 1170 simula-
tions have been performed and a mean response
spectrum is obtained for the site.

(4) From the present study indicates the PGA at
surface level increased to 0.18 g as compared
to the bedrock PGA of 0.102 g due to the pre-
sence of alluvial deposits.

(5) The response spectrum is compared with the Indian
standard spectra (BIS 2002) for soft soil site and
a PGA of 0.184 g is proposed at the ground surface.
This PGA value exceeds the 0.16 g PGA value for

Kolkata recommended by IS 1893 (BIS 2002), cor-
responding to a maximum considered earthquake.
(6) Amplification of peak spectral value to PGA is
found to be 3.48, whereas IS Code suggests an
amplification of 2.5 times in peak spectral value.
(7) A modified response spectra has been proposed
for the city of Kolkata with PGA value of 0.184 g.
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