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Abstract

Liquefaction hazard is one of the most catastrophic
effects of an earthquake. When dynamic loading
occurs, saturated sandy soil in undrained conditions
loses its shear strength due to the development of
excess pore water pressure. Therefore, it is imperative
to evaluate a site for its susceptibility to liquefaction.
The main objective of the present study is to calculate
the liquefaction potential of 6 sites in Kalyani region
which are located at around 50 km from the City of
Kolkata in the State of West Bengal, India. For this
purpose, six bore locations are selected in the All India
Institute of Medical Sciences, Kalyani, Kolkata
Campus.

The liquefaction potential of the site is calculated at all
the six locations for an earthquake of magnitude 7.5
and peak ground acceleration (PGA) of 0.16 g. The
water table is considered at the ground level.
Liquefaction potential in terms of Factor of Safety
against liquefaction is calculated with the depth based
on the shear wave velocity data. Further, liquefaction
potential index is also evaluated for all the considered
sites. It is observed that the possibility of liquefaction
is very high at shallow depths. Moreover, a parametric
study is carried out for various values of the
magnitudes of earthquakes and PGA values to show its
effects on liquefaction susceptibility.

Keywords: Peak Ground Acceleration, Shear Wave
Velocity, Liquefaction Potential, Liquefaction Potential
Index, SPT N Value, Seismic Hazard.

Introduction

Geotechnical investigation is carried out to identify the
properties of the soil, where any major civil engineering
structure is to be constructed. If the investigation is done for
the site which comes under the earthquake prone areas then
it is necessary to establish whether the given site is
liquefiable or not. Standard Penetration Test (SPT), Cone
Penetration Test (CPT), Becker Hammer Test (BHT) and
Multichannel Analysis Surface Wave (MASW) Test are
some of the field methods used to measure the liquefaction
potential of soil. Earlier, the liquefaction potential of a site
was calculated by the simplified procedure developed by
Seed and Idriss® using the Cyclic Resistance Ratio (CRR)
value obtained by N values of SPT. Since then, the method
has been continuously reformed and simplified by various
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authors.36-38.47

Another popular method for the evaluation of the
liquefaction potential using the CPT was given by Robertson
and Campanella®?. This method of evaluation has also been
reformed and updated several times.303441

The shear wave velocity (Vs) method for determination of
the liquefaction potential is preferable over other methods
such as SPT, CPT etc. because it is not affected by large
particles and is less sensitive toward soil compression and
reduced penetration resistance due to the presence of fines,
thus requiring minor corrections.®® It is also a non-
destructive test and can be used both in the field and in the
laboratory. 1444

In this method, shear wave velocity is considered as an index
property of soil to determine liquefaction potential
resistance. Both liquefaction potential resistance and shear
wave velocity are similarly influenced by stress history, age
of soil geology, void ratio and different states of stress.

In the last two decades, many researchers have given
relationships between liquefaction potential resistance and
shear wave velocity. They have used different methods like
field test, penetration -Vs correlation, numerical
investigation, laboratory experiments etc,36:10.12,20,24,33,37.43,44
All these evaluations were based on the simplified procedure
of Seed and Idriss®® method. Several corrections have been
applied to Vs for overburden stress and an analytical
expression is established with Cyclic Stress Ratio (CSR).
Several seismic tests have been used to measure shear wave
velocity in the field like CPT, MASW, suspension logger,
down-hole and cross-hole.??4”  Sensitiveness of the
calculation and condition of soil are highly affected by the
precision of the tests. Stokoe et al*? and Belloti et al® have
shown that the velocity achieved by the shear wave is
equally dependent on the motion of the particle and principal
stresses.

The evaluation of liquefaction potential index (LPI) is
required to mitigate the damages caused by liquefaction.
Iwasaki et al'® proposed LPI to overcome the limitations
associated with Factor of Safety (FoS). LPI is frequently
used by researchers to evaluate the liquefaction potential of
soils. LPI offers an advantage by providing a single value for
the entire location for liquefaction hazard maps instead of
several factors at different layers.!14%46 [Pl has been
calibrated using SPT test data to characterize the liquefaction
potential of sites.11294045 |wasaki et al'® categorized levels
of liquefaction severity as very low, low, high and very high
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depending on LPI values (LPI=0, O<LPI<5, 5<LPI<15,
LPI>15 respectively).

This study includes the summary of the procedure used to
calculate the liquefaction potential for Kalyani region based
on shear wave velocity data by the method given by Andrus
and Stokoe*. For this purpose, six bore holes in the All India
Institute of Medical Sciences (AIIMS) Kolkata campus were
considered for geotechnical investigation. Due to the
industrialization, the city is growing at a very fast rate and it
is necessary to identify the seismic hazardous areas. Also,
the city lies in the seismic zone 111 as per 1S 1893:2016 Part-
116 and thus as high seismic risk.

Site Location
in Kalyani

©)
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Area of Study

The present study is done for the assessment of the
liquefaction potential of 6 sites in All India Institute of
Medical Sciences (AlIIMS) Kalyani Campus, Kolkata.
Kalyani is a city located around 50 kilometers from Kolkata-
the capital of the State of West Bengal, India. Kalyani lies
along the east bank of Hooghly River within the upper
Ganges delta. As with most of the Indo-Gangetic plain, the
soil is predominantly alluvial in origin. The in situ tests data
were collected at six different sites in the AIIMS Kalyani,
Kolkata campus. The details of locations of all the six sites
are shown in the fig. 1. Table 1 gives various details of all
the sites such as bore log depth, latitude, longitude and
ground water table.?
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Fig. 1: Location of site (a) Map of India (b) Map of West Bengal (c) Map of Kalyani district (W.B.)
(d) Location of site in Kalyani

Table 1
Borelog Details
S.N. Site Borelog Latitude Longitude Water Table (m)
Depth (m) Actual Assumed
1 BH-01 15.00 N22°58'12.62" E88°3138.44" 2.8 Ground
2 BH-02 15.50 N22°5816.20" E88°3134.27" 3.1 Ground
3 BH-03 16.00 N22°5822.27° E88°3142.24" 1.6 Ground
4 BH-04 15.00 N22°5834.55" E88°31'47.16" 3.3 Ground
5 BH-05 15.00 N22°5830.55" E88°31'52.90" 1.4 Ground
6 BH-06 15.00 N22°5843.74" E88°3153.97" 1.8 Ground
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Methodology

In the present study, liquefaction potential is evaluated based
on the shear wave velocity data. The methodology of
analysis includes the following three steps:

(i) Evaluating the CSR by simplified procedure given by
Seed and Idriss®®

(ii) Evaluating the CRR of the sites based on the field tests
data*

(iii) Calculating the Factor of Safety (FoS) with depth based
on the information from the above two steps.

Cyclic Stress Ratio (CSR): The average shear stress due to

earthquake loading or CSR is computed based on the

simplified method proposed by Seed and Idriss®®. The CSR
VO

is defined by eq. 1:
amax
CSR =0.65x% = I
g o Vo
where amax is the peak horizontal acceleration for seismic
zone |11 (for the present study, amax = 0.16g is considered as
per IS:1893, 2016); ovo and c'vo are the total and effective

stresses; g is the acceleration due to gravity and rd is the
stress reduction coefficient, calculated by Youd et al.*®

O,

@

Cyclic Resistance Ratio (CRR): Cyclic Resistance Ratio
(CRR) is a value of CSR which is used to separate the
condition of liquefaction and non-liquefaction in terms of
Vsl or corrected SPT resistance. Andrus and Stokoe®
proposed an empirical relationship to determine CRR.
Further, the CRR value is updated for correction factor (Kc)
which is a factor of aging and cementation. This correction
leads to increase in the value of shear wave velocity. In this
study, CRR is evaluated from eq. (2):4

2
CRR = a(%) +b *;_ 1* MSF
100 Vo —KV, Vg @

where V"1 is upper limiting value of Vg, evaluated from eq.
3 for different fines content range; a and b are curve fitting
parameters and MSF is magnitude scaling factor [MSF = 1,
for the Mw = 7.5].48

V*q=215 {FC < 5%} (32)
V*51=215-0.5(FC-0.5) {5 %< FC <35%} (3b)
V*4=200 {FC >35%} (3¢)

where FC = average of fines content in the sandy soil.

Eg. 3(a) and eq. 3(c) illustrate a constant value of 215 m/s
for fines contents less than equal to 5 percent and a constant
value of 200 m/s for fines contents more than equal to 35%.
The fines contents between 5% and 35% are evaluated from
the eq. 3(b). Several studies have been done for the fines
correction in past years. Muley et al?” studied the effect of
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the fines on the sand of Roorkee region.

Factor of Safety against Liquefaction: The final step in the
analysis is to compute the FoS against liquefaction which is
the ratio of CRR to CSR as mentioned in eq. 4:

_CRR

FoS =
CSR

(4)

Existence of liquefaction is expected when the values of FoS
<1 and there is no liquefaction for the values of FoS > 1.

Evaluation of Liguefaction Potential Index: Liquefaction
potential index (LPI) is a single-valued parameter for the
evaluation of liquefaction potential at a specific site.
Iwasaki et al'® proposed an expression for calculating the
LPl asineq. 5:

LPI = TF(Z).W(Z)dZ (5)

where z = Depth of the midpoint of the soil layer (0 to 20
m), dz = Differential increment of depth, F (z) = Severity
factor and w (z) = Weighting factor calculated using eq. 6:

F(z) = 1-FoS for FoS<1 6(a)
F(2)=0 for FoS<1 6(b)
w(z)=10-0.5z forz<20m 6(c)
w(z)=0 forz>20m 6(d)

For the soil profiles with depth less than or equal to 20 m,
LPI is calculated by using the following eg. 7:

LPI => w,FH, ()
i=1

where

Fi=1-Fosi whenFosi<1.0 8(a)

Fi=0 when Fos;> 1.0 8(b)

where H;i = Thickness of the discretized soil layers; n =
Number of the layers, Fi = Liquefaction severity for i layer,

FoS; = Factor of safety for ix layer and w; = Weighting
factor calculated by eq. 9:
wi = 10-0.5z; 9)

where z; = Depth of i layer (m).

The different level of liquefaction severity is described on
the basis of LPI values. Levels of severity are very low, low,
high and very high, their respective LPI values are 0, 0 to
5, 5to 15 and greater than 15 respectively.®

Geotechnical Investigation: Geotechnical investigation of
any location is done to explore the soil properties and to
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consider the measures to be taken during the construction in
that area. In this research work, an investigation is executed
in the campus of AIIMS Kalyani, Kolkata by Geotechnical
Consultant Centre for Advanced Engineering, Kolkata for
the project of AIIMS by performing an in situ test for
geotechnical investigation purpose. Majority of soil of
Kalyani district, Kolkata is classified as Gangetic alluvium.
Due to the mixture of sand and silt, the capacity of soil to
retain moisture is very low. Soft, compressible silty
clay/clayey silt is found up to depth of 14.0 m and for the
depth between 40m and 50 m, soil is stiff with intermediate
sand.?

The samples were reported from all the six sites for
evaluation of liquefaction potential. Details of SPT N values

Shear Wave Velocity (m/sec)

Shear Wave Velocity (m/sec)
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and other index properties with depth are given in table 2 for
all the six sites in AIIMS, Kalyani, Kolkata Campus. Table
2(a) shows the properties of clay type soil which include N
value, fines contents, water content, bulk density, plasticity
characteristics and evaluated values of corrected SPT N
value and shear wave velocity with the depth. Shukla et al®®
and Dagar et al® mentioned the shear wave velocity with the
depth for study region.

Fig. 2 represents the shear wave velocity curve for all the
sites i.e. BH-01 to BH-06 with depth. It can be observed
from fig. 2 that the shear wave velocity increases with the
depth for all the six sites. This behavior is consistent with
the SPT values across the depths (Table 2).

Shear Wave Velocity (m/sec)

100 150 200 250 100 150 200 250 100 150 200 250
0 0 0
2 _, 2 ’
4 4 4
— B
c 6 ~ 6 = 6
= = g
o
2 8 % O 8
10 B 10 10
12 12 12
14 14 14
16 16 16
(a) BH-01 (b) BH-02 (c) BH-03
Shear Wave Velocity (m/sec) Shear Wave Velocity (m/sec) Shear Wave Velocity (m/sec)
100 150 200 250 100 200 250 100 150 200 250
0 0 - 0
2 2 2
4 4 4
B — =
= 6 £ 6 EE, 6
g8 g 8 K
8 o
10 10 10
12 12 12
14 14 14
16 16 16
(d) BH-04 (e) BH-05 (f) BH-06

Fig. 2: Shear Wave velocity with the depth for all six sites in AIIMS Kalyani Campus
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Table 2(a)
Properties of the clay type soil samples for BH-01 to BH-06
. Bulk | Specific
Site Depth - . Water . N-
Identification | (m) D(Z?;l:';y Gr(fé\/)lty Contents Fines | LL | PL | PI Value (N1)eo | Vs1

6.00 1.84 2.66 27.29 72 42 | 22 | 20 11 149 | 174

7.50 1.84 2.66 72 15 18.1
BH-01 27.29 42 | 22 | 20 182

9.00 1.84 2.66 27.29 72 42 | 22 | 20 18 199 | 186

10.50 1.84 2.66 27.29 72 42 | 22 | 20 25 255 | 197

3.0 1.83 2.67 26.43 68 46 21 25 4 149 | 157

45 1.83 2.67 26.43 68 46 | 21 | 25 9 544 | 138

6.0 1.83 2.67 26.43 68 46 21 25 12 12.64 | 167

75 1.83 2.67 26.43 68 46 | 21 | 25 15 | 16.31 | 178

BH-03 9.0 1.83 2.67 26.43 68 46 | 21 | 25 19 18.24 | 182

10.5 1.83 2.67 26.43 68 46 21 25 20 21.09 | 188

12.0 1.83 2.67 26.43 68 46 | 21 | 25 20 21.63 | 190

135 1.83 2.67 26.43 68 46 21 25 21 20.23 | 187

15.0 1.83 2.67 26.43 68 46 | 21 | 25 23 20.03 | 186

BH-05 3.00 1.82 2.66 26.06 76 45 23 22 10 136 | 170
3.00 1.8 2.66 26.81 71 47 22 25 4 5.44 138
BH-06 450 1.8 2.66 26.81 71 47 22 25 14 20.02 | 186
6.00 1.8 2.66 26.81 71 47 | 22 | 25 17 21.06 | 188

Table 2 (b)

Properties of the sand type soil samples for BH-01 to BH-06

. Bulk Specific
Identsi;itgati on D((eng;h Density | Gravity | Sand Silt Clay Vzl;lllje (N1)eo V1
(g/cc) (G)
15 1.84 2.67 88 12 0 11 14.0 172
3.0 1.84 2.67 88 12 0 5 6.8 145
BH-01 12.00 1.84 2.64 85 15 - 28 28.2 201
13.50 1.84 2.64 85 15 0 32 30.3 205
15.00 1.84 2.64 85 15 0 34 30.6 205
3.50 1.80 2.63 76 21 3 7 9.52 157
5.00 1.80 2.63 76 21 3 9 12.21 166
6.50 1.80 2.63 76 21 3 12 15.96 177
8.00 1.80 2.63 76 21 3 14 16.79 179
BH-02 9.50 1.80 2.63 76 21 3 18 19.80 186
11.00 1.80 2.63 76 21 3 20 21.53 189
12.50 1.80 2.63 76 21 3 21 21.20 189
14.00 1.87 2.65 88 12 0 26 24.69 195
15.50 1.87 2.65 88 12 0 30 26.97 200
1.50 1.88 2.65 77 23 0 4 5.10 136
3.00 1.86 2.65 77 23 0 6 8.16 151
4.50 1.87 2.65 79 21 0 13 17.83 181
6.00 1.87 2.65 79 21 0 15 19.91 181
BH-04 7.50 1.87 2.65 79 21 0 18 21.37 186
9.00 1.87 2.65 83 17 0 19 20.61 189
10.50 1.86 2.65 83 17 0 28 29.63 187
12.00 1.86 2.65 83 17 0 35 34.66 204
13.50 1.86 2.65 83 17 0 41 38.29 211
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15.00 1.86 2.65 83 17 0 45 39.89 216
4.50 1.82 2.63 85 15 0 19 26.84 199
6.00 1.82 2.63 85 15 0 22 26.92 199
7.50 1.82 2.63 85 15 0 24 29.35 203
BH-05 9.00 1.82 2.63 85 15 0 27 30.15 205
10.50 1.82 2.63 85 15 0 27 29.38 203
12.00 1.82 2.63 85 15 0 28 28.50 202
13.50 1.82 2.63 85 15 0 31 29.75 204
15.00 1.82 2.63 85 15 0 32 29.13 203
7.50 1.88 2.64 84 16 0 21 25.75 203
9.00 1.88 2.64 84 16 0 23 25.58 205
BH-06 10.50 1.88 2.64 84 16 0 25 26.97 203
12.00 1.88 2.64 84 16 0 26 26.15 202
13.50 1.88 2.64 84 16 0 29 27.42 204
15.00 1.88 2.64 84 16 0 32 28.65 203
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Fig. 3: Factor of safety with the depth for all the six sites at AIIMS Kalyani Campus
(for Mw = 7.5 with amax = 0.16g and the water table at ground surface)
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Table 3
Computational of LPI of BH-02 for PGA = 0.16g, Magnitude of the Earthquake (Mw = 7.5)
and the water table at ground surface

Depth (m) | CSR | CRRvs | FOSvs z w(z) Fi LPI
3.5 0.23 0.11 0.46 1.75 9.13 0.54 17.24
5.0 0.23 0.12 0.55 4.25 7.88 0.45 5.31
6.5 0.22 0.16 0.70 5.75 7.13 0.30 3.19
8.0 0.22 0.16 0.75 7.25 6.38 0.25 2.38
9.5 0.21 0.20 0.95 8.75 5.63 0.05 0.43
11.0 0.21 0.23 1.13 10.25 4.88 0.00 0.00
12,5 0.20 0.23 1.15 11.75 4.13 0.00 0.00
14.0 0.18 0.25 1.37 13.25 3.38 0.00 0.00
15,5 0.17 0.32 1.83 14.75 2.63 0.00 0.00

LPI =Xw(2).F .H 28.55
Table 4
LP1 values of all six sites (for My = 7.5 and amax = 0.16g)

SN Site Bore Hole Depth LPI Level of liquefaction severity
T Identification (m) Value (Iwasaki et al.*®)
1 BH-01 15.00 19.72 Very High
2 BH-02 15.50 28.55 Very High
3 BH-03 16.00 2351 Very High
4 BH-04 15.00 19.77 Very High
5 BH-05 15.00 8.95 High
6 BH-06 15.00 17.84 High

The minimum value of Vsl is 138 m/s for the BH-03 and
BH-06 at the depth of 3 m corresponding to the minimum
SPT N value and the maximum value of Vsl is 216 m/s at
the depth of 15 m for BH-04. It can be inferred from fig. 2
and N values that all the six sites are comprised of medium
sand.

Results and Discussion

The CSR values at different depths were computed using the
simplified method (Eq. 1) for all the six sites. The CRR was
computed using eq. 2 given by Andrus and Stokoe*.

Further, fig. 3 depicts the FoS against liquefaction with the
depth for all the six sites based on Vs data. It can be
observed from fig. 3 that three sites viz. BH-01, BH-02 and
BH-03, are likely to be liquefied up to the shallow depth up
to the 8.0 depth. From fig. 3b, it is clear that the BH-02 is
the most susceptible site to liquefaction up to the depth of
10 m.

Like FoS, LPI values are also computed for all the six sites
for Mw = 7.5 and amax = 0.169. Table 3 shows the values of
LPI for the site BH-02 along the depth. Liquefaction
susceptibility for sites with LPI > 15 is high and the
liguefaction is unlikely at sites with LP1 < 5. LPI value of 15
has a probability of 93% of showing surface manifestations
of liquefaction; a location with an LPI value of 5 has a
probability of 58%.% Also. LPI values at different sites are
much sensitive to the location of water table rather that the
magnitude of earthquake.
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The LPI values evaluated from Vs based approach for all the
six sites are given in table 4. It can be concluded from table
5 that for Vs based approach, all the borehole locations have
LPI values greater than 15 excluding boreholes BH-05 and
BH-06; thereby the level of liquefaction severity is very high
for these sites. BH-05 and BH-06 have LPI index between
5 and 15 which means the level of liquefaction severity is
high (less than 93% probability). Further, liquefaction
potential index was also evaluated for different earthquake
magnitudes based on shear wave velocity data.

For Kolkata site, for the earthquake magnitude of 6, the
design PGA value obtained from the relationship given by
Abrahamson and Litehiser® is 0.12g. The PGA values for
other magnitudes of earthquake of Mw = 6.5 and Mw =5.5
were found to be 0.1g and 0.01g respectively.®

For Mw = 5.5 and PGA = 0.16g, the susceptibility of all the
six sites to liquefaction is very low (LPI = 0). For Mw = 6.0
and PGA = 0.12g, all the sites have LPI index <5 i.e. low
possibility of liquefaction (less than 58% probability).
Further, for Mw = 6.5 and PGA = 0.14g, all the sites have
LPI values between 5 and 15 i.e. less than 93% probability
except the BH- 05 (LPI = 0). Figure 5 shows the liquefaction
susceptible chart for all the six sites based on LPI values for
different earthquake magnitudes.

Figure 4 shows the liquefaction susceptibility chart for all
the six sites based on LPI values for different earthquakes
magnitudes. From fig. 4, it can be observed that the
liquefaction severity is lowest for the earthquake magnitudes
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of 5.5 and the severity of liquefaction increases as the Kalyani region for different magnitudes of earthquake was
magnitude of earthquake increases. Based on the analyses prepared and is presented in figure 5.
and results, liquefaction potential index mapping for AIIMS
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Fig. 4: LPI chart for all the six sites in AIIMS Kalyani Campus for different earthquake magnitudes
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Fig. 5: LPI Mapping for AIIMS Kalyani Region for Different magnitudes of earthquake
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Table 5
LPI value of all the six sites in AIIMS Kalyani Campus for different Earthquake Magnitude and PGA
Site Liguefaction Potential Index Values
Identification My=75&PGA= | My=65&PGA=| My=60&PGA= | My=55&PGA =
0.16 0.14 0.12 0.01
BH-01 19.72 5.8 1.52 0
BH-02 28.55 8.81 0 0
BH-03 23.51 11.09 3.89 0
BH-04 19.77 10.08 2.89 0
BH-05 8.95 0 0 0
BH-06 17.84 11.42 4.37 0
Conclusion Malaviya University of Technology, Gorakhpur is

The liquefaction potential of Kalyani Region has been
analyzed using in situ tests data. The factor of safety against
liquefaction is also determined using shear wave velocity
data. Liquefaction potential is also compared with other in
situ tests data i.e. SPT N-Values. Further liquefaction
potential index is also evaluated for different magnitudes of
earthquake.

Following conclusions can be drawn based on the analyses
performed:

1. ForPGA =0.16g and M, = 7.5, the factor of safety against
liguefaction, assuming water table at the ground level, is less
than one for most of the sites at shallow depths (up to 7.5m
depth) except for one site (BH-05). Thus, all the sites are
likely to be liquefied up to the shallow depths of 7.5 m based
on the results.

2. Further, for the selected earthquake magnitude of Mw =
6.5 (PGA = 0.149), the liquefaction potential index values,
assuming water table at the ground level, lie between 5 to
15 i.e. there is high level of liquefaction severity at all the
sites except BH-05 (LPI =0). Thus, all the sites are likely to
be susceptible to liquefaction. Further, for Mw = 6.0 and
PGA = 0.12q, all the sites are having LPI =0to 5 i.e. low
possibility of liquefaction (less than 58 % probability) while
in case of Mw= 5.5 and PGA = 0.01g, all the sites perform
well i.e. LPI = 0. As the magnitude of earthquake increases,
the severity of liquefaction increases.

The present study is done to evaluate the liquefaction
potential of Kalyani region Kolkata. The finding of the
present study is helpful to identify seismic liquefaction-
prone areas in the Kalyani region. This knowledge can be
used to take proper measures to mitigate liquefaction
hazard. Results indicate that for all the important projects,
the liquefaction analysis of a site based on shear wave
velocity may be required for the comprehensive
understanding. Though this outcome is based on limited
data presented here and may require further investigation,
the present study has direct practical application for the
design of structures and foundations in the Kalyani region
of Kolkata.
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