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Lots of research work is being carried out in evaluating the liquefaction susceptibility. The main objectives of these studies are to
identify the regions which are vulnerable to liquefaction. In the present study, an attempt has been made to predict the liquefaction
susceptibility based on corrected SPT values required to prevent the liquefaction for given return periods. The evaluation of
liquefaction susceptibility requires the calculation of two parameters, seismic loading and the soil resistance. In most of the studies,
the seismic loading will be evaluated based on probabilistic methods and the evaluation of soil resistance will be done based on
deterministic analysis. In the present study these parameters were evaluated based on the probabilistic methods. The contour curves
showing the spatial variation of SPT values required to prevent the liquefaction for return periods of 475 and 2500 years are presented
here. The liquefaction hazard curves, based on SPT values for some of the selected cities in the study area are also presented here.
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INTRODUCTION

The term liquefaction can be defined, in a broad manner, as
the strength loss of saturated sands due to the sudden increase
in pore water pressure. Soil liquefaction has been observed
during the earthquakes due to the sudden dynamic earthquake
load. The devastating effects of liquefaction were observed
during the Niigata and Alaska earthquakes in 1964. These
instances of liquefaction have initiated lots of research work in
the area of liquefaction potential evaluation. On a broad scale
the evaluation of liquefaction potential involves two steps. The
first step is the evaluation of earthquake loading and the
second step is the evaluation of soil resistance to liquefaction.
The evaluation of earthquake loading requires the analysis of
seismotectonic properties of the region, collection of
earthquake details and evaluation of peak ground acceleration.
Where as the soil resistance depends on the properties of soil,
age and type of soil deposit and depth of ground water table.
Hence the evaluation of liquefaction potential can be
considered as an interdisciplinary study. The important steps
involved in the liquefaction potential evaluation are:
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o evaluation of peak horizontal acceleration (PHA) at bed
rock level.

o evaluation of surface level peak ground acceleration
(PGA), considering local site effects.

o evaluation of liquefaction potential based on the PGA
values and the soil properties.

Most of the conventional liquefaction evaluation methods use
single ground acceleration and earthquake magnitude values.
The evaluation of seismic hazard using the probabilistic
seismic hazard analysis (PSHA) shows that a particular
ground acceleration was not contributed by a single
earthquake magnitude, instead it has been contributed by
different magnitudes with varying probability of occurrence.
A new probabilistic performance based approach, based on
SPT values, suggested by Kramer and Mayfield (2007) utilizes
the entire ground acceleration range in evaluating the
liquefaction potential. This paper deals with evaluating the
liquefaction return period based on SPT values for south India
by considering the uncertainties in earthquake loading and the
liquefaction potential is evaluated based on a probabilistic
performance based approach.



SEISMIC HAZARD ANALYSIS

The liquefaction potential evaluation was done for south India
(8.0° N - 20° N; 72° E — 88° E), which is a part of the
Peninsular Indian continental shield region. South India (Fig.
1) is spread over an area of one million square kilometre and
with a population of 300 million. The seismic hazard analysis
for the study area was done based on the probabilistic
approach. The first step in seismic hazard analysis is to
prepare the earthquake catalogue for the study area.
Earthquakes which are occurring outside the study area will
also contribute to the seismic hazard in the study area. Hence
the earthquake data were collected from an area which is with
in a radius of 300 km from the boundary of the study area
(Regulatory guide, 1997). Since a complete earthquake
catalogue for the study area was not available, it was prepared
by compiling the data from different sources till December
2006. The final earthquake catalogue consists of 1955
earthquake events out of which 673 events were having
magnitude 4 and above.
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Fig.1 Location of study area in India

The earthquake recurrence rate is expressed by the Guttenberg
and Richter (1944) relation.

Log,,N =a—-bM (1)

Where N is the total number of earthquakes with magnitude
greater than or equal to M and “a” and “b”" are the seismicity
parameters for the region. These values signify the
background seismicity and the magnitude size distribution for
the region respectively.
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The next step in the hazard analysis is to identify the
vulnerable seismic sources in the study area. The sources
(faults) were identified from the seismotectonic atlas
(SEISAT, 2000), which contains the details of the faults,
lineaments and shear zones in India and adjoining areas. The
required pages of SEISAT were scanned and after
georeferencing these images the earthquake data was
superimposed on this. The sources, which were associated
with earthquake events of magnitude 4 and above, were
identified as vulnerable seismic sources and they were used in
the subsequent analysis. Apart from this some more seismic
sources which were identified using the remote sensing
techniques (Ganesh Raj and Nijagunappa, 2004) were also
used in this study. The seismic sources used in this study

along with the earthquake with magnitude 4 and above are
shown in Fig. 2.
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Fig. 2 Details of seismic sources considered in the seismic
hazard analysis.

The mean annual rate of exceedance of ground motion
parameter, Z, with respect to z for an earthquake of magnitude

m occurring at a distance of r can be evaluated using the
following equation.

v(z) = ZN: N, (m,) mJ'ufn(m){ T f,(r[mP(Z>z|m, r)dr}dm @

Where N, (mo) is the frequency of earthquakes on a seismic
source n, having a magnitude higher than a minimum
magnitude m?; f,(m) is the probability density function for a
minimum magnitude of m° and a maximum magnitude of m";
f.(r|m) is the conditional probability density function for the
occurrence of an earthquake of magnitude m at a distance r
from the site for a seismic source n; P(Z>z|m, r) is the
probability at which the ground motion parameter Z exceeds a
predefined value of z, when an earthquake of magnitude m
occurring at a distance of r from the site. Thus the function



v(z) incorporates the uncertainty in time, size and location of

future earthquakes and uncertainty in the level of ground
motion they produce at the site.

The attenuation characteristics of the study area were modeled
using the relation suggested by Raghu Kanth and lyengar
(2007) as this was the only attenuation relation available for
the study area at present.

InYge =€, +¢, (M —6)+¢,(M—-6)"~InR—c,R+In(e)  (3)
Where ygr — peak horizontal acceleration (PHA) / spectral
acceleration (g) at bed rock level; M - moment magnitude of
the earthquake; R - hypocentral distance and ¢ - standard error
associated with the predicted values. The PHA value “z” is

assumed to follow a normal distribution and this can be
calculated as:

,_InPHA—InPHA @

OnpPHA
Where PHA is the various targeted peak acceleration levels

which will be exceeded. In PHA is the value calculated
using attenuation relationship equation and oy, is the

uncertainty in the attenuation relation expressed by the
standard deviation.

SITE RESPONSE

When the seismic waves travel through the overlying soil, the
waves gets modified and this is known as site effects. For the
evaluation of site effects, the site classification has to be done
and it can be done based on surface geology, geomorpgology
or geotechnical data. One of the widely followed site
classification schemes is based on the average shear wave
velocity in the top 30 m (V,¥). The National Earthquake
Hazard Reduction Program (NEHRP) recommends (The
Building Seismic Safety Council (BSSC), 2001) six site
classes based on V,* values. The shear wave velocity ranges
for each site class are, site class A (Vs> > 1.5 km/s), site class
B (0.76 km/s < V,* < 1.5 km/s), site class C (0.36 km/s < V>
< 0.76 km/s) and site class D (0.18 km/s < V,** < 0.36 km/s).
Site class E consists of soil profile with more than 10 feet of
clay which is having a plasticity index higher than 20 or water
content higher than 40% and V,* < 180 m/s. Site class F
consists of soils like highly sensitive clays, collapsible
weakly-cemented soils etc. and these types of soils (site class
E and F) require site specific evaluations.

The amplification factors for south India for different site
classes can be evaluated based on the following equation
(Raghu Kanth and lyengar, 2007).

InF, = ay,, +a,+Ind, (5)
Where @, and @, are regression coefficients, Y, is the
spectral acceleration at rock level and d is the error term. The

values of the regression coefficients &, and a, will vary for
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different site classes and for different time periods. These
values were derived based on the statistical simulation of
ground motions (Raghu Kanth and lyengar, 2007) and they
also take into account the nonlinear site response of the soils.
The value of spectral acceleration at surface level for different
site classes can be obtained from:

ys = ybr Fs (6)
Where F is the amplification factor and Y, is the spectral
acceleration at the ground surface for a given site class.

LIQUEFACTION POTENTIAL EVALUATION

i. Based on SPT Values

One of the first methods to evaluate the earthquake loading
(Cyclic stress ratio, CSR) was suggested by Seed and Idriss
(1971) in the “simplified method”.

a r
CSR=0.65-mex Ovo_d__ (7
g o, MSF

Where anq is the peak ground acceleration (at surface level),
G,,and G, are the total and effective over burden pressure,

Iyis the depth reduction factor used to account for the

flexibility of the soil and MSF is the magnitude scaling factor.
The above relationship was developed for an earthquake of
magnitude M,, — 7.5 and if the magnitude of earthquake is
different from this, it is being taken care off by the MSF.

Lots of probabilistic methods are suggested for evaluation
liquefaction potential based on SPT values and one of the first
attempts was done by Liao et al. (1988). A recent and
comprehensive work in this area was done by Cetin et al.
(2004). The probability of liquefaction at any given location
can be evaluated using the procedure suggested by Cetin et al.
(2004).

(Nl)eo 1+ HlFC) -6, In CSReq
—6;In MW_‘94(In(G\;0 IP,)+6,FC+6,

O,

(8)

P =0 —(

Where, PL is the probability of liquefaction; @ is the standard
normal cumulative distribution function; (N4)e is the corrected
N value; FC is the fineness content in percentage; CSR¢q is the
cyclic stress ratio without MSF (from Eqg. 1); Mw is the

moment magnitude of earthquake 0';0 is the effective vertical
pressure at the given depth; Pa is the atmospheric pressure (in
the same unit as 0\',0); 0, — 05 are regression coefficients;

O, is the model uncertainty.
The evaluation of earthquake loading in liquefaction potential

evaluation requires the quantification of the uncertainties in
earthquake loading. All the available methods, either



probabilistic or deterministic, use a single ground acceleration
and earthquake magnitude. The results obtained from the
PSHA analysis show that several magnitudes contribute
towards the ground acceleration and their percentage of
contribution varies. This is clear from a seismic hazard curves
given in Fig. 3. From this figure it is clear that it won’t be fair
to come to the conclusion that a particular ground acceleration
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Fig. 3 The deaggregated seismic hazard curve at 17.3° N &
73.8°E

was produced by a certain magnitude, instead it is being
contributed by different magnitudes. But the conventional
liquefaction analysis methods fail to consider this aspect.
More over the annual frequency of occurrence of lower
acceleration values will be more and that of higher
acceleration values will be less. The conventional liquefaction
analysis fails to account for such variations in frequency of
occurrence of ground motions also. Hence to account for these
uncertainties in a better way, a probabilistic performance
based approach was suggested by Kramer and Mayfield
(2007). This approach was developed by modifying the
probability of liquefaction evaluation suggested by Cetin et al.
(2004).

NIM
Ao = 2P| EDP > EDP'[ M =im, A4, ©)
i=1

Where EDP - engineering design parameter like factor of
safety etc.; EDP” - a selected value of EDP; IM — intensity
measure which is used to characterize the earthquake loading
like peak ground acceleration, etc; im; — the discretized value

of IM; AEDP* - mean annual rate of exceedance of EDP”;

AZ,, - incremental mean annual rate of exceedance of
1

intensity measure im. The following equation can be derived
by considering the EDP as SPT value and the intensity
measure of ground motion as a combination of PGA and

magnitude.
Ny N,
AN:eq = JZ;; PN, >N, a,m]AL, (10)
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Where AN* - annual rate at which corrected N, value will be

req

*

higher than Nreq ; Nreg — corrected N value required to prevent

liquefaction, N’r‘eq- targeted values of corrected N values;
N,, - number of magnitude increments; N - number of peak

acceleration increments; AA, . incremental annual
i

frequency of exceedance for acceleration a; and magnitude m;
(this value is obtained from the deaggregated seismic hazard
curves). The conditional probability in the previous equation
can be written as

Ny, =6, In(CSR,, ) -6, In(m,)
-6,(In(c,, I P,) +6,

(e}

&

] (11)

PIN

>Ny la,m]=® —[

req

The value of N;‘eq is the corrected N value (for both over

burden pressure and percentage of fines, Nygocs) required to
prevent the liquefaction with an annual frequency of

exceedance of /1N* .

req
Based on Eg. 10 and 11 curves showing the variation of
annual frequency of exceedance with corrected SPT values
can be drawn. From these curves the Ny g cs values required to
prevent liquefaction for any given return period can be
determined. Such evaluation is not possible with any of the
existing probabilistic or deterministic methods. Moreover by
using this method it is possible to find the Njgocs Vvalues
required to prevent liquefaction at any location without having
the actual SPT values. Based on the site investigation, actual
SPT values can be obtained and the factor of safety against
liquefaction at that location can be calculated.

RESULTS AND DISCUSSIONS

Based on the analysis of the earthquake catalogue, the
frequency magnitude relation obtained for the study is given
below.

Log,,N = 4.67(£0.4)-0.9(+0.07)M (12)
For calculating the seismic hazard values, the entire study area
was divided into grids of size 0.1° x 0.1° (about 10000 grid
cells) and the hazard values were calculated at the centre of
each of these grids by considering all the seismic events and
sources with in a radius of 300 km. While doing the seismic
hazard analysis, the magnitude range and the hypocentral
distance range were divided into small intervals. The range
selected in magnitudes was 0.2 and that of the hypocentral
distance was 5 km. The probabilistic seismic hazard analysis
was done for each of the magnitude distance bins, and the
peak horizontal acceleration (PHA) values were obtained at
rock level. For the evaluation of liquefaction potential, the
surface level PGA values were evaluated based on the
assumption that the study area falls in site class D.



In order to consider the worst scenario for liquefaction, the
water table was assumed to be at the ground level. The
specific gravity of the soil was taken as 18 kN/m® and the SPT
values required to prevent liquefaction was evaluated at a
depth of 3 m. The liquefaction hazard curves were developed
for each of the grid points, based on the methods explained in
the previous sections. These curves show the variation of SPT
values required to prevent liquefaction against the annual
frequency of exceedance. The liquefaction hazard curves
obtained for the selected cities in south India based on SPT
values are shown in Fig. 4. From this figure the corrected SPT
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Fig. 4 Liquefaction hazard curves based on corrected ‘N’

values

1.0E-10

value required to prevent liquefaction for any given return
period can be obtained. The corrected SPT values required to
prevent liquefaction for the selected cities with different
probabilities of exceedance in 50 years are shown in Table 1.
If the actual SPT values at the site (obtained from a site
investigation) are higher than the values given in the table,
then these locations are safe against liquefaction for that given
return period. If not these sites are vulnerable to liquefaction
hazard.

The SPT values required to prevent liquefaction for 10 % and
2 % probability of exceedance in 50 years were evaluated for a
depth of 3 m. The contour curves showing the spatial variation
of SPT values required to prevent liquefaction for return
periods of 475 and 2500 years are given in Fig. 5 and 6. The
highest corrected SPT value required to prevent liquefaction
for a return period of 475 years is 23 at Koyna region. The
SPT values required to prevent liquefaction for a return period
of 2500 years is given in Fig. 6. The patterns of variation of
these values are similar in both the figures. The values
required for a return period of 2500 years is higher due to the
increased return period. For any region in the study area, the
factor of safety against liquefaction for a given return period
can be obtained by dividing the values presented in this study
with the actual SPT values obtained from site investigation
(after correction). In a similar way liquefaction susceptibility
maps can be prepared for different return periods and depths
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also. However these maps do not necessarily mean that the
Koyna region is the most liquefaction susceptible area in south
India. This can be ascertained only after getting the actual SPT
data.

CONCLUSIONS

This paper explains the methodology for evaluation of
liquefaction potential for a vast area based on SPT values. The
entire process of liquefaction potential evaluation was done
based on probabilistic methods and this will help in
incorporating the uncertainties in earthquake loading in a
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Fig. 5 Spatial variation of SPT values required to prevent
liquefaction with 10 % probability of exceedance during 50
years (return period of 475 years)
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Fig. 6 Spatial variation of SPT values required to prevent
liquefaction with 2 % probability of exceedance during 50
years (return period of 2500 years)

better manner. The performance based approach will give the
parameters required to prevent the liquefaction for any given
return period. In this work the liquefaction return period at a
depth of 3m has been evaluated for return periods of 475 and
2500 years. However more research has to be done to come up
with the return periods required for different types of
structures. These maps will be very useful for identifying the
liquefaction susceptible areas and taking remedial measures to
reduce the hazard.
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