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ABSTRACT

Inthisstudy attempt hasbeen madeto under stand in-situ void
ratioin Indo-Gangeticbasin (IGB) and toform empirical relations
between void ratio and shear wave velocity (V) , N values
considering subsoil investigation data. Multichannel analysis of
surface wave (MASW) test and standard penetration test was
carried out alongwith soil property measured at 25 locations. The
general soil profile varied from silty sand to clay of low
compressibility, ground water level fluctuated between 1-27 m,
depth of borehole varied from 20-40 m. Regression analysis was
conducted on 202 data sets of void ratio and shear wave velocity,
293 data sets of void ratio and SPT- N value, which resulted in
inver secorrelations between void ratioand V_, SPT N value. The
datas were segregated into fine, coarse grained data based on
engineering classification and relationswer e devel oped separ ately.
Until now, no studieshaverelated in-situ void ratioto V_and SPT
N. These correlations will be useful to predict void ratio for sites
having measured values of V_and N value. These void ratios can
befurther used to assessliquefaction susceptibility.

INTRODUCTION

(2005) conducted studies on the relation between shear wave velocity
and void ratio of gold tailingsTriaxial apparatus was modified to
accommodate bender elements and the shear wave velocity of gold
tailings was determined at various void ratios arfiecéfie stresses.

The shear wave velocity was normalized agairfstéfe stress and

then related to void rati@he authors stated that the knowledge of the
relation would help in the evaluation of liquefaction susceptibility of
gold tailings.The majority of the above mentioned studies were based
on laboratory experiments and model stuidg clear that very limited
studies have been carried out by relating in-situ measured shear wave
velocity and SPTN values with void ratioThe present study is the

first of its kind which aims at developing correlations between in-situ
void ratio and shear wave veloGi§PTN value. In the present study
subsoil investigation carried out for Lucknow city was used to generate
correlation between void ratios and shear wave velocitiée. data
available for Lucknow city has been combined with data from Barauni,
Bhagalpur and Ggaon to develop correlation of void ratio and SPT

N value A total of 202 data sets of shear wave velocity and void ratio,
293 data sets of SPT N value and void ratio were used in the process.
The overall data were segregated into fine grained and coarse grained
based on engineering classification and correlations were developed

An idea of the permeability and the liquefaction evaluation of soifor all data, fine grained and coarse grained data separatedy

can be gained from quantified values of void rafibese two prediction of void ratio from the measured value of shear wave
engineering properties are predominantly controlled by the physicaglocity, SPTN will prove to be useful in the evaluation of liquefaction
property of void ratio. MoreoveYilmaz and Mollamahmutoglu (2009) susceptibility of the site and in geotechnical engineering. It can be
highlighted that the strength and deformation characteristics of samdted here that correlations serve as a quality assurance check on
are controlled by the physical state and the nature of the sand eitlitermined test result$he use of correlations are recommended
under static or dynamic loading. Researchers have related soil voidhen specific data are not available, a limited amount of data for the
ratio with liquefaction susceptibility and flow/slope failure (land slide)specific property of interest is available, the validity of certain data is
(Yilmaz and Mollamahmutoglu, 2009; Okura et al., 2002). Most ofn question (FH\®-1F-02-034, 2002). In addition, it must be borne in
these works are limited with laboratory measurement and very femind that, correlations cannot be used as a substitute for soil
researchers have worked on in-situ void ratio and relating void ratiavestigation.These types of correlations can be used as a guide to
to engineering properties. Cunning et al. (1995) proposed correlatioasthenticate the values obtained from soil investigation.

between normalized shear wave velocity and void ratio based on

reconstituted, isotropically consolidated,§4) sand and shear wave STUDY AREA AND FIELD TESTING

velocity measured using bender element tests. Ottawa Alaséta In the present work, sub-soil investigation conducted in the city
sand and Syncrude sand were studiadations in confining pressure of Lucknow for seismic microzonation has been used. Lucknow is the
and void ratio were found to have the greatefsicefonV_ as per capital of Uttar Pradesh, the most populous state of India and is
variable studies by Hardin and Richart (1963). Samples of Ottawstuated on the northern Gangetic plaifise geographical location
sand were studied and the shear wave velocity was found to vasfLucknow is between 26.50° north and 80.50° é&®t. study area
linearly with void ratio and independent of relative dengitgdation is laid with thick alluvial sediments deposited due to river associated
and relative grain size. Hardin and Richart (1963) also found tharosion in the Himalayas. Lucknow lies on the bank of river Gomati
given two sands at similar void ratios, one with angular grains anfdom Husainabad to Dilkusha garden. Regional soil deposits mainly
another with rounded graing, in the soil with angular grains is ¢gat comprise both older and younger alluvium of Ganga—Ghagra
Hardin and Drnevich (1972) conducted a resonant column and simptgerfluves (GSI, 2001)he older alluvium spreads over the vast area
shear testing and concluded that strain amplitudectéfe mean between elevationslb and 129 m, covering areas such as Chowk,
principal stress, and void ratio are very important parametersfiet af Aminabad, Charbagh and Kakori. Sand mounds of height 4 — 5 m
the shear modulus of both clean sands and clays. Chang and Heym&nm ground level have been observed in the Malihabad and Gosainganj
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areas. Soil deposits studied here respresent Indo-Gangetic basin (IC (a) Shear wave velocity (m/s) (b) Shear wave velocity (m/s)
deposit, which is located between°® and 88 E longitude and 0 200 400 600 800 0O 200 400 600 800
24° N to 30 N latitude. The Ganga basin is home for more than| ° l ‘ ‘ 0 ; ‘ ‘ ‘
200 million peopleThey are prone to geotechnical hazards due t( | :2; 5 ——B4
earthquake in the active Himalayan blthough a major part of | -1 B3 g™ e
the sediment is being transferred to the Ganga delta, considerable [ €15 septt| | |5 15 816
of it settles in the basirThis continuous process resulted in a| 8.z | —-B13 S 20 :zz:’
thick- fluvial deposit from a few meters to several kilometres a| —o-818 5 |
many locations in Ganga basin (Sinha et al., 200 azhagan et al. % | 0|
(2013) presented a detailed discussion on soil deposits and fie
experiments in the study area. s -

In this study 22 shear wave velocity profiles and 84 borehole dat © Shear wave velocity (ms) (d)  Shear wave velociy (mis)
with N-SPT values were identified and selected for developin 0 200 400 600 800 0 200 400 600 800
correlations. Figure 1 shows location of boreholes and shear wa] © 0
velocity measurement in the study area. Shear wave velocity w{ 5 1
measured using MASWurvey MASW test was carried out using | _, 10 |
24-channel geode seismograph in combination with 24 verticzg_15 s |
geophones with a frequency of 4.5 An. impulsive source of a 15- |g | —*85 H
pound sledge hammer striking against a 30 cm x 30 cm steel plg g0 ||-=-so g%
generates the surface wavkgieophone interval of 1 m and varying | -2 B8 25
shot distances of 5, 10, 15, 20, and 25 m with 10 stacks were used o |~ >~ a0 |
reach a maximum depth of penetration. More discussion about MASY —— 35 )

testing and results can be foundAinbazhagan et al. (2013Jhe i
shear wave velocity values recorded range from 100-650 m/s. ng}
2a-d shows shear wave velocity from MAS§%ting used in the study !
Boreholes were drilled in the study area and N-SPT was measured

and soil samples were also collected as per 1S:2131 (1881). to ASTM D:2487 (2006)The classification of the soil present at the
boreholes were drilled with a diameter of 150 mm as per 1S:189te was done based on the percentage weights passing through standard
(1979), and N-SPT values were measured regularly at 1.5 m intervaeves anditterbegg limits. According to 1S:1498 (1970), coarse

as per 1S:2131 (1981). Disturbed and undisturbed samples wegeained soils are subdivided into gravel and sand based on the
collected at possible depths as per 1S:2132 (19B6. physical percentage of coarse fraction, whereas fine grained soils are sub-divided
properties were measured in the laboratory using disturbed soil sampiet three depending on the value of liquid limit. lgamic clay of

as per 1S:1498 (1970) and used for soil classification. N-SPT valudsw plasticity (CL), inoganic silts of none to low plasticity (ML),

and soil profiles were recorded in the fi€ldhe values of the SPN inorganic clays of medium plasticity (Cl), irganic silts of medium

value recorded ranged from 3 to 50. Plot of SPT N with depth for 2@lasticity (MI) and silty clay (CL-ML) have been grouped as fine
boreholes from Lucknowused in this study is shown in Fig 3a-d. grained and silty sands (SM), poorly graded sands (SP), poorly graded
Figure 4 shows a typical borelog up to depth 30 m with the SPT Band with silt (SM-SP) have been classified as coarse grained soils.
values. More discussion about SRTvalues and/  values, Finally, these data were grouped as fine grained data, coarse grained
comparison and correlation between S®&andV_ can be found in  data and all data (all soil types), which were further used to develop
Anbazhagan et al. (2013).

g.2a-d. Plot of shear wave velocity versus depth of data considered
the study

The general soil profile encountered varied from silty sand t¢ (a) SPTN value 0| |®, SPT N value 5
clay of low plasticity The overall data from each borehole was| . . 0 ‘
segregated into fine grained and coarse grained soils based on | ——B1 5 ——B4
standard classification system as per 1S:1498 (1970) which is simil —=-B2 —=-B10

10 —+B3 -10 - ——B14
E-15 ——B11 E15 | —B16
N g 50 | —B13 £ —=B20
@ 8 B18 8 2 —~0—B21
25 | 25 |
-30 4 30 -
35 35
SPT N value SPT N value
Gurgoan (C) 0 40 80 (d) 0 40 80
b7 6 borenole data 0 . ) 0 . ,
Ozl?lutcmklr.lede data 51 ——B5 -5 4 el
21 Vs profile (MASW) 10 4 _ —=-B6 ——B9
23 Bwagole data e s | B8 E»m 1 B17
22 borehole cata £ —B12 15 | —eB19
3 -20 4 B2 g —%=B23
lg'i N
.25 4
230 4 -25 4
Borehole data comprises of SPT N value,
density and void ratio Figures not drawn to scale 35 - 30 -

Fig.1. Location of borehole, shear wave velocity and void ratio dat&ig.3a-d. Plot of standard penetration test (SPT) N values versus
used in the study depth of data considered in the study
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Borehaole No: BH 1 Wi H i
Wb Yot i il i The samples were collected by driving a thin walled casing and the

Depth 1o ription | Thickness | Legend Soil — [Sample[ [ [ SPTN hole was cleaned such that the sample remained undisftingedepth
below GL classificafion type results f
; DS of casing below ground level and the depth of the water table were
5 _ uDs noted.The assembled sampling tube was inserted and the depth of the
L e el = | 7 bottom of the borehole below ground level, amount of penetration of
4 =T A4 T the sampling tube and water level in the borehole was recdrtded.
: <2l [ g sampling tube was pushed in a continuous and rapid motion beyond
< Ay sand 3 S5 ups the casing bottom. Samples were taken, by repeating the sampling
8 ﬁ;; o ? procedures, at every change in the stratum or at intervals not more
g SPT 83 10 than 1.5 m, whichever was le3his procedure is similar tASTM
10 | siysand [ 4 P B | an | D:1587 (2012). The void ratio of in-situ soil was determined from
n uDs specific gravitywhich is determined as per 1S:2720 (Part Ill) (2002).
12 Ze | T ® The soil samples were tested using a density bottle method to obtain
L Sitty sand L | I Sh-SP set | izs 18 the specific gravityThe complete density bottle was weighed to the
| snysana 1 ‘ | su w8 | | nearest grambout 1/3° of density bottle was filled with sample and
s uDs weighed. Sufcient airfree distilled water was then added such that
o | suysana a5 - 3; tasl) = the bottle was full and the weight was not&tle bottle was then
Iy =T | 173 23 filled with air-free water and the weight recorded. Using these weights,
i uDs the specific gravity was measur@the void ratio was calculated from
20 ﬁ;; e = specific gravity using values of water content, and degree of saturation.
21 SFT | 203 24 The procedure adopted bears resemblan@eSTM D:854 (2014).
uDs - . . . . .
2z Silty sand 85 SM-sP & | come | os The plot between void ratio and depth is shown in Fig. 6a-d. It is
z uDs generally regarded that void ratio decreases with an increase in depth.
2 = || ¥ This is not observed in some of the boreholes, which may be due to
2 seT | 248 | = the variation in deposition process and age of the depdsisse void
2: 2 | e | ratios are derived from in-situ undisturbed samples and represent in-
28 S . oL uDS situ conditions. Cubrinovski and Ishihara (1999) highlighted that the
R ; sPT 278 24 . . . . . . L
=2 i void ratios have advantages over direct physical soil properties, i.e. it
k] sPT | 203 28 provides a rational measure for quantifying the combinfsttsf of

Fig.4. Sample borehole data of depth 30m showing the strata and SB2I" Size and grain size distributiohhe void ratio range is an
N values appropriate parameter to better characterization of saildsagvand

Mollamahmutoglu, 2009). Most of the researchers used void ratio of
correlation separatel\Soil properties measured in laboratory for laboratory soil samples and very limited study was done on in-situ
typical borehole is shown in Fig.5. void ratios.

Void Ratio PREDICTION OF VOID RATIO-CORRELATIONS
During the drilling for SPT N value measurement, the undisturbed Empirical correlations are a part of geotechnical engineering and
samples were obtained at regular intervals as per IS: 2132 (1986jJe widely used in many design applicatiofisese correlations can

% material passing |5 sieves | Atterberg limits Wet Angle of
Dry bulk . . .
sample | 7 0.425 |0.07s| w | oL bulk | ensity | VOi¢ | Conesion [ internal
No: mm 2mm mm | mm | %) | ) Pl (%)] density (&/cc) ratio {kg,ﬁ:mz} friction
(g/cc) (deg.)
1 100 | 100 100 73 | 26 | 22 4 - - - - -
2 100 100 100 74 25| 23 2 1.71 1.57 - - -
3 100 | 100 100 62 Non plastic 1.72 1.56 |0.679 0 27
4 100 | 100 100 8 Non plastic 1.65 1.48 |0.777 0 30
5 100 | 100 100 3 Non plastic 1.67 1.5 0.753 0 31
6 100 | 100 100 5 Non plastic 1.71 1.5 - - -
7 100 | 100 100 5 Non plastic 1.72 1.53 |0.725 0 31
8 100 | 100 100 [3 Non plastic 1.71 1.54 - - -
9 100 | 100 100 13 Non plastic 1.76 1.57 |0.681 0 30
10 100 | 100 100 5 Non plastic 1.74 1.54 - - -
11 100 | 100 97 5 Non Plastic - - - - -
12 100 | 100 98 8 MNon Plastic 1.75 1.55 |0.703 0 31
13 100 100 97 7 MNon Plastic 1.79 1.55
14 100 | 100 a8 5 MNon Plastic 1.79 1.52 |0.707 0 32
15 100 100 98 8 Non Plastic 1.85 1.57

16 100 | 100 99 9 MNon Plastic 1.86 157 |0.681 0 31
17 97 94 91 87 | 30| 18 | 12 2 1.63 |0.607 0.25 18
18 92 90 88 83 | 31| 20| 11 2.05 1.7 - - -
19 93 89 86 82 | 33| 19| 14 2.05 1.73 - - -
20 29 84 81 77 | 33| 19| 14 - - - - -

Fig.5. Typical laboratory results of a borehole
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Fig. 6a-d. Variation of void ratio with depth in the boreholes

be classified in two groups: one derived from field and laboratory Figs 7a-c shows the relation between void ratio\gsfdr all soil

tests on undisturbed soils, and the other based on field-performartyges, fine grained and coarse grained sois.regression equations
of soil deposit with known SPT N values (Cubrinovski and Ishiharabetween void ratio and_ for all soil types, fine grained and coarse
1999). Several such empirical correlations are available in the literatuigrained soils are shown in Egs 3(a)-(c).

Most of the widely used geotechnical correlations were summarised
by the estimating software by Novotech (201¥ry limited

correlations are available for laboratory/field measured index properties e = 2.73%%?°* (R*= 0.695) for fine grained soil

with field measured engineering properties such asi$BTV . In

this study measured data of in-situ void ratio (index property) has
been correlated with engineering properties of shear wave velocity
and SPT N values. General form of regression equation used for all
the correlation is given below:

Independent variable= a x Dependent variable

(Void ratio) (SPTN orv)° (1)

where a, b are regression dasénts which vary inversely with
each other

It can be noted here that there few correlations like those of
Cubrinovski and Ishihara, (1999) are available between relative density
(D,) or difference in minimum and maximum void rate ( — €. )
and SPT N values and not feralue.

Void Ratio and Shear Wave Velocity

In the present studyoid ratios from 23 boreholes corresponding
to different depths were used to develop the correlation with shear
wave velocity by least squares estimatidrstatistical measurement
of correlation was calculated using the least squares method to quantify
the strength of the relationship between two variafdles. overall
data comprised of 202 data sets of void ratio\apd’hese data are
separated into fine grained and coarse grained soils as mentioned earlier
leading to 128 fine grained and 74 coarse grained data poirés.
void ratio used in the study ranged from 0.45-0®% output of
regression is the correlation ctiefent or (r) and codicient of
determination (R, which ranges between -1 and 1. In least squares
(LS) estimation, the unknown values of the parameters in the regression
function were estimated by finding numerical values for the parameters
that minimize the sum of the squared deviations between the observed
responses and the functional portion of the model. Correlation
coeficient which measures the strength of a relationship between two
variables (for ‘n’ number of data points) was calculated as in Eqn 2.
Coeficient of determination (B gives the proportion of variance of
one variable that is predictable from the otheepresents the percent
of data that is closest to the line of best fit. It was calculated as equal
to one minus the ratio of the sum of squared estimated errors (the
deviation of the actual value of the dependent variable from the
regression line) to the sum of squared deviations about the mean of
the dependent variable.

n L xy—(Zx)(T 5}

JRER -T2 [m(Er) (T )

=

@)
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e=6.745/7°4  (R*= 0.713) for all soil types
- -0.398 2_ ; ;
e=6.88%, (R°= 0.66) for coarse grained soil
1.05 - a
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Fig.7. Relation between void ratio and shear wave velocityeoall
soil types(b) fine grained soil an¢c) coarse grained soil.
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1957; Meyerhof, 1957; Cubrinovski and Ishihara, 1999) and SPT N
versus diference in the void ratice(, — &,,). Relation between
primary and index properties were investigated by MiefTal. (1997)

and it was highlighted that maximum and minimum void ratio are
significantly influenced by the grain size distribution and grain shape
and also has linear realtionship betwegn ande, . Several such
correlations exist worldwide and very limited attempt has been made
to understand IGB soil properties and relate the same with index
properties. In this studihe borehole data were further used to develop
relationships between void ratios and S¥Values.About 293 data
points of void ratio and SPT N values were arrived from 84 borehole
data.A total of 190 fine grained and 103 coarse grained data was
founded after segregation based on engineering classificatien.
values for void ratio and SPT N value were analysed based on least
squares method to arrive at the best-fit equation. Figs 10a-c show the

Fig.8. Comparison of relations developed between void ratio antelation between void ratio and SPT N for all soil types, fine grained
shear wave velocity for all soil types, fine grained and coarse graineshd coarse grained soils and respective equations are given below

soils.

It can be observed from the above relations that correlation

developed for all soil types has highedt\Rlues when compared to
other two relationsThe relations developed for all soil types, fine
grained and coarse grained soils have been compared in Fig 8. It can
be noticed in Fig 8 that for higher velocity range all three equations
predict similar void ratio.. In general, loose soil has lower shear wave
velocity, which corresponds to higher void ratio and this trend was
observed in the studyt can be also noted that cohesionless soil having
lower shear wave velocity (<200 m/s) is susceptible to liquefaction
and this soil must have higher in-situ void ratio, which can be also
noticed in the above figures. Liquefaction susceptibility at a site can

be assessed by using these simple parameters and detailed study may

be carried out for susceptible sites.

Further the predicted values of void ratio were compared with the
measured values in Fig. 9 for all soil typ&ke plotted values are
within the lines of slope 1:1.2 and 1:0.8 with the majority of the values
lying on the line with 1:1 slop&his proves that the predicted values
are close to the measured values and the relation is refaditailar
observation was also noticed for fine and coarse grained soil
correlations.

Void Ratio and SPT N Value

SPT based empirical correlations are being developed worldwide
due to longtime and comprehensive data accumulations (Cubrinovski
and Ishihara, 1999)hese correlation are well related with index
properties such as SPT N versus relative density (Gibbs and Holtz,

o
™
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\
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o
»
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\

o
N

0.0 0.2 0.4 0.6 0.8 1.0
Measured void ratio

e = 1.20N"°27 (R%= 0.736) for all soil types (4a)
e=0.8N"%? (R?=0.71) for fine grained soil (4b)
e=1.0IN"1% (R?=0.729) for coarse grained soil  (4c)
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Fig.9. Plot between predicted void ratio and measured void ratio fdrig.10. Relation between void ratio and SPT N value(&rall soil

all soil types considering shear wave velocity values
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The relations developed for all soil types, fine grained and coarsguare root of sample size¢a8dard error of estimate is given by the
grained soils have been compared in FigThe values predicted by following Eqn.

the relation for all soil types and coarse grained soils coincide at lower Ilﬁ
values of SPN. The relation for all soil types and fine grained soils et = J‘JE'{;YHJ 5)

give similar values of void ratio at SPT N value greater than 30.
General trend of the correlation was found to match well with literature  whereY refers to individual data set, is the mean of data and

i.e loose soil with less SPT N values have higher void ratio, which il is the sample size.

matching with lower SPT N values having higher range of void ratio  The reliability and performance analysis has been established for
as mentioned in previous studi@he predicted values of void ratio all direct correlations given ifiable 1 based on the normalized
were compared with the measured values as shown in Figh&2. consistency ratio, {Dikmen, 2009), determined as:

plotted values are within lines of slope 1:1.2 and 1:0.8 with the majority
of the values lying on the line with 1:1 sloféis proves that the
predicted values are close to the measured values and the relation is
reliable.

_ a8
\%

S

C, (6)

where g, is the value of void ratio measured apéehe value of

RESULTSAND DISCUSSION void ratio calculated from the correlations develofggical plot of
In this work 84 borehole data with SPT N values and 22 shede consistency ratio for void ratio versus shear wave velocity is given

wave velocity profiles were used to generate correlation between indéx Fig.13. Figure 13 shows thaj Galues are close to zero for all
property of void ratio and engineering properties of SPT N and sheahear wave velocities. Normalized consistency ratio curves were plotted
wave velocity Table 1 presents summary of correlations developedor all the developed equations and it was found that the valugs of C
along with statistical parameters, which prove their credibiliie  lie close to zero, which meant that all the proposed equations have
form of the equation along with the constants, standard error for 95 g@od prediction performance.
probability; standard error of estimate, correlation oknt and the

coeficient of determination has been given Table 1. $andard
error of mean was calculated as the ratio of the standard deviationg 001 7
1.2 -
fe!
E
&
# All soil types ? 0 -
10 4 g »
®Fine grained soil g 100 20 00 400 500 600 700
i c
o f . e}
® 3 Coarse grained soil o Shear wave velocity (m/s)
S08 1 o
©
2 s °,
> | *
| ] *
[ ] ™ = * ° .
0.6 - l-.;‘... -0.01 -
L] vy
""”’!!
04 Fig.13. Typical plot of normalized consistency ratio of void ratio and
0 10 20 30 40 50 60 V_ for all soil types
SPT N value

Fig.11. Comparison of the proposed correlations between void ratio To estimate the capability of the new proposed relationship, scaled

and SPT N value for all soil types, fine grained and coarse graindfrcent error KDikmen, 2009) was calculated. Scaled percent error
soils is the ratio of residual to the measured value of shear velagitgt

between scaled percent error and cumulative frequency of sample is
considered to denote the quality of regressidre error values are
specified to be within £20% which represents the 95% probability
prediction. Cumulative frequency has been calculated considering the
percentage of total count of individual values in the sariplegraph
between scaled error and cumulative frequency for the relations
developed for void ratio for all soil types, fine grained and coarse
grained soils is shown in Fig 14. From Fig 14, it is clear that using
relation for all soil types, about 99% of the void ratio values were

0.8 -

0.6 -

Predicted void ratio

04 -

0.2 -

0.0

0.4 0.6 0.8

Measured void ratio

within a 20 % error main. Using the equation for fine grained soil, it
was observed that 95% of the void ratio values were predicted within
10% errorFor coarse grained soils, almost 94% of the void ratio values
were predicted within a 15% error rgar. These results show that the
proposed relationships for all soils, fine grained and coarse grained
soils give a good estimation of void ratio. Fig 15 show scaled error
and cumulative frequency for relation for void ratio from SPT N,
developed in this studit can be observed that the scaled errors of all

Fig.12. Plot between predicted void ratio and measured void ratio fathe relations vary between + 20%, indicating that all the proposed

all soil types considering SPT N values
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relations are able to predict values close to measured values with less
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Table 1. Summary of the proposed regression equations of void ratio

Equation No. Soil type No of Coeficients Standard error  Standard error  Correlation Coeficient of
and Form data of estimate, coeficient determination
a b a b s r R?

1) e= a\é" All 202 6.745 -0.41 0.7 0.182 0.0556 0.844 0.713
Fine grained 128 2.737 -0.261 0.239 0.015 0.0362 0.834 0.695
Coarse grained 74 6.887 -0.398 1.388 0.0356 0.0656 0.81 0.660

) e= aN All 293 1.202 -0.217 0.021 0.008 0.054 0.858 0.717
Fine grained 190 0.89 -0.12 0.01  0.0045 0.021 0.843 0.71
Coarse grained 103 1.01  -0.105 0.015 0.019 0.049 0.854 0.729

error. These relations can be used to estimate voids ratioVigimgd N valuesThe first and foremost correction factor is the hammeggner
SPT N values for geotechnical engineering applications. correction factgrwhich depends on the eggrapplied to count N

The proposed correlations considering shear wave velocity caralues. SPT N values are measured in India as per 1S:2131 (1981),
be used in any region & measurement by seismic surface wavewhich is similar toASTM D:6066 (1996) procedure. Even though
methods may not dér from region to region, however correlation hammer engy measurement is mandatory to estimate normalized SPT
considering SPN values cannot be used in other regions directlyN values according 8STM D:1586 (1999), presently hammer agyer
SPTN values depend on hammer egyeaind other parameters, which is not measured during SPT in India. Recently an attempt was made
are region specific and may vary from region to region. SPT N valudsy the first author and team to measure the hammegyehetow
depend on drilling methods, drill rods, borehole sizes and stabilizatioanvil and above split spoon sampler by building a new indigenous
samplerblow count rate, hammer configuration, gyecorrections, SPTFHammer engyy measurement apparatus (SPEMA). SPF
fine content and test procedure (Schmertmann and Palacios, 19HEMA is capable of measuring force and velocity signals rdiit
Kovacs et al., 1983; Farrar et al., 1998; SivrikayaBogtol, 2006;  depth and engy transferred to drill rods and samplBreliminary
Anbazhagan et al., 2012).hese correlations can be used for otherfield studies in selected sites of India showed that the typicajgner
regions if proper correction factors are applied to normalize the SRatio below the anvil is about 60% (Panneer Selvam et al., 2013). It
was inferred that only 60% theoretical eyyewas transferred to the
SPTrod in India. Regions with a similar eggrtransfer ratio can use
the proposed correlations directly and regions witfeéht eneagy
transfer ratio need to apply necessary correction factor which is
mentioned iMAnbazhagan et al. (2012).

Liquefaction is a major geotechnical hazard in the IGB due to
possibility of major damage by the occurrence of a strong earthquake
in theActive Himalayan Belt and young river deposits. Estimation of
Relation for all soil liquefaction potential at a given site requires field testing, which is

types _ not always feasible for common buildings. Most of the liquefaction
= = Fine grained relation studies carried out in India adopt simplified procedure developed by
....... Coarse grained Seed and Idriss (1971) and updated procedui¥phbd et al., (2001)
relation and Idriss and Boulanger (2005) with the assumption of SPT hammer
.: enegy (Anbazhagan et al., 2012). Some of researchers also follow
0 = ' T ' ' ' the Chinese criteria bwang (1979) for evaluating the liquefaction
-20 -10 0 10 20 30 susceptibility of silts and clay§hese criteria were studied and
Scaled relative error reviewed byAndrews and Martin (2000), Bray et al. (2004) and
Boulanger and Idriss (2008Yssessment of liquefaction susceptibility
requires major factors like liquid limit (LL) and Plasticity Index (P1),
which require geotechnical skill and equipment to arrive at reliable
values. In this study an attempt has been made to arrive at a preliminary
estimate for the cut bboid ratio for liquefaction susceptibility based
on shear wave velocity and SPT N values. Representative corrected
SPT N and shear wave velocity values are taken from Idriss and
Boulanger (2008). Corrected SPT N values of 25 and shear wave
velocity of 250 m/s are taken to arrive at cdtwoid ratio, so that a
simple test below the foundation can be used to assess liquefaction
Relation for all soil susceptibility The corrected SPN values will be slightly dferent
types from measured SPT N values when N values are less than 30
- — = Fine grained relation (Anbazhagan et al., 2012). Hence S¥Value of 25 an¥ _value of
250 m/s are taken as corrected values and plotted with in-situ void
"""" Coarse grained ratio in Figure 16. Based on SPT N values, soil having in-situ void
relation . . . . . .
ratio more than 0.6 is susceptible to liquefaction (Figure 16a) and
based oV values, soil having in-situ void ratio more than 0.65 is
susceptible to liquefaction (Figure 16B).susceptible zone of
liquefaction based on SATandV values is marked in Figure 16. In-
Fig.15. Scaled relative errors of void ratio predicted from SPT N forsitu void ratio plays a very crucial role in liquefaction susceptibility
all soil types, fine grained and coarse grained soils but it was least studied when compared to other index properties. Okura
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Fig.14. Scaled relative errors of void ratio predicted fraggtor all
soil types, fine grained and coarse grained soils
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used in the process and the data should be calibrated for use in other
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