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Abstract For ground improvement, assessment of dam-
age during an earthquake is very important issue which in
turn depends on the ground motion. The characteristics of
an earthquake motion at a site depend on the shear wave
velocity (V). The shear wave velocity profile at a site may
not be readily available however, the numbers of blows
(N) from standard penetration test (SPT) are readily
available. This paper presents a development of reliable
correlation between V; measured by multi channel analysis
of surface wave tests and N measured using SPT at various
sites in Roorkee region. These tests have been carried out
at ten different sites in Roorkee region (within a radius of
30 km). The SPT samples are tested in the laboratory for
index properties. Roorkee is situated in high seismic zone,
therefore the study is important for this region. Based on
the statistical assessments, an empirical correlation
between V, and N was developed. This is done separately
for all types of soils, sands only and clays only. The
developed relations fall within the range of other relations
developed worldwide for other sites. A comparison with
available relations is also presented. The proposed relations
will be helpful in seismic microzonation of the region as
ground motion is one of the important parameters.
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Introduction

The characteristics of an earthquake motion at a site are
significantly affected by the presence of soil deposits. The
ground motion characteristics are evaluated either by
simplified site classification method or by carrying out
rigorous site specific ground response analysis. For all
these methods, shear wave velocity (V) is the most
important parameter, which represents the stiffness of the
soil layers. The shear wave velocity profile at a site is
usually obtained by carrying out wave propagation tests.
But it is often not economically feasible to conduct these
tests at all the sites. However, the numbers of blows
(N) from standard penetration test (SPT) are readily
available for many sites where geotechnical investigations
are carried out. In this view, a reliable empirical correlation
between V; and N would be of a considerable advantage.
Roorkee is a small city in northern India about 200 km
from New Delhi and lies in high seismic zone IV [1].

In this study, an attempt has been made to develop a
reliable correlation between V, and N for soils of Roorkee
region. The shear wave velocity has been measured by
multichannel analysis of surface wave (MASW) tests and
SPTs are carried out at ten sites within a radius of 30 km
from Roorkee city. The correlation between V; and N de-
veloped for the study area is compared with the existing
correlation in the literature.

Worldwide and within India, many attempts have been
made to correlate values of V; with available soil param-
eters such as N value. For Chennai city, Boominathan et al.
[2] had determined the V using available data of N value of
soil and correlations given by JRA [3]. For Bangalore city,
Sitharam and Anbazhagan [4] had carried out MASW
survey for about 38 locations very close to the available
SPT borehole locations, and these were used to generate
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correlation between shear wave velocity and corrected
N values. For Delhi city, Hanumantharao and Ramana [5]
had measured shear wave velocity using SASW for 80
locations to a depth of 20-32 m and developed correlations
between V; and N value. For Ganga Basin, Maheshwari
et al. [6] have carried out MASW and SPT for two loca-
tions namely Dhanauri and Roshnabad and developed
correlations between V; and N value.

In Japan, several researchers developed correlations
between V; and N, considering the geological age and soil
type [7-9]. Jafari et al. [10] shown correlations for Tehran.
In USA and Taiwan, similar studies were carried out and
correlations had been developed between V; and N using
uncorrected N value [11, 12]. However, the correlation of
Vs—N for the Roorkee region (which is of local interest) has
not been reported in the literature. In the present work, V—
N relationship for ten sites in Roorkee region has been
investigated. For this, the shear wave velocity investigation
was performed using MASW tests and N values were
determined using SPTs. An empirical relation (V—N) ap-
plicable to all the ten sites was evaluated based on these
tests. This is carried out separately for three types of soil
deposits i.e. all types of soils, sandy soils and clayey soils.

Geotechnical Investigation

The geotechnical investigations were carried out using
standard penetration tests (SPT) according to IS 2131 [13]
and laboratory tests of the samples collected from all the
ten sites. The locations of all ten sites are shown in Fig. 1
and Table 1 gives details of all ten sites i.e. location, depth
of water table (WT), depth of borehole and number of
samples collected using SPT and tested in the laboratory.
Here five sites [1, 7-10] are within the IIT Roorkee cam-
pus, while site 2 is very near to Roorkee city and others are
outside Roorkee but within 30 km radius. It can be
observed that the range of depth of borehole is in between 6
and 12.5 m, except for one site. Drilling could not be done
beyond 12.5 m. The water table is at shallow depth i.e.
<6 m, Kirar and Maheshwari [14] examined the dynamic
soil properties at high strain using cyclic triaxial tests for
four sites [2-5] listed in Table 1, Muley et al. [15] evalu-
ated liquefaction potential of first five sites listed in
Table 1. Index properties and SPT resistance of all the ten
sites has been evaluated and discussed below.

The soil samples were collected from different depths at
the ten sites using the SPTs. The laboratory test were
carried out on all the samples collected to evaluate their
index properties i.e. grain size distribution [16] specific
gravity [17] maximum and minimum void ratio, coefficient
of uniformity, coefficient of curvature, dry unit weight and
relative density [18]. For example, for DEQ Campus site,
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total 7 samples were collected from different depths using
SPT. Depths from which samples were collected are 0.75,
1.5, 3,45, 6, 7.5 and 9 m. All these samples were exam-
ined to know their index properties. Grain size distribution
(GSD) curves for sand samples collected from depths 0.75,
1.5, 7.5 and 9 m are given in Fig. 2. It can be observed that
all the particles are less than 0.6 mm size and no particles
are less than 0.075 mm, therefore for all these four depths,
soils falls in the range of fine to medium sand and classified
as SP. The samples collected from depths 3, 4.5 and 6 m,
are of clays therefore, the soil classification is evaluated
based on their plasticity index values. The above exercise
is repeated for all other sites too and it was observed that
there are differences in percentage of fines. Effect of depth
on GSD is difficult to generalize.

Table 2 shows the type of soil, range of fine contents,
range of N and range of V for all the ten sites. It can be
observed from Table 2 that the maximum depth of bore-
hole is 12.5 m. Range of N is (2-18) and range of V; is
(125-350 m/s). It can be observed that the fine content
varies from 2 to 33 % for all the sites except Khempur,
where fine contents are quite high due to clay samples.
Also it can be observed that for the sites where the fine
contents are high (Bahadrabad, Haridwar, Solani Kunj and
Convocation Hall Ground) the N values are relatively
higher.

Figure 3 presents variation of N values with depth for all
the ten sites. It can be observed from these soil profiles that
the Solani Riverbed and Bhagwanpur sites are weakest (V:
2-12) and Bahadrabad and Haridwar sites are strongest (N:
7-13). Within the IIT Roorkee campus, DEQ campus site
is weaker and other four sites are relatively stronger.

Geophysical Investigation

Traditionally, SPT was found to be popular among
geotechnical engineers in order to estimate the strength of
the soil. The down hole or cross hole profiling methods
allow in situ measurements of the shear-wave velocity with
depth. However, the performance of these methods for site
characterization can be rather difficult and expensive in
urban areas because these methods require boreholes [19,
20]. To overcome these problems, non-invasive seismic
exploration has emerged as a promising alternative to
estimate the shear wave profiles and the resonance fre-
quencies. In these seismic explorations, the data acquisition
process is relatively economical and fast, and can be
implemented in urban areas without much difficulty. In the
present study, MASW tests have been used to derive the
1-D velocity model of each site.

The MASW measurements were made at all ten sites in
Roorkee region. The survey was conducted by deploying
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Fig. 1 Location of sites
Table 1 Details of sites
S. no. Sites Longitude Latitude WT (m) Bore hole Number of
depth (m) samples
1 DEQ campus (IIT Roorkee) E077°54.075' N29°51.262' 4.5 9.0 7
2 Solani Riverbed (Roorkee) E077°53.965 N29°52.907' 2.0 35 4
3 Bhagwanpur E077°48.820 N29°56.203’ 2.5 8.0 7
4 Bahadrabad E078°02.307' N29°55.087 6.0 9.0 8
5 Haridwar E078°09.019 N29°59.420/ NA 6.0 5
6 Khempur E077°57.006' N29°47.545' 2.0 9.0 7
7 Solani Kunj (IIT Roorkee) E077°53.420' N29°51.930/ 5.0 8.0 7
8 Convocation Hall Ground (IIT Roorkee) E077°53.465' N29°51.940 6.0 12.5 10
9 Swimming Pool Ground (IIT Roorkee) E077°54.047 N29°51.979 6.0 12.0 9
10 Hospital Ground (IIT Roorkee) E077°53.591 N29°51.693' 6.0 12.0 10

24 vertical spike based geophones, with a maximum fre-
quency of 2 Hz in a linear array with 4 m spacing and
connected to a multichannel recorder. A sledge hammer
(10 kg) and an elastometer aided weight drop hammer
(EAWDH) of 60 kg was used as the active source, for
hitting a 300 mm x 300 mm and 25 mm thick metal plate

placed at one end of geophone line. Data processing was
carried out using SurfSeis 2.0 software [21].

Variations of shear wave velocity (V) with depth for all
ten sites are shown in Fig. 4. Though for all these sites,
results of V; from MASW tests were available for higher
depths. However in Fig. 4, results are shown only up to the
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depth for which N values are available (Fig. 3). It can be
observed from Fig. 4 that there is not large variation in V;
with depth. For example, shear wave velocity is quite small
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(Vs < 170 m/s) for Solani Riverbed and Bhagwanpur while
relatively greater (V, > 270 m/s) for Bahdrabad, Haridwar
and Convocation Hall Ground (at depth >4.5 m). For other
five remaining sites, the shear wave velocity is in the
medium range (170-270 m/s). Thus observations of
MASW tests are correlating well with those using SPTs.

Proposed Empirical Relation for V-N

A number of empirical relations are available for shear
wave velocity (V) and penetration resistance (N) in the
literature for different soils as listed in Table 3. All of these
correlations are based on uncorrected V, and uncorrected N
value. It can be observed that all the relations given in
Table 3 are in the following format.

Fig. 2 Grain size distribution for DEQ campus site Vi=axN b (1)
E::lfoiteiger;nfg?g% ?Z“’;}ZOf S. no. Site name Depth (m) Soil type Remark
range of V; for all the ten sites 1 DEQ Campus 0-3 SP N (5-11)
3-6 CL V, (200-230 m/s)
6-9 SP Fines (2.4—4 %)
2 Solani Riverbed 0-3.5 SP N (4-12)
V, (140 m/s)
Fines (2.6-3 %)
3 Bhagwanpur 0-4.5 SP N (2-12)
4.5-6 CL Vs (160-170 m/s)
6-8 SP Fines (2.2-15 %)
4 Bahadrabad 0-4.5 SP N (8-13)
4.5-6.5 CL Vs (320-350 m/s)
6.5-9 SP Fines (18.8-32.6 %)
5 Haridwar 0-6 SP N (7-13)
Vs (270-280 m/s)
Fines (20.8-32.6 %)
6 Khempur 0-9 CL N (4-10)
Vs (170-180 m/s)
Fines (all clays)
7 Solani Kunj 0-45 SP N (6-17)
4.5-6 CL Vs (180-310 m/s)
6-9.5 SP Fines (9.8-26.8 %)
8 Convocation Hall Ground 0-7.5 SP N (6-16)
7.5-9 CL Vs (180-280 m/s)
9-15 SP Fines (2.4-32.9 %)
9 Swimming Pool Ground 0-7.5 SP N (2-17)
7.5-9 CL Vs (125-280 m/s)
9-12 SP Fines (6.7-13.1 %)
10 Hospital Ground 0-10.5 SP N (2-18)
10.5-12 CL Vs (150-270 m/s)

Fines (4.2-13.5 %)
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where a and b are coefficients varying for different loca-
tions and types of soil, Further it can be observed that for
all soils, most of the researchers proposed the value of a in
the range of (82-95) and b in the range of (0.3-0.45).

In the present study also uncorrected values have been
used for both Vi and N because results using this are in
good agreement with existing literature as verified in next

section. Further the proposed relationships from the present
study are also kept in the same format as of Eq. 1.

All Soils

In this study, 74 data pairs (V,; and N) were employed in the
assessments. The correlations were developed using a

@ Springer
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Fig. 4 Variations of shear wave
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simple regression analysis. In the analyses, new relation-
ships were proposed between V, (m/s) and N values.
However, before this, effect of correction on N values has
been examined.

The comparisons of the results of the present study are
made with the equations recommended by five other
researchers i.e. Hanumantharao and Ramana [5], Ohba and
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Toriumi [7], Imai [8], Jafari et al. [10] and Athanasopoulos
[25]. Figure 5a shows this comparison, when in the present
study uncorrected V, and uncorrected N for all soils is used.
Figure 5b shows this comparison when in present study
uncorrected V and corrected N for all soils is used. For
this, the measured N value was corrected for overburden
pressure by using the following relation
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Table 3 Some existing

correlations between Vi and N Author(s) Vs (m/s)
All soils Sands Clays
Hanumantharao and Ramana [5] Vs = 82.6N"430 Vs = 79.0N0434 -
Maheshwari et al. [6] - V, = 95N°3% -
Ohba and Toriumi [7] V, = 84N°310 - -
Imai [8] V, = 91N> V, = 80.6N°*! V, = 80.2N°2%
Ohta and Goto [9] V, = 85.35N%348 V, = 88.0N*3% -
Jafari et al. [10] V, = 121.0N%?7° V, = 80.0N%3% V, = 100.0N°3%
Seed and Idriss [11] V, = 61N*% - -
Lee [12] - V, = 57.4N%4° V, = 114.4N°310
Sykora and Stokoe [22] - V, = 100.5N%2>° -
Okamoto et al. [23] - V, = 125.0N%30° -
Pitilakis et al. [24] - V, = 162.0N*'"° V, = 165.7N*!°
Athanasopoulos [25] V, = 107.6N*3¢° - -
Raptakis et al. [26] - V, = 123 4N V, = 184.2N%170
Hasancebi and Ulusay [27] V, = 9ONO3%° V, = 90.8N%31° V, =297.9N°%°
Uma Maheswari et al. [28] V, = 95.64N°301 V, = 100.53N°265 V, = 89.31N%38
Esfehanizadeh et al. [29] - V, = 107.2N%3 -
Fatehnia et al. [30] - V, = 77.1N*3% V, = 77.1N*3%
e pme— (= N Gy () 22
Alafari et al. [10] x Athanasopoulos [25] : ff
(@)>* 4 where,
300 JER x Z Z A 2000
. IFESERSE RS CN:0.77log(,> (2b)
~ . ¥ 245 400 Vo

:E,zoo °§§:§!a§9 g o008 2" .

NG : ! s ¢ AR 9 where, (N;)¢o = corrected SPT blow count normalized to
150 3 3 ﬁ oo - 60 % energy, N = measured SPT blow count in field,
1o do E, = actual hammer energy, E; = theoretical free-fall

hammer energy, Cy = overburden correction factor and
50 . ; " . " d,, = effective overburden pressure at the depth of pen-
SPT-N etration in kPa.
« resent Study (Field Data)  Hanumantharao and Ramana [5] From Fig. 5a, b, it can be observed that this compar-
00hba and Toriumi [7] o Imai [8] ison is better for Fig. 5a because in Fig. 5b, many data
AlJafari et al. [10] X Athanasopoulos [25] R . .

(b)° pairs of present study are outside the range of previous

" X researchers, therefore in further work uncorrected N is
sax . wed | |
250 T f " g : : tro ° In Fig. 5a, for all these six da.ta sets, it can be observed

g 20 2 z A g : oo s . P that Athanasopoulos [25] provide an upper bound and

ey A 2 t8380 i Ohba and Toriumi [7] provide a lower bound. All other
150 [y 5 g s oy four data sets lie between these two curves. Further, data of
100 8 present study are very close to that presented by Jafari et al.

[10] and Hanumantharao and Ramana [5]. Figure 6a,
. s 10 15 20 shows correlation between uncorrected V, and uncorrected
SPT-N N for all soils and a relation is developed, the proposed

Fig. 5 a Comparison of uncorrected V; versus uncorrected N for all
soils b comparison of uncorrected V vs corrected N for all soils

relation between V (m/s) and N values for all soils is as
follows.
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V, = 99.5N034 (3a)

This relation has correlation coefficient R = 0.80 which is
reasonably good value. Figure 6b, shows correlation
between uncorrected V; and corrected N for all soils. This
has following relation.

(a) >°
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Fig. 6 a Correlation between uncorrected V; and uncorrected N for

all soils for present study b correlation between uncorrected V and
corrected N for all soils for present study
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Present Study
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SPT-N

Fig. 7 Comparisons between proposed and previous correlations for
all soils
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V, = 90.6N°34! (3b)

This has correlation coefficient R = 0.57, which is
quite low value as compare to that for Eq. 3a. Therefore it
also indicates that the better correlations are obtained using
uncorrected N value. Figure 7 shows comparisons between
proposed relation (Eq. 3a) and previous correlations for all
soils. It can be observed that the curve of present study is
well in the middle of all other curves, indicating a very
good agreement.

Sandy Soils

Similar to all soils, the regression analysis was also carried
out for sandy soils, Out of 74 data pairs, 53 were of sandy
soils. In Fig. 8, field data of V, and N for sandy soils are
compared with the equations recommended by six other
researchers i.e. Hanumantharao and Ramana [5], Mahesh-
wari et al. [6], Imai [8], Okamoto et al. [23], Pitilakis et al.
[24] and Raptakis et al. [26]. For all these seven data sets, it
can be observed that Okamoto et al. [23] provide an upper
bound and Imai [8] provide a lower bound. All other five
data sets including present study lies between these two
curves. Figure 9 shows correlation between V, and N and
proposed relationship between V (m/s) and N values for
sandy soils is as follows.

Vy = 100.3N%%% (4)

This equation has correlation coefficient R? = 0.83,
which is reasonably acceptable value. The proposed rela-
tionship for sandy soils (Eq. 4) is compared with existing
relationships in Fig. 10. It is indicated that except the
equation developed by Imai [8], the proposed equation
(Eq. 4) is within the range of the other equations for the
prediction of the V of sands. It can be also observed that
the equation of the present study (Eq. 4) is close to that of

® Present Study (Field Data) AHanumantharao and Ramana [5]

O Maheshwari et al. [6] o Imai [8]
A Okamoto et al. [23] m Pitilakis [24]
x Raptakis et al. [26]
350
300 A A
A S
2 42 i é 2 [
A X X
250 4§ &2 8
(] s o
= : 1s s s oo
! 2 | g 0 O o ©
£ 200 . "1 e g2 goe? o ©
S REEEEE EREE
150 ooy &4 J o
°
g 8 °
100 é
50
0 5 10 15 20
SPT-N

Fig. 8 Comparison of V versus N for sandy soils
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Hanumantharao and Ramana [5] for all the range of N used
and at higher N (>14) the present relation best match with
Pitilakis et al. [24].

350
300

250

V, = 100.3N"33
R?=0.83

100

50
0 5 10 15 20

SPT -N

Fig. 9 Correlation between V; and N for sandy soils for present study
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Present Study
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Fig. 10 Comparisons between proposed and previous correlations for
sandy soils

® Present Study (Field Data) 0 Imai [8]
- Pitilakis et al. [24] x Raptakis et al. [26]

ALee [12]
A Uma Maheswari et al. [28]
350

300 xxxXX.XZ
Lox X T8 L e i 8
x X -'-AAA
250 T S e ‘AA‘
x o= .AA. A A
2 x i A P
= L]
E 200 x - - " a
- . A ‘ o O ©°
= ¢ 8 4" Doooo
150 4 4 o0 °
A x o © ©°
]
A o
100 o
50
0 5 10 15 20
SPT-N

Fig. 11 Comparison of V versus N for clayey soils

Clayey Soils

For clayey soils, 21 data pairs (V; and N) were employed in
the regression analysis. The comparison of field data with
the equations proposed by five other researchers i.e. Imai
[8], Lee [12], Pitilakis et al. [24], Raptakis et al. [26] and
Uma Maheswari et al. [28] are shown in Fig. 11. For all
these 6 data sets, it can be observed that Raptakis et al. [26]
provide an upper bound and Imai [8] provide a lower
bound. All other 4 data sets (including present study) lies
between these 2 curves. Correlation between Vi and N is
shown in Fig. 12 and proposed relationship between V (m/
s) and N values for clayey soils are given in following
equation with correlation coefficient R* = 0.73.

V, = 94.4N°37 (5)

The comparison of the proposed relationship (Eq. 5) for
clayey soils with previous researchers is shown in Fig. 13.
It can be observed that the result of present study is very
close to that reported by Lee [12]. Further it is approxi-
mately near to that presented by Uma Maheswari et al. [28]

350

300

z
£ 200
NG
[ )
150 V, = 94.39N0379
R =073
100
50
0 5 10 15 20

SPT-N

Fig. 12 Correlation between V, and N for clayey soils for present
study

— - Imai[8] e Lee [12]
— — — Raptakis et al. [26]
Present Study

----- Pitilakis et al. [24]
=+ = Uma Maheswari et al. [28]

0 5 10 15 20
SPT-N

Fig. 13 Comparisons between proposed and previous correlations for
clayey soils
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Table 4 Summary of the proposed relationships

S. no. Type of soil Correlation R?
All soils V, = 99.5N03% 0.80
Sandy soils V, = 100.3N%338 0.83
Clayey soils V, = 94.4N*370 0.73

at lower N. However, the result presented by Imai [8] is on
lower side.

Table 4, summarizes the proposed relationships and
corresponding correlation coefficients. It is emphasized
that number of blows (N) used in Table 4 is uncorrected
SPT blows. It can be observed that for present data pairs,
the relationship of all soils and sandy soils are very close as
in all soils most of the data pairs are that of sandy soils.
However, the relationship for clayey soils is bit different
than other two. Also, from Table 4 it clear that the corre-
lation coefficient (R?) is highest for sandy soils and least
for clays while intermediate for mixed soil. Thus it can be
inferred that the correlation is better if fine contents are
less.

Summary and Conclusions

In this study, an attempt has been made to develop new
relationships between V and N for Roorkee region; this has
been carried out for three cases separately i.e. (a) all soils
(b) sandy soils and (c) clayey soils. For this, field tests i.e.
SPT and MASW were conducted for ten sites in the region,
the data collected are discussed in this paper. The major
conclusions drawn from this study are

1. The sites with high fine contents have relatively higher
N values.

2. The effect of correction of N values on proposed
relationships has been examined and it was found that
the uncorrected N value gives better correlations.

3. The results obtained from this study supported the
findings of earlier works. The proposed relationships
(Table 4), lies within the range of other relations
available in the literature for all three cases.

4. The proposed relations are almost at average values of
the existing relations and thus compared well with
most of the previous equations.

5. It was observed that the correlations is better if fine
contents are less.

The relationships proposed in this paper are important as
these may be used in the seismic microzonation of the area.

@ Springer

Such relationships are not reported previously for this
region. These relationships can be used to find shear wave
velocity (V) as often N values are readily available. The
(V) is a key parameter in ground response analysis which
helps in finding amplification at a site. This in turn useful
for evaluating damage during an earthquake and deciding
about the extent of ground improvement to be carried out.
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