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ABSTRACT: Shear wave velocity is an important parameter in seismic hazard analysis and is related to the
amplification of the ground during an earthquake. Site classification is based on the top 30 m shear wave velocity
which is an important parameter in site response studies. The shear wave velocity profile is usually obtained using
various geophysical tests. But it is not economically feasible to conduct these tests at all sites in India. Therefore this
paper highlights the methods for evaluating shear wave velocity, from more common field tests that are popularly
conducted in India, after reviewing published correlations.
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I. INTRODUCTION

Shear wave velocity (V;) is one of the most important input parameter to represent the stiffness of the soil layers [1].
During an earthquake most damage is caused by ground shaking amplified by the local site effects, which are based on
geotechnical properties of the soil. Shear wave velocity is an important parameter in dynamic site response studies and
site characterization. The average shear wave velocity at the top 30m (V,30) is used for seismic site classification as per
Caltrans seismic design criteria [2]. Similar classifications are recommended by National Earthquake Hazard Reduction
Program [3] and California building code [4].

Shear wave velocity can be directly measured in field through a number of geophysical methods such as seismic
refraction, Spectral Analysis of surface Waves (SASW) or Multichannel Analysis of Surface Waves (MASW).
However it is not always economically feasible to conduct these tests at all locations. Hence it would be beneficial to
estimate the shear wave velocity using empirical correlations between Vs and commonly conducted geotechnical tests
in India. Some of these tests are Standard Penetration Test (SPT), Cone Penetration test (CPT) and Unconfined
compression test. The penetration tests have been widely accepted in India as routine tests in geotechnical site
investigation and abundant SPT data is available [1]. Shear wave velocity (Vs) is related to the shear modulus (G) as
shown in equation (1).

G=p.V52 @

This paper presents a review of published correlations between shear wave velocity and variables, such as Standard
penetration test N values, cone penetration resistance and undrained shear strength.

Il. CORRELATIONS WITH SPT N VALUES

Standard Penetration Test is the most commonly used geotechnical test in India. Many researchers have studied the
relation between shear wave velocity and SPT N values. Seed et al. [5] developed a relation between G« and SPT N
value for sands and from that, proposed an equation (2) for estimating Vs from SPT N value.

V, = 56 N°* (m/s) (2)

Hanumanthrao et al. [6] developed a correlation for soils in Delhi by simple linear power regression analysis for sands,
silty sand/ sandy silt and for all soils given in equations (3), (4) and (5) respectively. For this dataset N values were
measured every 1.5 m and the shear wave velocity profile was developed based on the layer formations observed from
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SPT and experimental dispersion curves from SASW testing.Fig. 1 shows the regression analysis for all soils. The
coefficient of determination (R?) is 0.95 which is a good fit as seen in the figure. N values up to 50 were considered in
analysis. Also there is a good density of data pairs.

V= 79.0 N®**m/s (for sand) (3)
V,=86.0 N> m/s (for silty sand/ sandy silt) (4)
V,=82.6 N**m/s (for all soils) (5)
500 -
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Figure 1: Vs versus SPT N value for all soils (Hanumanthrao et al. [6])

Maheshwari et al. [1] developed empirical equations between V and SPT N values for different categories of soil in
Chennai city. MASW test was carried out to determine the shear wave velocity profile and 200 data pairs were used
for regression analysis to develop the correlations. The correlations were developed for clay, sand and all soils given
in equations (6), (7) and (8) respectively.Further the researchers also developed correlations between corrected N
values and Vs and it was found that both corrected and uncorrected N values can predict Vs with equal accuracy.
Figure 2 shows the correlation between SPT N values and V; for all soils, the coefficient of determination (R?) is 0.82
and N values up to 95 are considered. The rate of increase of Vs is higher for lower N values.

V, = 89.31 N***m/s (Clay) (6)
V, = 100.53 N>?*m/s (Sand) (7)
V, = 95.64 N*®'m/s (Al soils) (8)

Anbazhagan and Sitharam [7] developed a correlation between SPT corrected N value ((N1)socs) and V¢by collecting
data from the city of Bangalore. Shear wave velocity was measured using MASW testing, the testing points were
close to borehole locations where SPT was performed. SPT N values were first corrected by applying various
corrections to obtain corrected SPT N value, (N1)s0cs. Equation (9) shows the proposed correlation.
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Vs =78 [(Nl)GOCS] 0.40 (9)

y =90.752x"3042

r?=0.8266

Shear Wave Velocity (m/s)
'
S

0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

SPT-N

Figure 2: Vsversus SPT N for all soils (Maheshwari et al. [1])

The regression analysis is shown graphically in figure 3, where the coefficient of determination obtained was
0.84.There is a considerable scatter above and below the fitted line. The N values up to 85 were considered in this
study.
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Figure 3: V; versus SPT N (Anbazhagan and Sitharam [7])
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Sil and Sitharam [8] developed correlation between V, and SPT N values for the city of Agratala. Shear wave velocity
profile was developed by conducting MASW tests at 27 locations and SPT data was collected from Urban
Development Department, Govt. of Tripura. Correlations were developed based on both corrected and uncorrected
SPT values as shown in equations (10) and (11). Figure 4 (2) and 4 (b) show the regression analysis for corrected N
value and uncorrected N value respectively, where coefficient of determination for corrected N values is higher, R* =
0.72, than that of uncorrected N values, R* = 0.65. The dotted lines above and below the line of fit show the trend for
* standard deviation.

V, = 116 N>’ (Corrected SPT-N) (10)

V, = 123 N*#(Uncorrected SPT-N) (11)
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Figure 4: V; versus SPT N (a) corrected N values (b) uncorrected N values (Sil and Sitharam [8])

Anbazhagan et al. [9] developed a correlation between SPT N value and shear wave velocity for Lucknow city. Shear
wave velocity was measured through MASW test. A total of 17 MASW and SPT tests were used for regression
analysis. Correlations were developed for different soil types namely clayey, sandy and all types which are given in
equations (12), (13) and (14). Figure 5 shows the graphical validation of the regression analysis for all soils, the R?
value obtained was 0.85 and the SPT N values up to 50 were considered. There also is a higher deviation of data pairs
for higher SPT N values and Vs compared to lower values.

V,=106.63 N °*° (Clay) (12)
V,=60.17 N %%  (Sand) (13)
V,=68.96 N>t (All soils) (14)

Marto et al. [10] developed a universal correlation between shear wave velocity and SPT N values. A total of 60
global correlations were used to formulate a new universal correlation. Two types of equations were developed viz.
without outliner boundary and with outliner boundary of + standard deviation. The correlationswithout outliner for all
soils, cohesionless soils and cohesive soils are given in equations (15), (16) and (17) respectively.

V, = 69.79 N** (Al soil) (15)
V, = 66.56 N°*?  (Cohesionless soil) (16)
V, = 87.72 N**®!  (Cohesive soil) (17)

The mean correlations with outliner for all soils, cohesionless soils and cohesive soils are given in equations (18), (19)
and (20) respectively.
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V= 77.13 N®¥" (Al soils)
V, = 75.05 N**¥  (Cohesionless soil)
V, = 91.87 N®*¢!  (Cohesive soil)

(18)
(19)
(20)
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Figure 5: Vs versus SPT N value for all soils (Anbazhagan et al. [9])

The graphical correlation for all soils with and without outliner boundaries is shown in figure 6 (a) and 6 (b)
respectively. The R? value is much higher with outliner, i.e. 0.876 as compared to without outliner, which is 0.624.
Thus SPT N values above 50 were not considered in the analysis.
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Figure 6: V; versus SPT N value for all soil types (a) with outliner (b) without outliner (Marto et al. [10])

I1l. CORRELATIONS WITH CONE PENETRATION TEST RESULTS

Mayne and Rix [11] developed an empirical relationship between shear wave velocity and cone tip resistance in natural
clays. Data was collected from 31 different clay sites by cone penetration testing. The data included intact and fissured
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clay structure. The relation obtained between cone tip resistance (gc) and shear wave velocity (Vs) is given in equation
(21).
Vs = 1.75 (o) *% (21)

Robertson [12] developed a correlation between Vs and CPT by using approximately 1035 data pairs. The correlation is
as shown in equation (22)

Vs = [ous (Gt = 6v)/pal 0s (22)

Where, oy is the shear wave velocity cone factor calculated from equation (23), g is the corrected cone tip resistance in
kPa, oy is the total overburden pressure in kPa and pa is the atmospheric pressure in the same units.

avs:]-O(OASS Ic +1.68) (23)

I is the soil behaviour type index [13] which is based on the normalized tip resistance (Q) and normalized friction ratio
(F).
I = [(3.47-logQy) > + (log F, + 1.22)°]*° (24)

Q: and F, are normalized cone parameters given in equations (25) and (26). Where, o’ is effective overburden pressure
in kPa and f; is the sleeve friction in kPa. The corrected cone tip resistance can be calculated from equation (27).

Q= (q—-oy) /0’y (25)
F, = [f; (q:— 0,)] 100 % (26)
Gt = gc + (1-an).Up (27)

IV.CORRELATIONS WITH SHEAR STRENGTH

Laboratory tests such as unconfined compression test and triaxial tests are conducted on undisturbed soil samples
obtained from boreholes. Undrained shear strength obtained from these tests can be used to estimate the shear wave
velocity. Dickenson [14] proposed a correlation between undrained shear strength (S,) and shear wave velocity given in
equation (28).

2000 T T T T

a
o
(=]
\

1

N
o
o

=]
o
o

SOIL TYPE

@ BAY MUD

O YERBA BUENA MUD

B ALAMEDA FM (MARINE)
[ ALAMEDA FM (OXIDIZED)

SHEAR WAVE VELOCITY (fps)

N
o
o

1 1 1 1
0 2000 4000 6000 8000 10000 12000
SHEAR STRENGTH (psf)

Figure 7: V versus S, for cohesive soils (Dickenson [14])
V, = 18 (S,) *4™ (28)

Where, Viis in ft/sec and S, is measured in psf. The correlation was developed for four types of cohesive soil viz.
Bay mud, Yerba Buena mud and Alameda formation (marine and oxidized).
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Figure 7 shows the shear wave velocity (V) versus Shear strength(S,,, there are more data pairs for lower values of
V, and S;. The Bay mud data pairs have lower Vs and S, values and Alameda formation data pairs have higher values.
It must be noted that in this figure the shear wave velocity is measured in foot per second (fps) and the shear strength is
measured in pounds per square foot (psf).

V. CONCLUSION

Many equations are available to estimate shear wave velocity from SPT N values. Both corrected and uncorrected N
values can be used to predict V, with equal accuracy. However care must be taken to use the correct equation according
to the soil type. To estimate V, from CPT data for all soils, equation given by Robertson [12] may be used. To estimate
V, from shear strength, equation from Dickenson [14] should be used only for cohesive soils that are similar to the four
soil types used in the development of correlations, otherwise site specific regression equation should be
developed.There is a considerable variation observed in different correlations hence while estimating V, using
correlation equations it would be beneficial to consider more than one test parameter.
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