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Abstract

Several devastations caused due to the earthquakes
among other natural hazards and the local site
conditions have a predominant influence on site
amplification during the earthquake. The travel-time of
average S-wave or shear wave velocity (Vs) to top 30
meters (V3°) depth from the surface level is an
extensively used parameter to predict the local site
potential for amplification during the earthquakes. In
the present study, the Vs profile was developed for the
Amaravati region and the site has been classified
according to the NEHRP and Eurocode 8. The
response of the ground is characterized through
equivalent linear ground response analysis using
DEEPSOIL with four different input motions to mimic
earthquake hazard scenarios in this region.

The response spectra analysis was carried out to the
soil profile of the average minimum V3°. Peak Ground
Acceleration (PGA) obtained at the free field using all
selected input motions and the values of PGA are
varying from 0.27 g to 0.29 g. The spatial variation of
amplitude and response spectra has been observed
between the free field and rock outcrop motion. Based
on the V30 profile, the region has been classified as
class “D” according to NEHRP site classification and
ground-type “C” by EC-8.

Keywords: Shear Wave Velocity (Vs), Seismic Site
Classification, Standard Penetration Test (SPT), Peak
Ground Acceleration (PGA), Ground Response Analysis
(GRA).

Introduction

Southern parts of India have been considered as one of the
stable continental regions over the few decades and the
region was classified as a medium to moderate risk zone
according to the building code of Bureau of India standards
(BI1S)®. But one of the most recent huge earthquakes i.e.
Bhuj (2001, 7.7 M) claimed massive damage to the
infrastructure over the 300 km radial distance from the
epicenter®,

It has become strong evidence that ground amplification is
the most important aspect to be considered during structural
design for the safety of the structures and to prevent
casualties due to the earthquakes®. The scale of damage
from the earthquake can be estimated by characterizing the
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level of ground shaking, amplitude, frequency and duration®.
The local soil effects play a crucial role in the response
spectra of the particular region or site. Generally, the seismic
waves travel several hundreds of kilometers from source to
surface through rock and soil strata3!22,

Therefore, the structures are to be designed to the force by
rupture mechanism at the source between the nearest fault to
the site of the interest, the rupture mechanism of the ground
response is shown in figure 1. The soil layer and bedrock
properties influence the ground motion and together change
the frequency content concerning the duration®. Hence, it is
very important to know local soil conditions including rock
type and response spectra while designing the new structures
because the response at the surface mainly depends on the
frequency and amplitude at the bedrock level3133,
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Figure 1: Mechanism of ground response

The Vs of the particular region is used to characterize the
specific site conditions and this can be quantified by
expressing the dynamic properties of various geological
materials of the local site!®. The principle of average time-
travel of S-wave to the top 30 meters depth (V3°) from the
ground surface is exclusively considered parameter to
classify the site seismically according to many building
codes worldwide.

According to the National Earthquake Hazard Reduction
Program (NEHRP), the site has been classified into five
different groups like class A, B, C, D and E based on the V3°
profile of the particular region®?4, The range of V3° for
class, A type site is greater than 1500 m/s and geologically
the site has been classified as hard rock. Similarly, for a firm
to hard rock type (site class B), the V3° ranging from 760
m/s to 1500 m/s, next to the dense soil and soft rock (site
class C) type, the V3° is ranging from 360 m/s to 760 m/s,
then for stiff soils (site class D) V3 is ranging from the lower
level value of 180 m/s to a maximum of 360 m/s and finally,

V39 less than 180 m/s sites are classified as type E with soft
30“10,27,30_
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The propagation of Vs can be measured directly by
conducting a cross-hole seismic test in two to three different
boreholes and by a down or uphole test in a single borehole.
The propagation of waves was also studied indirectly by
using single processing equipment through two different
surface methods of spectral analysis of surface waves and
multichannel analysis of surface waves®.

The V3° profile was considered by many building codes
including American Society Civil Engineering (ASCE)?,
National Research Council Canada (NRCC)?’, Eurocode 8
(EC-8)* and Building Seismic Safety Council (BSSC)* to
classify the site type. In addition to this, the V3% was also
used to estimate the amplification factors in ground-motion
prediction equations in the recent studies of Abrahamson et
al®. But the evaluation of V3° for the top 30 meters is quite
difficult and sometimes not possible to reach 30 meters
depth due to the many constraints like environmental issues,
budget and due to shallow rock depth. In these cases, the
extrapolation technique is used to measure the near-surface
shear wave velocities?.

In the present study, the Vs were calculated based on the
available correlation between Vs and SPT-N value. The
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relationship between the SPT-N value and Vs is derived by
many researchers all over the world; the use of existing
relationships is most commonly applied to obtain the Vs due
to different constraints to conduct the precise test method?.
In this study, seismic site classification and ground response
analysis were carried out using 65 boreholes data from the
Amaravati region (217.2sg.km).

Figure 2 shows the location map of the study area with the
borehole locations. In practice, the ground response analysis
is carried out based on the assumption that all extensive
boundaries are horizontal and the response of the soil deposit
is predominately caused by the horizontal plan moments??31,

The one dimensional (1D) response studies can be
performed using Equivalent linear (EL), Non-linear (NL)
analysis through different computer tools like SHAKE,
DEEPSOIL, EERA and Pro-Shake. In recent days use of
DEEPSOIL® is the most commonly preferred tool to study
response analysis over the world. The response analysis
through DEEPSOIL can be performed in equivalent linear
and nonlinear by 1D and 2D conditions in frequency-domain
and time-domain including with and without pore water
pressure  generation and with  convolution and
deconvolution®?.
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Figure 2: Location map of the study area with borehole locations
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Seismic Site Classification: The site classification involves
the measurement of the Vs at different locations. In this
study, the Vs was calculated by using the existing empirical
relation between the Vs and SPT-N values. The geotechnical
investigation of layered is usually done by conducting in situ
tests. The most commonly used in situ tests are SPT and cone
penetration tests. The SPT test is one of the extensively
preferred in situ tests and used to investigate the soil
stratifications and to evaluate the various engineering
properties (Permeability, compressibility and shear strength)
of cohesionless and relatively stiff soils4.

On the other side, the cone penetration test is preferred in the
case of soft soil deposits. In this study, SPT-N values are
collected at every 2 meters of regular intervals from different
locations of the study area (fig.1). The SPT-N values are
measured (according to BIS) 2 from the boreholes of 150
mm diameter by advancing the shell into a desirable depth
using auger boring with the split spoon sampler. The number
of hammer blows required to penetrate every 150 mm depth
is recorded with the 63.5 kg hammer falling from the height
of 750 mm.

Due to the presence of loose material up to several meters
depth, the number of blows for the first 150 mm drive is
ignored. The cumulative number of blows required to
penetrate the next 300 mm depth is termed as SPT value or
N value. From the bore log information, the soil is classified
as per the BIS?S,

The majority of soil types observed in the Amaravati region
are CH (Inorganic clays) MH (Inorganic silts), SC (clayey
sands), SM (silty sand), SP (fine sand), CI (Inorganic clay)®.
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Correlation between Vs and N value: To calculate the Vs
with SPT- N value, many researchers all over the world
developed a correlation between the Vs and N value for
different soils and also for all soils separately?®. In this study,
few correlations (for all soils) were developed by the
researchers like Hanumantha Rao et al*® for Delhi, Uma
Maheswari et al®®> for Chennai, Anbazhagan et al* for
Bangalore, Naik et al® for Kanpur and Kirar et al?* for
Roorkee have been used to calculate the Vs. The Vs values
of the present study have been compared with the selected
correlation as shown in figure 3.

From figure 3 it is observed that the correlation proposed by
Kirar et al?* for Roorkee is closely matching with the average
Vs values. In further studies to calculate the Vs values, the
Kirar et al?! relation has been used.

Seismic microzonation includes the estimation of specific
site amplification and scale of ground shaking followed by
measurement of V3°. The Vs values are mostly considered
by many building codes all over the world to classify the site
seismically°. In many locations, the depth of the rock is very
near to the surface, in this case, the Vs profile does not reach
30 meters depth?840,

Since the 30 meter average of Vs value is important to
estimate the site amplification®®, many empirical studies
were conducted using different data sets by various
researchers like Boor et al®, Bergamo et al’, Dikmen!?, Imai
and Yoshimura'’ and Ohsaki and lwasaki?® to estimate the
Vs for near-surface shear wave velocity profile of the sites
whose depth does not reach to 30 meters by extrapolation
method. In the present study, a total of 65 bore logs data were
collected from all the parts of the Amaravati region.
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Figure 3: Comparison of average Vs (m/s) values with existing literature
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The minimum depth of the bore log is 16 meters and the
maximum is 45 meters. From the data set, it is observed that
50 percent of bore logs not reaching 30 meters required
depth to calculate the Vs values. Hence, to calculate the Vs
for 30 meters depth, the extrapolation method proposed by
Boore® has been used. According to the Boore?, if the
velocity profile is available to depth (d), then to calculate the
V39, the following relation between the d and 30 meters can
be used & 2840,

V30 30
S tt(d) + (30 — d)/ Ve

(1

In equation 1, tt(d) is the travel time to reach a particular
depth d and Ve is the timed average to a depth of d. Vst is
the effective velocity from the depth d to 30 meters. The Ves
is calculated based on the simple assumption that the Ve is
equal to the velocity at the bottom of the soil profile. Hence,
effective velocity is equal to Ve = Vs (d).

Finally, the Vs is calculated at 30 meters depth using Boore®
relation for the boreholes of less than 30 meters in actual
depth. Further, the Vs was calculated for all 65 bore logs
using the Kirar et al®! relations between the Vs and SPT-N
value (Vs=99.5*N034) for all locations. From the results, the
average minimum Vs is 265.83 m/s, the maximum is 315.2
m/s and the average Vs of all bore logs is 288.01 m/s. All the
Vs values are compared with the NEHRP (BSSC)*° for site
classification.

Therefore, the Amaravati region was classified as class D
(stiff soil with Vs between 180 m/s to 360 m/s) and
according to site class of NEHRP and through EC-8%?, the
region ground type comes under C (Deep deposits of dense
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and medium dense sand, gravel or stiff clay) with Vs
between 180 m/s to 360 m/s and SPT-N value between 15-
50. Hence, it is observed from the site classification that the
site classified only one specific class. Hence the Vs profile
for the Amaravati region developed average minimum Vs
profile (i.e. Vs = 265.83 m/s) as shown in figure 4.

Ground Response Analysis: The scale of damage during
the earthquake is purely based on the characteristics of a
particular event and the interaction of site response to the
vulnerability of the structures®. The pattern of vulnerability
is influenced by the ground shaking during the earthquake.
The geotechnical characteristics and  subsurface
characteristics of different soil deposits have a strong
influence on ground shaking?e.

Therefore, the site effects strongly depend on the different
parameters like amplitude, frequency and duration. Ground
Response Analysis (GRA) was carried out for the soil profile
of the average minimum V3° (i.e. 265.83 m/s) using 1-D
equivalent linear analysis through DEEPSOIL'® with four
different input motions. The geotechnical classification of
the selected soil profile for GRA is given in table 1.

Input Motion: To perform the specific site response
analysis, the basic requirement and crucial component are
the selection of acceleration time-histories of recorded data
from the existing records. Many large earthquakes occurred
in India but the recording of the actual ground motion started
from the 1986 Dharmsala earthquake®. Due to the lack of
recorded regional ground motion data for the specific region,
the use of readily available stochastically simulated ground
motions is very commonly obtained all over the world for
site-specific response study®.

Shear wave velocity (m/s)

0 50 100 150

0 . " 5

200

250 300 350 400

' A s "

r

64
8 4
10 4
124

16 4

(w) pdaqy

18 -
20
22
24
26 -
28

30

Figure 4: Shear wave velocity profile for Amaravati region
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In this study, the GRA for the selected soil profile was
carried out using four different input motions. The time
histories of three input motions are collected from the
COSMOS (Consortium of Organization for Strong Motion
Observation System) database and the input motion
(Northridge) selected from the panel of DEEPSOIL,

The details like name of the event, time of occurrence, place,
magnitude and depth are given in table 2. Before using a
particular input motion, the two different corrections are
applied to the selected one. First, the base correction applied
is to remove the records of time histories from other sources
(e.g. Blasting), the base correction follows the step-time
analysis in recording acceleration, then the next scaling is
done to required g according to Hadley et al'®,

The time history plots were drawn between the acceleration
and time for all input motion verse selected soil profile to
zero period acceleration (after base correction and scaling to
required g) starting from Bhuj, Chamba, Northridge and
Uttarkashi as shown in figures from 5 to 8.
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Results and Discussion

The GRA studies were performed for the Amaravati region
through equivalent linear analysis using DEEPSOIL6. The
site-specific response studies are widely used to estimate the
amplification and response spectra of a particular site of
layered soils.

The surface PGA estimated for the location of Vs minimum
using four different input motions is shown in figures 5 to 8.
The surface PGA varying from 0.27 g to 0.29 g and the
amplification factor have been estimated for the same
location using all input motions.

For evaluation of modulus of reduction and damping
characteristics of the selected profile, the models suggested
by the Vucetic and Dobry®® were obtained for clayey soils
based on the plasticity index. Seed et al” recommended
curves used based on the Vs values at a different depth level
from the inbuilt source of the DEEPSOILS,
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Table 1
Geotechnical characteristics of the selected soil profile for GRA
Thickness Soil type Soil SPT-N Vs (m/s)
range (m) classification value
00-2.00 Inorganic fine silty clayey soil MH - CH 3 145.35
2.1-4.00 Inorganic fine silty clayey soil MH - CH 5 173.37
4.1-6.00 Inorganic fine silty clayey soil MH - CH 8 203.89
6.1-8.00 Inorganic fine silty clayey soil MH - CH 10 220.20
8.1-10.00 Poorly graded silty sand and clayey sand SC-SM 12 234.50
10.01-12.00 Poorly graded silty sand and clayey sand SC-SM 14 247.31
12.01-14.00 Poorly graded silty sand and clayey sand SC-SM 16 258.97
14-01-16.00 Poorly graded silty sand and clayey sand SC-SM 18 269.71
16.01-18.00 Poorly graded silty sand and clayey sand SC-SM 22 289.04
18.01-20.00 Poorly graded silty sand with gravelly sand SM - SP 25 302.07
20.1-22.00 Poorly graded silty sand with gravelly sand SM - SP 28 314.12
22.1-24.00 Poorly graded silty sand with gravelly sand SM -SP 30 321.68
24.01-26.00 Poorly graded silty sand with gravelly sand SM - SP 32 328.93
26.1-28.00 Poorly graded silty sand with gravelly sand SM -SP 34 335.88
28.1-30.00 Inorganic clay with gravelly clayey soil Cl 36 342.57
31.01-34.0 Inorganic clay with gravelly clayey soil Cl 38 349.02
34.01-36.00 Gravelly sand with less or no fines SP 40 355.25
36.01-38.00 Gravelly sand with less or no fines SP 42 361.28
38.01-40.00 Gravelly sand with less or no fines SP 43 364.22
40.01-42.00 Hard soil HS 44 367.13
42.01-45.00 Hard soil HS 46 372.80
Table 2
Details of selected input Time- Histories
Time Date of the | Magnitude | Depth . . Recorded PGA
History event (gMW) (Kl?n) Latitude | Longitude station (9)
Bhuj®! 26-01-2001 7.7 16 23.42 70.23 Ahmedabad 0.1
Chamba* | 24-03-1995 5.1 33 32.56 75.99 Chamba 0.14
Northridge®® | 17-01-1994 6.7 175 34.2 118.55 P0885 0.27
Uttarkashi®® | 19-10-1991 6.8 10 30.48 78.36 Bhatwari 0.25
* COSMOS
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Figure 9 (a-d): Fourier amplitude for selected borehole using 4 different input motions a) Bhuj b) Chamba
¢) Northridge d) Uttarkashi

The frequency content of ground motion can be obtained
from the Fourier transformation function (by transferring the
time domain into the frequency domain). Figure 9(a-d)
shows the Fourier amplitude spectrum to the selected soil
profile for four different input motions. From figure 9, the
surface level Predominate Frequency Zone (PFZ) is
observed between the frequency of 0.2 Hz to 5.2 Hz using
Bhuj input motion and similarly, from Chamba earthquake
motion as an input, the PFZ is observed between 2.0 Hz to
4.4 Hz next from the Northridge input motion the PFZ varied
from 1.7 Hz to 6.8 Hz and the PFZ is 0.09 Hz to 4.8 Hz from
the Uttarkashi earthquake input motion.

The response spectrum plots were drawn for the selected soil
profile to compare the response at free field level and rock
outcrop for four considered input motions shown in figure
10 (a-d). The response spectrum results of any site are
normally considered in structural design and used to obtain
the suitable design for earthquake resistant structures. In this
study, the normalized response spectra curves were drawn
for the spectral period of 0 s to 4 s as shown in figure 11.
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According to the BIS code'®, the surface level response
spectrum is compared with the spectral periods of medium
soil and presented along with the response curves in figure
11.

Conclusion

In the current study, the GRA was carried out for the
Amaravati region of Andhra Pradesh State of India. The
detailed geotechnical characteristics of the study area were
observed from the earlier studies of Reddy et al®® and using
SPT profiles at various locations. The Vs was calculated
using the empirical correlation between the Vs and SPT-N
value and for the short depth (i.e. less than 30 meters), the
Vs was calculated based on the method proposed by Boore?.

The regression coefficient (R) is 0.96 obtained for the Vs
values and SPT N values using Kirar et al?* relationship. The
Vs values for an average of 30 meters are the most important
parameters considered for seismic site classification
according to many building codes.
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In the present study, the average Vs for 30 meters depth was
calculated for all 65 borehole locations and based on the
obtained Vs values, the site has been classified as class “D”
according to NEHRP? and ground type “C” according to the
EC-8%2. The Vs profile was developed (fig. 4) for the
Amaravati region for the least value of average Vs (up to 30
meters depth) among all, because the entire site class is
showing one particular classification (i.e. class D). The
response analysis is performed for the same soil profile of
minimum V39 using representative input motions.
Unfortunately, the records of strong motion are not available
for the south India region.

Therefore, the recorded ground motions were obtained from
the data source center of COSMOS. The response analysis
was carried out using four different earthquake acceleration
time histories of 2001 Bhuj, 1995 Chamba, 1994 Northridge
and 1991 Uttarkashi. The surface PGA is determined for all
selected input motions and it is observed from the results the
minimum value of PGA is 0.27 g and the maximum PGA is
0.29 g. The predominant zone of the frequency concerning
maximum amplitudes has been summarized for input motion
types and the frequency is varying from 0.2 Hz to 6.58 Hz.
The response spectrum between the outcrop of the bedrock
to the free field is also compared in this study. Finally, the
normalized response spectra for all input motion are drawn
for the spectral periods of BIS code for medium soil*°.
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