Acta Geotechnica
https://doi.org/10.1007/s11440-025-02534-w

RESEARCH PAPER q

Check for
updates

Seismic site characterization of shallow bedrock sites in peninsular
India using multiple geophysical methods

Ayush Kumar' - Anbazhagan Panjamani’

Received: 19 January 2024/ Accepted: 4 January 2025
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2025

Abstract

The shear wave velocity (V) profile of the subsurface soils and rocks is an essential parameter for site response analysis,
stiffness estimation and seismic site classification. In field, V; is measured using two types of survey method—borehole
and surface methods—which often result in conflicting V; profiles, leading to different stiffness representations of the same
site. Moreover, seismic site classification often uses these V data and SPT N-values. The correlations of N-values and V
are often used instead of measuring V in situ. The variability among different methods is still not clearly understood and
needs to be explored. Minimal studies are available to show how these V profiles are comparable, and how seismic site
classification varies with selection of survey method. In this study, both borehole-based and surface-based methods are
used to determine V| profiles at five kinds of geological settings spread over twenty-eight test locations in different
geological formations. Variability between V; profiles at the same location is studied, and site classification from different
methods is compared, along with the scatter in individual V; values from different methods. The local geology and
subsurface layers influenced the variation of V. Two methods of site classification were used, based on average V; & SPT
N up to 30 m and average V; and SPT N-values up to bedrock depth, as mentioned in the literature. At most locations, any
change in site classification was not observed with a change in the survey method. However, the V and average V values
vary significantly across different methods at a few geological formations.
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1 Introduction

The local geology significantly impacts the earthquake
ground motion and cumulative destruction resulting from
an earthquake. The characteristics of the subsurface soil
can affect the amplitude, frequency, and duration of seis-
mic waves as they travel to the surface and cause defor-
mation. This influence is known as the local site effect and
can lead to intense ground shaking, liquefaction, and
landslides, causing further damage. To evaluate these
hazard risks at any location, it is essential first to accurately
determine the subsurface dynamic properties and classify
the site’s seismic characteristics [2, 13, 45, 46, 54, 57].
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These are fundamental for understanding how the ground
will respond during a seismic event.

As seismic survey methods continue to improve, more
research is emerging that considers various regional factors
that affect the local behaviour of the subsurface. Currently,
the shear wave velocity (V) and penetration resistance
from the standard penetration test (SPT) are essential
parameters for classifying and assessing seismic site effects
[1, 28, 38]. Different field techniques are used for the
measurement of V as one- and two-dimension profiles.
These can be broadly categorized into invasive (borehole)
and non-invasive (surface) methods. Invasive methods
including SPT, cone penetration test (CPT), crosshole
seismic test and downhole seismic test provide discrete
high resolution V; measurements, typically in 1-2 m depth
increments. Among these, the borehole seismic methods
are considered more reliable as they are based on travel
time measurements of P- or S-waves at the required depth
of investigation [28, 33, 38, 39, 56]. They also provide
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samples for visual and lab investigation. In contrast, non-
invasive or surface methods like Multichannel Analysis of
Surface Waves (MASW) and Refraction Microtremor
(ReMi) give more global information than localized ones
[41]. They are less expensive, cause minimum soil distur-
bance and have gained popularity in recent decades.
However, the interpretation of surface methods is cum-
bersome as it involves dispersion and subsequent inversion
problems. Dispersion analysis has improved significantly
and has become robust [24, 25]. However, the inversion
problem remains highly nonlinear and is affected by non-
uniqueness of solution. Thus, ambiguities related to the
interpretation of V, profile come into the picture
[15, 28, 30]. Due to almost consistent resolution with
increasing depth, invasive methods are commonly consid-
ered more reliable than surface methods. Their results are
often benchmarked against the other geophysical methods
[28, 34, 38]. However, very few studies have presented
comparisons of V; models derived from different invasive
and surface wave tests at the same location in different
geology formations. Studies on the influence of the method
of V, measurement in seismic site classification are also
limited. So, the main objective of this study is to carry out
detailed invasive and surface wave tests in the same loca-
tion in different geological terrains and understand the
outcome of seismic site classification.

This study uses multiple exploration methods like SPT,
crosshole, downhole and MASW to determine the subsur-
face profile and estimate seismic site class in the same
location in the different geological formations. These tests
work as indicators of subsurface strength; however, these
all measure the subsurface properties by different proce-
dures. SPT is an in situ dynamic penetration test designed
to determine the engineering properties of the soil from
cross-correlations. The empirical strength of subsoil is
measured in terms of the penetration resistance given by
the number of blows (N-value) split-spoon sampler needs
to penetrate the soil for 300 mm at different depths. Con-
versely, the V; measurement methods work on the direct
determination of stiffness by utilizing wave propagation
properties of the subsurface. V can be measured directly
considering the travel path between source and receiver as
in borehole-based methods, or by dispersion and inversion
analysis in surface methods. For ease of design procedures
and analysis, design parameters like bearing capacity, shear
modulus and V are correlated with the N-value for
empirical determination [2, 5, 11, 43, 50, 52]. Hence, N-
values are also often used to determine V, and subse-
quently, the site class for seismic characterization studies.
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2 Inter-variability of different V; profiling
methods

The time and budget restrictions in a project often mandate
that a single method be used for V; measurement and
seismic site classification. Hence, it becomes quite tedious
to estimate the uncertainty in a single parameter V being
used to study seismic site response analysis or classifica-
tion, as all these methods estimate the velocities using
different algorithms. A crosshole survey is used to obtain a
detailed in situ seismic wave velocity profile for site-
specific investigations and material characterization
[2, 6, 28, 33, 40, 51, 53]. This method provides the highest
resolution data as the signals travel horizontally between
the two boreholes. The V value obtained is for the specific
depth of acquisition. In downhole survey the waves travel
through all the layers between the source and the receiver,
resulting in estimation of average V and, V; of a specific
layer by considering the refraction along the travel path
[14, 26, 31, 36, 39].

MASW utilizes the dispersive nature of the Rayleigh
waves. V; is determined using an inversion procedure
applied after a dispersion curve between phase velocity and
frequency of Rayleigh wave acquisition is plotted
[34, 48, 49, 55]. This method results in an average V
values for different layers, whose thickness increases with
depth. The resolution of MASW decreases with depth
because phase velocities of surface waves sampling deeper
depths are determined by materials of a greater depth range
[47]. Moreover, surface waves with lower frequencies and
thus longer wavelengths penetrate deeper into the ground,
losing energy due to attenuation and geometrical spreading.
Longer wavelengths average the properties of a larger
volume of material, leading to less precise resolution of
individual layers. The travel path of seismic waves is more
global compared to the localized nature of the borehole-
based methods.

There have been limited attempts in the literature to
study the inter-variability of V; measurement methods at
the same location. The uncertainty in the V value due to
variation in different determination methods leads to lower
reliability in further studies like amplification through site
classification and site response analysis. Seismic site
classification is mainly carried out using V; measured or
determined from correlations. Earlier, Brown et al. [19]
compared V profiles obtained from surface and borehole
measurements at 10 sites, but only a single measurement
was made for each technique. Asten et al. [8] conducted a
blind comparison of ambient noise, cone penetrometer and
seismic refraction data in glacial sediments near Welling-
ton Harbour. Later, Boore and Asten [17] reported a similar
study for two sites in California with constantly increasing



Acta Geotechnica

velocity profiles. They improved upon the traditional
method of visually comparing the plots of the V; versus
depth for various models. However, all six sites were in the
same geological setting and lacked strong gradients in
subsoil stiffness. Later, Kim et al. [38] investigated a single
site, thus limiting the study only to a specific subsoil
condition of shallow bedrock at 15 m depth. Through the
InterPACIFIC project, Garofalo et al. [34] studied three
sites in Italy and France with different subsurface condi-
tions (soft soil, stiff soil, or sedimentary rock) for the
variability of V profiling methods. A comparable V°
(30 m average V) estimate was obtained between invasive
and non-invasive methods. It was concluded that the
overall V* estimates are minimally affected by the
observed non-uniqueness of V profiles since the variability
in V3 estimates was small. Similarly, in a blind test
comparison at 11 strong-motion stations in Chile, an
average relative difference in V between invasive and non-
invasive methods was found to be ~ 10% for soil layers
and ~ 30% for bedrock [45]. Recently, Darko et al. [28]
carried out a blind comparison between invasive and non-
invasive methods at six sites in Windsor, Ontario, and
estimated the overall average relative difference to be
within 18% for all sites. Comparable V; profiles were
obtained using different methods, which also agreed with
the impedance and showed consistency in V* estimation.
It can be noted here that V> is not an appropriate method
of averaging the stiffness of the site to reflect amplification
in shallow bedrock regions [3, 22, 46]. Moreover, the
distance between the borehole or CPT point and surface
wave test location in the previous studies was in the range
of 100-300 m, which is very high to study the effect of
different methods on V; models. The spatial variability of
subsurface properties can lead to erroneous interpretations
[57].

With the wider application of V** and N*° classifica-
tions for seismic studies and their inclusion in regional
design standards, it has become imperative that a wider
range of geophysical tests be studied for site classification
procedures. In this study, V; profiles were obtained at the
same test locations within proximity using MASW, cross-
hole and downhole surveys, and SPT data. The V profiles
obtained from various methods are compared and then used
for site classification based on a 30 m average V (V30
[18] and up to bedrock (V,2R) [3]. Seismic site classifica-
tion of shallow bedrock sites is also studied using average
SPT N and V; value up to 30 m and engineering bedrock
depth as per Anbazhagan et al. [3] and BSSC [20]. SPT N
and V; correlations previously established for this region
were also used to obtain site classification and to assess the
variability when compared to the classification obtained

from N-values directly, as well as from V; measurement in
the same location in different geological formations.

3 Test locations

Peninsular India is one of the oldest land masses consisting
of several types of geological deposits within a depth of
100 m, accompanied by spatial variations as well [11]. The
region has also experienced many catastrophic earthquakes
in the last 150 years. Hence, test sites are selected in a fair
distribution of major geological features in south-eastern
India. Figure 1 shows seven study locations where tests
were carried out for the study, along with the major geo-
logical settings of Peninsular India. The geology of each
test location is different, which was observed using borel-
ogs from the investigation.

The test locations can be divided into five bins consid-
ering the subsurface geology. Residual soil deposits are
found in Bangalore and Coimbatore. Bangalore lies in the
south part of India at an elevation of 900 m in the Southern
Dharwar Craton. The city is situated over subsurface layers
of gneisses, granites, migmatites, red laterite soils and
loamy-to-clayey soils. Coimbatore lies at the boundary of
Dharwar Craton and Southern Granulite terrain and pri-
marily consists of Charnockite rocks, gneisses, and granite
in the subsurface. Alluvial deposits up to 30 m depth are
also observed at a few locations. The coastal region of
Chennai lies at the intersection of Eastern Ghats and
Southern Granulite terrain and is comprised mostly of clay,
shale, and sandstone. Sandy areas are found along the
riverbanks and the coasts. Clayey regions are observed to
cover most of the city. Alluvium and Fluvial deposits are
found in Tuticorin, a coastal city where the subsurface is
mostly sand, silt, and clay in varying degrees of admixture,
underlain by the Charnockite group of rocks made up of
gneisses in Southern Granulite Terrain. Mangalore, another
coastal city, is characterized by hard laterite in hilly tracts
and sandy soil along the seashore of Dharwad craton. Rock
deposits like quartzites, shales, limestones, phyllites,
granites, granodiorites, and granite gneiss were observed in
Kadapa (in the widely popular Cuddapah Basin), with a
few Alluvium deposits consisting of gravel, sand, silt, and
clay. Bhubaneswar lies in the eastern coastal plains, along
the axis of the Eastern Ghats mountains of Peninsular
India. The subsurface in this region primarily consists of
laterite, alluvial sediments, and sandstones. Surrounded by
distributaries of the Mahanadi River, the alluvial sediments
cover a major part of the city.
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Fig. 1 Test locations in this study a Test locations across Peninsular India showing different geological features (after Bajaj and Anbazhagan

[11]). b Test locations across Chennai city
4 Methodology

In this study, geotechnical and multiple geophysical tests
were conducted at the test sites located across different
geological terrains, as shown in Fig. 1. Boreholes were
drilled at the test locations after performing the MASW
survey. In a few cases, MASW was performed after bore-
hole drilling near the borehole, as shown in Fig. 2. SPT
was conducted during the drilling, and then, the boreholes
were prepared for crosshole and/or downhole tests. The
borehole seismic tests were then conducted, and Vg profiles
were generated. The Vg profiles from different methods

Geophone array for MASW

were then compared to understand their inter-variability
with changes in the testing method. The Vg profiles were
also compared with the borelog obtained previously, and
the accuracy of the determination of impedance contrast
was studied. In the shallow subsurface, the Vg profiles were
also estimated using SPT N-Vg correlations previously
developed for this region [1, 43] (in Table 1 and compared
with the Vg measured from geophysical tests. These values
help in studying the uncertainty incurred in the absence of
geophysical tests when Vg values are obtained solely using
the correlations. These Vg profiles are subsequently used to
determine seismic site class based on recommendations of

Surface source for
Downhole, MASW
Receiver (geophones)

Surface
Source VVV .- VVY
Borehole 1 Q - T
For Downhole - MASW
and MASW 5
O Source borehole
for Crosshole Crosshole Borehole
source receiver
Enjetinie 2 é (not to scale) Crosshole Downhole MASW
Plan Section

Fig. 2 Typical plan and section view of geophysical testing layout in this study
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Table 1 SPT N-Vj correlations considered in this study

Correlation no Correlation Soils Reference

SCl1 Vs = 95.64N0301
SC2 Vg = 52.21N%%

All soils [43]
All soils [1]

“Both these correlations were developed for uncorrected N-values

National Earthquake Hazard Reduction Program (NEHRP)
[20] based on V¢° values. Then, these V** values are
compared with each other to study variation with changes
in the V; survey method. The presence of bedrock in
shallow depth within the top 30 m was observed to affect
the interpretation of site response as stiffer layers lead to
high V*° even though the soil column above may be weak
[46]. Hence, apart from V3O, average Vg up to the sedi-
mentary depth and bedrock depth is also calculated as the
amplification and site response are mainly dependent upon
the properties of the soil column above the bedrock.

5 Field data acquisition

SPT, crosshole, downhole and MASW tests were carried
out at test locations in this study. Based on the field pos-
sibilities, the tests were carried out in a combination of two,
three or all of them at the same site. SPT was performed
using rotary or hydraulic drilling rigs. Crosshole and
downhole tests were conducted using Seismic source BIS-
SH and receiver BGKS and BGK7 from Geotomographie
GmBH. For the crosshole test, the boreholes were drilled
3-5 m apart. Crosshole tests were conducted at most
locations utilizing three boreholes—one source and two
receiver boreholes. In the downhole test, a 2 m long
wooded beam with metal-plated ends, kept at a 2.5-3 m
distance, was used as a seismic source. The MASW tests
were carried out using a Geode seismograph 2 Hz or
4.5 Hz geophones using 12-24 geophones, with an 8§ kg
sledgehammer as an active source. Source offset was var-
ied from quarter to half of geophone array length consid-
ering minimal near-field effects, thus avoiding
contamination by body or ambient noise fields [48, 49].
The best profiles were selected based on the obtained dis-
persion image. All the MASW tests resulted in V profiles
up to or beyond 30 m. The MASW survey was carried out
at a distance of 1-2 m from the borehole location. The
typical layout of all tests at a site is shown in Fig. 2. Each
field test and typical test data are described below.

5.1 Standard penetration test (SPT)

SPT is an in situ dynamic penetration test used to deter-
mine the engineering properties of soil. It is the most
widely used in situ geotechnical exploration test due to its
ease of use and cost-effectiveness. The test also provides
samples for testing and identification of subsurface strata.
The empirical strength of the subsoil is measured in terms
of the number of blows needed by the sampler to penetrate
30 cm under the impact of a 63.5 kg hammer falling from
760 mm in height. SPT N values are measured at 1 m or
1.5 m intervals up to the rebound layer. Several factors
affect the N-value measurement, such as hammer energy,
borehole diameter, sampler lining and overburden pressure.
These factors are accounted for using correction factors.
However, most of the site response and correlation studies
do not consider these corrections and rather consider only
the measured N-values for further computations. Hence, in
this study, only uncorrected SPT N values will is to cal-
culate N*° and Vg as per standard seismic site classification
schemes.

N-values are later used to estimate Vg using previously
established correlations for the region. The two correlations
(referred as SC1 and SC2 in this study) previously devel-
oped for Peninsular India are presented in Table 1. As per
NEHRP recommendations, a constant N-value of 100 is
assumed after the borehole termination depth up to 30m for
comparison purposes.

5.2 Multichannel analysis of surface waves
(MASW)

The MASW survey is a seismic method used to evaluate
the low-strain subsurface properties. This method involves
a forward modelling procedure where the dispersive nature
of the Rayleigh waves is utilized. The elastic properties are
determined using an inversion procedure applied after a
dispersion curve between phase velocity and frequency of
Rayleigh wave acquisition. Rayleigh waves provide the
mode with the highest energy among the various waves
generated during impact and are therefore used in the
analysis. Post-data acquisition, conventional signal pro-
cessing techniques are used to remove ambient noise from
the data and increase signal strength. Park et al. [49] and
Xia et al. [55] emphasized the method’s efficiency by
outlining the benefits of multichannel acquisition and
processing techniques well-suited for geotechnical engi-
neering applications. Further, MASW has also been used
extensively to evaluate site amplification and transfer
functions for site response analysis
[10, 12, 13, 23, 32, 34, 42].
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This study uses a 24-channel Geode seismograph with
12 or 24 numbers of 2 or 4.5 Hz vertical geophones (based
on space available) placed 1 m apart, to record surface
waves generated by a sledgehammer hitting a metal plate at
quarter to half array length distance from the nearest geo-
phone. A typical multichannel surface wave record
acquired from the MASW survey is shown in Fig. 3a. The
multichannel waveforms are then processed using Park-
SEIS software to generate a dispersion image (Fig. 3b) and
extract a suitable dispersion curve with the highest signal-
to-noise ratio within the desired frequency range (Fig. 3b).
Then, a Vg profile is assumed and back-calculation for
inversion is carried out, with further iterations till both
assumed and calculated dispersion curves match with a
sufficient degree of accuracy, and then the final Vg profile
is obtained (Fig. 3c).

5.3 Crosshole survey
A crosshole survey is considered to be the most accurate

test for the measurement of seismic velocities of subsur-
face layers, commonly used to obtain the most detailed
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in situ seismic wave velocity profile for site-specific
investigations and material characterization [33, 51, 53].
This method involves the generation of seismic impulses in
one borehole and recording the impulse in one or two
nearby boreholes. The source and receiver are placed at the
same depth. The wave velocities are determined by the
horizontal distance between the source and receiver and the
duration of the wave signal’s travel between them (D4428-
14 2014). The only demerits of the method are the high
cost involved because of the drilling of multiple boreholes
and the error in interpretation due to the detection of the
apparent arrival of P- or S-waves [21]. The arrival time of
S-waves is determined using the crossover method [36, 37],
which utilizes the property of polarity reversal of S-waves
when generated using impulse in two opposite directions.

The crosshole survey used one source borehole, and one
or two receiver boreholes generally spaced 3 m apart at test
locations. The boreholes were prepared for the source and
receiver as per D4428-14 (2014), followed by borehole
deviation survey to estimate the correct distance between
source and receiver for survey. The source and receiver/s
were then lowered at the same depth and clamped using a
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pneumatic packing mechanism. The source then released
seismic impulses in the form of P and SH-waves (hori-
zontally polarized shear waves) which were detected by the
receiver in the other borehole. A typical schematic of wave
polarization direction used for crosshole and downhole
tests is presented in Fig. 4. The arrival time of the S-wave
was calculated using the crossover technique [37, 44, 52],
where a reversal in polarity of the S-wave with a 180°
change in impulse direction is utilized (Fig. 5). The source
was rotated by 180° to achieve polarity reversal, and an
impulse was released again. Analysing these two opposite
records together gives the arrival time. Then, from the
arrival time at each depth, the V is obtained by considering
a straight ray path from the source to the receiver.

5.4 Downhole survey

The downhole survey is a cost-effective alternative to the
crosshole survey, where a seismic source is placed on the
ground surface, and the receiver is placed in a borehole. As
it only requires one borehole, it is quicker and more eco-
nomical. Arrival times of P- and S-waves are computed
using the crossover method, similar to the crosshole test
(D7400-19 2019). The velocity of subsurface layers is
calculated based on the length of the travel path in different
layers from the source to the acquisition depth. Since the
waves travel almost vertically from source to receiver,
there are fewer ambiguities about the path [26]. Most
conventional methods rely on the simplified assumption of
straight wave paths. However, in layered and anisotropic
media, these assumptions frequently lead to inaccuracies in

Time (s)
0 0.1 0.2 0.3 0.4 0.5

4

Fig. 5 Arrival time detection for typical S-wave signals in the
crosshole survey using the crossover method

the velocity profile [31, 36]. Hence, Kim et al. [36]
developed a method incorporating refraction due to
velocity contrast along the wave travel. This method was
further updated by Bang et al. [14] by integrating with the
conventional direct method, to obtain V profiles. As per
the analysis procedure, the subsurface layer boundaries are
considered at the recording station depths.

An 8 kg sledgehammer and wooden shear beam 2 m
long with metal-capped ends are used as a surface source
for SH waves (horizontally polarized shear waves), as
shown in Fig. 4, placed at a 2-3 m distance from the
borehole. After hitting on one end of the beam, it was hit
on the other side for a signal with reverse polarity. The
crossover method, similar to the crosshole, was used for
arrival time detection. Then, as discussed in Sect. 5.3, the
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V, profile was determined using arrival times at different
depths (Fig. 6). P-waves can be generated by hitting a
metal plate kept at a similar distance from the borehole as
the shear beam.

The test locations of the study cover the shallow bedrock
region of India. In this study, the profiles are considered up
to three depths, i.e. 30 m, weathered rock and engineering
bedrock, irrespective of the total depth of profiles investi-
gated. Weathered rock and engineering bedrock were
considered based on borelogs and shear wave velocity
defined previously [4] based on south Indian data, i.e. Vy
values of weathered rock as 330 m/s £ 10% and engi-
neering bedrock as 760 m/s + 10%.

6 Comparison of Vs profiles obtained
from different methods

The comparison of the Vs profiles obtained from the three
geophysical methods is presented in this section. The
borelog prepared for the test locations from SPT has also
been examined to validate the accuracy of the Vg profiles.
The Vg profiles obtained from the correlations are pre-
sented along with the Vg profiles determined from the field
tests.

6.1 Residual deposits

There are four test sites in Bangalore’s residual geology
deposit (Fig. 7a and b). At location B1, one CH, DH, and
MASW test were conducted. The maximum depth of the
CH and DH survey was 18m. From the borelog, it was
noted that the subsoil mainly consisted of silty sand up to
12 m, underlain by granitic rock. The Vg profiles from CH
and DH show a gradual increase till the rock layer. How-
ever, only CH profile shows a higher impedance contrast at
11-12 m depth. The DH profile shows a more gradual

Time (s)
0 0.1 0.2 0.3 0.4 05

Fig. 6 Arrival time detection for Typical S-wave signals in downhole
survey using the crossover method
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increase in the Vg value. The MASW profiles show a
constant Vg profile beyond 8 m till the survey depth and
fail to capture the increase in Vg due to the soil-rock
interface. The Vg profiles obtained from correlations SC1
and SC2 closely match CH and DH test results. At sites B2
and B3, CH test was not carried out because only one
borehole was drilled.

At B2, the subsurface consists of silty clay, followed by
silty sand and weathered gneiss rock layers, whereas at B3,
silty sand is more predominant, found up to 25 m of depth,
underlain by the gneiss rock system. At the B2 site, the DH
profile shows a gradual increase with depth up to the bot-
tom of the profile, with more scatter in the top layers than
in the bottom. A few pockets of low velocity are observed
at 2-3 m and 5-6 m. Reduction in N-values also shows
weaker layer at 3 m, but beyond 4 m, N-value increases.
MASW profile also follows a gradual increase in Vg with
depth, showing a weak layer in a shallow depth of around
8 m, close to the soil-rock interface in the borelog. In all
the profiles, silty sand layer is stiffer than the overlying
silty clay layer. It is followed by weathered rock strata
which has low V; around 400 m/s.

At site B3, DH and MASW profiles agree with each
other for the top 8 m. A slight reduction in N-value at 3 m
is also captured in DH and MASW profiles, showing a
weaker zone. The Vs values from correlations show a very
gradual rise with depth, whereas in MASW and DH pro-
files, the V¢ values show an almost constant trend up to the
depth of investigation. Below 4 m, both MASW and DH
show a reduction in Vg, which is not reflected in N-values.

At location B4, the subsurface comprises silty clay,
sandy silt, weathered gneiss, and granite rock formations.
The borehole depth limited the extent of DH and CH sur-
veys; however, MASW profiles were obtained up to a
depth of 30 m. Since the N-values show rebound at 5 m,
the Vg from correlations show constant values below 5 m.
CH and DH profiles agree with the Vg profile from corre-
lations. At 2-3 m, N-values reduce showing a reduction in
stiffness, whereas DH shows the presence of a weak layer
at 3—4 m depth, which is also mildly reflected in CH pro-
file. CH profile shows a significant increase in Vg values
beyond 12 m, which is the occurrence of a weathered rock
layer. The MASW profile identifies two Vg contrasts at
10 m and 14 m depths, the latter of which lies at the onset
of the weathered rock layer. The first contrast shows a
sudden increase in stiffness, which is also evident from
SPT rebound at a much smaller penetration.

There were three test sites in the other residual geo-
logical deposit in Coimbatore, namely CTR1, CTR2 and
CTR3 (Fig. 8), with DH and MASW surveys at all the
locations. However, because of the stiff subsurface, SPT
could not be conducted to any reasonable depth at CTR2
and CTR3 locations. At CTR1, sandy silt and Charnockite
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«Fig. 7 a Vy profiles along with the borelog at Bangalore B1 and B2
test locations. b Vg profiles along with the borelog at Bangalore B3
and B4 test locations

rock formations form the subsurface profile. Both DH and
MASW profiles capture a reduction in Vg in shallow depth,
which is also reflected in borelog as a reduction in N-
values, and hence in the Vg from correlations as well. The
weathered rock zone shows a consistent increase in Vi,
which matches well with the borelog, where the rock
quality designation (RQD) [29] is also increasing with
depth.

At CTR2, the subsurface consists of sandy silt, gneiss
and Charnockite rocks. The layer of gneiss rock is highly
weathered with very poor rock quality. Both DH and
MASW reflect this profile as the Vg values in this layer are
within the range of 500-750 m/s. At CTR3, the subsurface
is formed by silty sand, limestone, gneiss, quartzite and
Charnockite rocks. The limestone layer was observed to be
heavily weathered with low RQD for the complete depth.
Both MASW and DH profiles show the presence of a low
Vs layer around 15-20 m depth, beyond which there is an
increase in V. Towards the end of the weathered limestone
layer, the Vg increases from 500 to 800 m/s to 1000 m/s
followed by a further increase in the Charnockite strata.

6.2 Coastal deposits

At coastal deposits in Tuticorin, the subsurface profile
consists of Silty sand underlain by weathered limestone
and weathered sandstone till the investigation depth of
20 m (Fig. 9). The N-values show a gradual increase up to
9 m. In shallow depths, the Vg values obtained from CH
are lower than those of DH and MASW. In soil layers, DH
values are higher and predict a low-velocity layer between
1 and 5 m, which, however, is not observed in the borelog,
which shows continuously increasing stiffness with depth.
MASW Vg profile shows a more gradual increasing Vg
profile, with V values lower than CH and DH after the
weathered sandstone layer. The top layer of sandstone is
very soft as the SPT showed rebound, but V values are not
high.

6.3 Coastal alluvial deposits

Chennai is a coastal city, underlain by Archean rock for-
mations as well as alluvium sediment beds. The city has
nine test locations with the subsurface predominantly
comprising silty sand, sandy silt, silty clay, Charnockite,
and shale rock formations (Fig. 10a). At most of the
locations in general, MASW Vg profiles are observed to
result in higher values than the CH profiles.

At site C1, the CH profile shows an almost continuous
increase in Vg values, which are also reflected in MASW
profile and N-values. N-values show a rebound below
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Fig. 9 Vg profiles along with the borelog at Tuticorin

18 m. However, MASW or CH profiles do not show any
sharp change at that depth. The presence of weathered and
hard Charnockite rock layers is also indicated in the CH
and MASW profiles as a sudden rise in the Vg values. The
rock quality is continuously improving with depth, as noted
from borelog and evident from V profiles.

At site C2, both CH and MASW profiles show a con-
stantly increasing Vg profile; however, MASW Vg values
are much higher than those from CH. Subsurface hetero-
geneities at the test location can lead to V profiles which
might not represent the accurate subsurface stiffness. This
might be the result of more global coverage of the sub-
surface during wave propagation through different hetero-
geneous layers in larger distances [23]. MASW profile
shows a very shallow interpretation of a hard rock layer at
around 10 m, which is not observed either in CH profile or
the borelog. The N-values continuously increase till 12 m
and then decrease before rebound. However, both CH
profile shows a marginal increase and MASW profile
shows a sharp rise at 12 m, which does not agree with the
N-value profile. CH profile increases across the weathered
rock and hard rock layers with fluctuations, which agrees
with the RQD values from the bedrock.

At site C3, the N-values (and Vg from correlations) and
borelog show the presence of weaker soil layers below
12 m. This is also evident from CH profile, where the Vg
values are low; however, the reduction is not observed in
MASW profile. The Vg values show a noticeable increase
at the soil-rock interface in both CH and MASW profiles;

however, the CH profile shows a continuous increase in
depth rather than a sudden change. The hard rock layer
exhibits good RQD values, and the same is also observed in
V, profiles as well.

At C4 location, only CH profile is available, which
shows an impedance contrast at the weathered rock
boundary with an increasing trend further up to the hard
rock stratum. Between 10 and 15 m, the V, values are
higher, but the N-values do not show any stiffer layers. At
about 30 m, the RQD of weathered Charnockite strata
improves and V also shows a jump after 30 m.

At test site C5, a good match is observed between
MASW and CH profiles in shallow depth up to the soil—
rock interface (Fig. 10b). Just above 15 m, at soil, there is a
reduction in N-value, however, both CH and MASW pro-
file show a sharp rise in V. Both profiles clearly mark the
beginning of the weathered Charnockite strata at around
25 m. The rock quality is very poor and only improves
towards the end of the borelog, which is also reflected in
CH profile as continuous fluctuations. MASW profile
shows a rather lower V; when compared to CH throughout
the rock layer.

At C6, both CH and MASW profiles show a sudden rise
in Vg at the sand-weathered rock interface; however, the Vg
values from MASW are much higher. The rock quality
obtained from the borelog is mostly poor with slight
improvement towards the end of the borehole. The RQD
improves between 30 and 33 m, which is also visible in CH
and MASW profiles.

At sites C7, C8 and C9, apart from CH and MASW, DH
survey was also performed (Fig. 10c). At site C7, the N-
value increases with depth up to the weathered shale layer.
It can be observed that all the Vg profiles agree up to about
18 m depth. MASW profile predicts a sharp increment in
the Vg at 18 m depth, which is not reflected in the CH and
DH profiles, which show an increase in Vg after the hard
rock stratum is encountered. RQD of the shale layer
improves after 33 m, which is also visible in CH profile.

At C8, the Vg profile is gradually increasing for all the
surveys. However, it was observed from the borelog that
the N-values decreased significantly after 15 m, showing a
weaker layer; this reduction was captured by CH profile,
followed by an immediate increase in V. DH and MASW
profiles show a continuous increase in the Vg values with
depth in the weathered shale layer. Rock stratum is heavily
fractured and does not improve till the end, only showing a
gradual increase in V and RQD.

For C9, the MASW profile fails to detect the hard rock
layer at 20 m, which is identified by the DH and CH pro-
files. None of the V| profiles capture a weak layer below
5 m, where N-value decreases. Beyond this, stiffness
increases with depth. In the weathered rock layer, the V;
values are inconsistent from CH, because of the fractured
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Fig. 10 continued

strata. The rock quality deteriorates again after 35 m,
which is also visible in CH profile.

Alluvial deposits are also found in Bhubaneshwar, test
locations BBSR1, BBSR3, BBSR4 and BBSR6 (Fig. 11a
and b); these test sites are in proximity to the riverbed.

At BBSR1, DH and MASW profiles show the presence
of a weak layer between 5 and 10 m, but the same is not
observed in the borelog, where the N-value remains similar
up to 12 m and shows weaker zones between 15 and 20 m.
Another decrease in Vg is observed from DH profile after
20 m. However, MASW and N-value correlations do not
show any reduction in Vg. Vg from correlations and
MASW show a continuously increasing trend up to the
survey depth. No rock layer is observed till the depth of
investigation. However, the N-values below 25.5 m show
rebound.

At BBSR3, N-values show a rebound from the first
depth itself, which is also observed in DH and MASW
profiles, where Vy is high in shallow depths. Beyond the
recorded N-values, a reduction in Vg is observed in both
DH and MASW profiles. Beyond 15 m, MASW and DH
profiles show similar trends up to 30 m in weathered rock
strata, beyond which DH profile shows a reduction in Vg
and MASW profile shows an increase. The rock quality
remains poor till the end with rock remaining heavily
fractured.

At BBSR4, between 5 and 10 m, DH and MASW pro-
files predict a local rise in stiffness, which is not reflected

in borehole data. However, at 10-11 m, both DH and
MASW show a low V| layer, the N-value from SPT also
decreases there. After 20 m, all the profiles show an
increase in Vg, which is the interface of soil and weathered
rock, with DH profile showing a drop after 30 m. Rock
quality remains poor till the end, with zero RQD.

At BBSR6, the subsurface is observed to be weak with
predominantly clayey soil with silt and sand. All the Vg
values up to the depth of 20 m are within the 100-200 m/s
range. A lower stiffness region between 10 and 15 m is
observed from SC1, SC2 (or N-value profile) and DH
profiles. The borehole was terminated at 20 m without
reaching rebound.

6.4 Lateritic deposits

Bhubaneshwar consists of two locations with lateritic
deposits, BBSR2 and BBSRS (Fig. 11a and b). At BBSR2,
SPT indicated rebound at a very shallow depth, and the
weathered rock layer prohibited any further SPT. MASW
profile shows a high Vg layer under 5 m depth, which is
also discovered in borelog, with high RQD values. Below
this layer, the rock quality remains poor. DH profile is
almost constant up to 15 m, beyond which MASW and DH
profiles both indicate two major increments in Vg which
reaches up to 1500 m/s at the interface between sandstone
and shale rocks.
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Fig. 11 a Vj profiles along with the borelog at BBSR1, BBSR2 and BBSR3. b V; profiles along with the borelog at test locations BBSR4,
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At BBSRS, cemented laterite, mostly powdered and  the depth of the survey. DH and MASW profiles show an

particulate in nature, is found in the subsurface. No rock  almost constant Vg value up to 20 m depth. After 25 m, the
sample is obtained, and all the SPTs show rebound up to ~ MASW profile shows a significant increase in Vg; however,
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the borelog does not indicate any improvement in stiffness,
very similar to DH profile.

At Mangalore, the subsurface consisted of silty sand,
silty clay, and lateritic deposits, underlain by granitic
gneiss rock layers. Vg profiles obtained using a downhole
are presented in Fig. 12. It can be observed that in the
shallow subsurface, the profile generally increases with
depth. In deeper depths, a few velocity inversions are
observed in the granite rock layers.

At M1 location, borelog shows a reduction in N-value
after 5 m, and it increases only after 14 m. A similar trend
is observed in DH profile, where a low velocity zone is
detected between 5 and 18 m. With the onset of Gneiss
stratum, V increases, only to decrease again at the granitic
interface. Although the rock quality remains good from
25 m onwards, the V; is low in 25-30 m depth.

At M2, the Vg from downhole exceeds the Vg values
from the correlations. A reduction in stiffness between 5
and 15 m is mildly observed in DH profile. SPT also shows
higher N-values in the top 3 m and then lower N-values up
to a depth of 15 m. Beyond 15 m, V remains constant up
to the weathered gneiss layer and reduces in the granite
layer, although the rock quality is very good.
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Fig. 12 Vg profiles along with the borelog at Mangalore
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6.5 Quartzite formations

The subsurface profile at Kadapa entirely consists of
weathered quartzite rock formations. Silty sand layer and
gravel are observed in a very shallow depth of 0.5-1.0 m
(Fig. 13). The borehole depths were 15 m, and hence, the
depth of CH and DH surveys was carried out up to 15 m.
Because of shallow rock layers, the Vg values are high in
shallow depths. The low resolution of the MASW profile
compared to crosshole or downhole prevents a detailed
description of Vy; instead, we get an average constant Vg
value for a much higher layer thickness. Another interest-
ing observation is the inconsistency between crosshole and
downhole Vg values. It is to be noted that the subsurface
consisted of moderately to highly fractured quartzite rock.
The fractures and fissures in the subsurface may cause such
inconsistency in the Vg values. This site is unique since the
sediment thickness is very small and rock layers are very
shallow, within 0-2 m from ground level.

Because of high spatial variation, the fractured rock
layers make it difficult to establish any specific profile for
subsurface properties. The extent of fracture will affect the
degree of contact between rocks in different spatial and
vertical layers. Detailed geophysical studies of these kinds
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Fig. 13 Vj profiles along with the borelog at Kadapa

of sites are rare in the literature. The discussion on the
influence of rock fractures on the Vg values at any depth is
beyond the scope of this study.

As evident from the above discussions, variation
between different Vg profiles can be the influence of either
subsurface layers or, test procedures or both. In some test
locations, we can observe very high differences between
Vs profiles from CH, DH and MASW. As discussed in
Sect. 6.3, a major cause of this high deviation is often the
uncertainty associated with the interpretation of bedrock
depth. The higher Vg prediction for the layer with a rela-
tively lower Vg value will certainly result in higher errors.
Moreover, downhole and MASW methods estimate Vg
values by considering an average over a layer thickness,
whereas for crosshole Vg is measured at any depth by
horizontally travelling seismic waves. Hence, the influence
of layer thickness is considered negligible in crosshole.
One more observation is that the MASW method is not
able to capture the variations in Vg within the shallow
subsurface layers, which are fairly detected using crosshole
and downhole methods.

6.6 Comparison of individual measured Vs
values

When comparing Vg profiles derived from different

methods, a reference profile is often used to compare with
the other profiles. However, in this study, a reference

@ Springer

profile does not necessarily imply the most correct repre-
sentation of Vg in the subsurface [7]. Each method captures
a different aspect of the properties at the site. DH and
MASW tests represent the properties over a larger area and
volume of the soil, whereas a CH test will interpret Vg only
in a highly localized region at a depth. The variability in Vg
at each test site is studied using the Coefficient of Variation
(COV, given by the ratio of standard deviation to the
mean), which implies the extent of variability in relation to
the mean V. Hence, in some sense, this method employs
the mean Vy profile as a reference profile, as COV for all
the V; values at a given depth is estimated.

The COV plots for test locations where MASW, SPT,
CH and DH, all four tests were conducted are shown in
Fig. 14. In residual deposits, it was observed that the COV
values lie mostly within 30%. Mostly, MASW results do
not match well with CH and DH results and lead to high
COV values. At B1, almost all COV values lie within 30%.
Below 12 m, the Vy profiles deviate more, and hence, the
COV values start to rise. At B4 as well, the COV values
mostly remain under 30%. Major rifts in Vg profiles are
observed in weathered rock strata, where the MASW pro-
file diverges significantly from DH and CH.

At the coastal location of Tuticorin, COV mostly lies
under 30%. COV increases in the weathered rock layer as
MASW and DH profiles underestimate the stiffness when
compared to CH. In shallow depth, COV is higher because
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Fig. 14 C.O.V. (%) for B1, B4, TCN, C7, C8 and C9 test locations

the mean Vg value itself is low, and any small change in
deviation reflects largely on COV.

Coastal Alluvial deposits show a high variability among
different methods, as 43% of the data has COV > 30%.
However, test locations at Bhubaneshwar show less COV
when compared to Chennai. One major reason for such

high COV values could be the difference in CH and
MASW profiles. At C7, the underestimation of hard rock
depth in the MASW profile causes high variability. At C8,
DH and MASW both are high when compared to CH and
correlations profile, DH predicts a high stiffness layer
between 15 and 20 m, and MASW results in a constant Vg
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layer up to 5 m, which leads to high COV in these depth
ranges. At C9, DH results in a high V layer around 10 m
depth, which leads to a high COV value. At quartzite
locations, CH profile has much higher values than DH and
MASW profiles. Still, COV remains mostly under 40%.
This section only discussed COV for test locations where
all four tests were conducted.

Further, the inter-variability of Vg values from cross-
hole, downhole and MASW were studied by comparing
them with each other for the same depth and location.
Figure 15 shows the 1:1 comparison of Vg values obtained
from MASW, CH and DH tests. At most of the locations,
relation between the Vg values obtained from the three
methods does not follow any trend; however, at a few
locations, clear trendlines are observed. Moreover, the
number of data points is less where any relation is found. In
residual deposits, Vg values from the borehole methods
compared well to each other. However, both these methods
had excessive scatter when plotted against MASW.

At the coastal location in Tuticorin, the relationship
between the different Vg values was clearly observed, with

MASW being lower than CH as well as DH, while CH and
DH result in comparable Vs values. At coastal alluvial
sites, DH results in marginally higher V values than CH,
and almost like MASW. V, values from MASW are much
higher than those from CH as already seen above due to
incorrect estimation of V, contrast at bedrock depth. In
general, CH and MASW results do not match well for
almost all datasets, except for a few values up to 500 m/s in
coastal locations. For quartzite rock formations, CH pro-
files have higher V values then DH and MASW, in gen-
eral. V; from DH and MASW are comparable at most
locations, possibly because both methods compute an
average Vg for a subsurface layer thickness, whereas the
crosshole test gives Vg at any depth, like a point mea-
surement. At lateritic deposits, the number of data points is
less; however, except for a few outliers, the V results from
DH and MASW compare well. So, we can conclude that
MASW and DH methods can be used when average
velocities of location or site are required and both cannot
be replacement for CH results as it represents Vg from a
particular layer.
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Upon further inspection, average velocities up to any
depth z (V%) showed less scatter than V. Figure 16 shows
the 1:1 comparison of V¢* values, which shows that even
though there is scatter in comparison of Vg values, different
linear or curvilinear trendlines can be observed for V¢ for
each test location, with much reduced scatter. Overall, all
the plots show an increasing trend except at a few Vi*
values. At residual test locations, the trends between the

Table 2 Site classification based on V,*° and N*° [20]

three Vs* values are observed to be increasing with a few
exceptions. At the coastal site, there is a clear approximate
linear relation between the three V° values. At coastal
alluvial sites also, several linear increasing trends can be
visualized from the plots in Fig. 22c¢, except in DH-MASW
plot, where a few V¢* points from MASW show a reduction
with an increase in DH data. At quartzite locations in
Kadapa, the comparison of CH with DH and MASW V§*

Site General description V,30(m/s) N3

class

A Hard rock V.30 > 1500

B Rock 760 < V30 < 1500

C Very dense soil and soft rock 360<V 0 <760 N > 50

D Stiff soil 50kPa < S, < 100kPa 180< V<360 15<N*<50
E Soil or any profile with more than 3 m of soft clay defined as soil with V30 <180 N¥ <15

PI >20,w > 40% A S, <25kPa

F Soils requiring site-specific evaluations

N: N-value from SPT, §,: undrained shear strength, w: water content, PI: Plasticity Index
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Table 3 Coefficients for estimation of log(Vs™) from log(Vs?),
using log(Vs™) = a + blog(Vs*)

Depth (z, m) Intercept (a) Slope (b)
5 1.994 0.735
10 1.489 0.806
15 1.129 0.854
20 0.706 0.912
25 0.335 0.959
29 0.062 0.993

showed higher values in CH, and the lowest in DH. A
section of DH-MASW plot in Fig. 22d shows reduction in
MASW V¢* with increase in DH Vg*. For lateritic test
locations, both MASW and DH tests resulted in similar Vg*

Table 4 V¢, N30 and seismic site class for test locations

values, as the points are almost colinear with 1:1 line. As a
general observation from all the plots in Fig. 22, in lower
Vs* range (< 500 m/s), the relations observed between V*
from two methods are linear. Thus, these relations can be
more clearly established in soil layers, in shallow depth,
and the rock layers pose more challenges with more vari-
ation in V* values.

6.7 Average Vs values for seismic site
classification

Site classification methods involve using shear wave velocity
from measured values or obtained from SPT N-value through
a correlation to indicate seismic site amplification. There are
various methods for classifying the amplification potential of a
region using V [46]. One such method is to calculate the
average shear wave velocity of the top 30 m, known as V, *is

Location CH DH MASW SC1 SC2 SPT
V30 Class V30 Class V30 Class V30 Class V30 Class N3 Class

Bl 426.5 C 392.1 C 3344 D 449.4 C 442.0 C 74.0 C
B2 NT - 3443 D 364.4 C 399.4 C 369.3 C 59.6 C
B3 NT - 382.3 C 360.8 C 379.8 C 342.8 D 54.7 C
B4 418.3 C 440.7 C 487.7 C 463.1 C 461.2 C 72.9 C
CTR1 NT - 434.4 C 405.2 C 481.2 C 491.5 C 86.5 C
CTR2 NT 496.5 C 645.5 C NT - NT - NT -
CTR3 NT - 708.5 C 645.4 C 572.7 C 608.7 C 100.0 C
TCN 386.6 C 434.8 C 366.3 C 403.5 C 3772 C 514 C
Cl 299.7 D NT - 425.5 C 337.1 D 309.8 D 39.9 D
C2 305.9 D NT - 470.9 C 355.1 D 323.0 D 39.5 D
C3 188.5 D NT - 437.3 C 271.7 D 244.9 D 25.1 D
C4 340.2 D NT - - 307.3 D 271.5 D 29.8 D
C5 349.4 D NT - 393.9 C 329.8 D 284.8 D 32.3 D
Co6 297.0 D NT 354.0 D 312.5 D 268.3 D 27.5 D
Cc7 271.7 D 409.7 C 349.4 D 326.9 D 297.6 D 36.1 D
C8 202.7 D 312.5 D 311.4 D 244.7 D 197.6 D 15.9 D
c9 208.9 D 366.6 C 276.9 D 332.1 D 291.3 D 31.3 D
BBSR1 NT - 220.6 D 185.2 D 276.6 D 253.5 D 31.7 D
BBSR2 NT - 891.4 B 819.2 B - NT - NT -
BBSR3 NT - 843.1 B 784.1 B 553.4 C 589.7 C 100.0 C
BBSR4 NT - 285.2 D 270.7 D 296.1 D 264.4 D 29.9 D
BBSRS5 NT - 667.8 C 732.0 C 377.8 C 402.6 C 89.0 C
BBSR6 NT - 229.3 D 203.0 D 259.3 D 205.7 D NT -
Ml NT - 189.1 D NT - 238.8 D 179.9 E 10.4 E
M2 NT - 464.3 C NT - 368.1 C 358.3 D 56.5 C
K1 898.4 B 843.0 B 976.7 B NT - NT - NT -
K2 764.9 B 629.0 C 883.6 B NT - NT - NT -
K3 1311.3 B 826.8 B 1012.4 B NT - NT - NT -

) V30 values are in m/s, NT: No test conducted

@ Springer



Acta Geotechnica

Table 5 Soil Thickness and Bedrock Depth at the test locations

Location Sediment thickness (m) Bedrock depth (m) Soil type/s Rock type

Bl 12 19 sand, silt granite

B2 10.5 NF clay, silty sand gneiss

B3 20 25 silty sand dolomite

B4 12 16 sandy silt granite

CTR1 11.3 28.5 sandy silt charnockite
CTR2 1.8 NF sandy silt granitic gneiss
CTR3 7.5 NF silty sand charnockite
TCN 12 30 silty sand sandstone

Cl 19.5 30 silty sand charnockite
Cc2 16.5 30 silty sand charnockite
C3 27 34.5 silty sand, sandy silt, sandy clay charnockite
C4 22.5 37.5 silty sand charnockite
C5 22.5 39 silty sand, sandy silt, sandy clay charnockite
Cc6 19.5 39 silty sand, clayey sand charnockite
C7 21 33 silty sand, sandy silt, sandy clay shale

C8 24 39 clayey silt, silty sand shale

Cc9 16.5 21 silty sand, sandy silt, silty clay shale

BBSRI1 NF NF silt, clay, sand sandstone
BBSR2 1.7 NF silty sand sandstone, shale
BBSR3 6.9 NF silty sand sandstone
BBSR4 22.5 NF silty clay, silty sand sandstone
BBSR5 225 NF laterite cemented sand laterite
BBSR6 NF NF silty clay, silty sand

M1 19.5 27 silty sand, silty clay granite gneiss
M2 27 34 lateritic soil granite gneiss
K1 0.4 9 silty gravel quartzite

K2 1 8 silty sand quartzite

K3 0.5 8 silty gravel quartzite

“NF: Not found within the survey depth

obtained by dividing 30 m by the travel time from the surface
to 30 m [18]. It is commonly used for site classification.
Anbazhagan et al. [46] highlighted that V ** is not the most

1440
1260
1080
900
720
540
360
180

VSz (m/s)

reliable parameter for shallow bedrock sites and often repre-
sents stiffer site classes for sites with rock depths less than
25 m [3]. The average velocity up to bedrock depth would be a

%) (o3 cl o

L T Y

[T

ot
3

Depth of Soil (m)

Fig. 17 Vs® up to 30 m, Soil thickness, Bedrock depth and 760 m/s Vs depth for Crosshole test locations plotted against the soil depth obtained
from the borelog V*°: Average Vs up to 30 m depth, V7 Average Vs up to Soil Thickness, Vs2: Average Vs up to Bedrock depth, V7%:

Average Vs up to the stratum where Vg>760 m/s.
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Fig. 20 V® up to 30 m, soil thickness and bedrock depth and 760 m/s Vg depth for Vg estimated from correlations plotted against the soil depth
pringer

obtained from the borelog
amplification. It has been found that weighted average shear

stiffness is responsible for dynamic changes of the wave at the
amplification. In this study, average velocities are estimated

site. Many researchers use V.30 as it is related to seismic
by adopting the following relation:

better representative and has better correlations with site
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Fig. 21 a Comparison of Vg values from crosshole, downhole and MASW test for Residual deposits. b Comparison of Vg values from crosshole,
downhole and MASW test for Coastal deposits. ¢ Comparison of Vg values from crosshole, downhole and MASW test for Coastal alluvial
deposits. d Comparison of Vg values from crosshole, downhole and MASW test for Quartzite rock formations. e Comparison of Vg values from
MASW and downhole test for Lateritic deposits

the calculation layer. Here, D is considered as total thick-
ness, i.e. from ground level to the base of the soil layer, or
up to bedrock soil strata or 30 m, i.e. V30,
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Many design standards like Indian standard IS 1893 [35])
use depth averaged N values for site classification. The soil
and rock sites are divided into three categories: Soft soils
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Fig. 21 continued

(N <10), medium or stiff soils (10 < N <30) and Hard soils
orrocks (N > 30). However, this method does not account for
spatial variation of soil profiles, making it challenging to
decide on the N value to be used for determining the soil
profile type, which may include deep soil basins, sediment
deposits, and the presence of weathered rocks among many
others. NEHRP [20] provides site classification based on N
values, including dense soil, soft rocks (Class I, N > 50), Stiff
soil (ClassII, 15 < N < 50) and soft soils (Class III, N < 15)
along with respective V*° values. Site classification based on
BSSC [20] recommendations is given in Table 2. This study
examines how different V, measurement methods affect
seismic site classes as presented in the following section.

7 Effect of method of V; estimation
on average V;

7.1 Estimation of Vs3° for Vs profiles
with depth < 30 m

Often, the determination of V** using borehole methods is
hindered by limiting the borehole depth well below 30 m,
due to financial restrictions or rebound at a shallower
depth. In such cases, Vs** cannot be calculated directly.
However, a few extrapolation methods were proposed by
Boore [16] to overcome this problem. One such method
involves using average Vg up to the termination depth z
(Vs%) to estimate V0. Based on the available dataset,
linear correlations between log(Vs*®) and log(Vs) are
obtained in the form of log(Vs*®) = a + blog(Vs®). The
coefficients for different depths obtained after analysis of
acquired data are presented in Table 3.

@ Springer

7.2 Site classification based on Vs*° and N*°

Based on classification from the NEHRP method [20], V*°
and N3° values are calculated for the test locations. As
discussed in Sect. 7.1, for the boreholes terminating before
30 m, extrapolation has been carried out as per Boore [16]
for V¢ and BSSC [20] for N-values. Most of the test sites
were found to be in site class C or D, except for a few
notable occurrences of E. Although V*° helps assist in site
classification and is useful for amplification estimation, it
tells nothing about the variation in shallow subsurface
dynamic properties. Any detail about shallow Vg profiles
cannot be established with confidence and may be highly
variable with depth which is observed only after studying
the detailed profile. V*° from different methods, N*° and
corresponding site classes are presented in Table 4.

Sites for which N-values are not mentioned have near-
surface bedrock, outcrop, or very stiff soil in shallow lay-
ers. Most of the deviations which occur are between class C
and class D. The boundary between the two classes is
V30 = 360m/s. Small difference in Vs** values close to
the limiting values of site class is found to be more critical,
e.g. for site B2, V30 from the downhole test is 344 m/s,
whereas from MASW survey, it is 364 m/s, which changes
the site class from D to C. In some locations, the difference
between V*° values from different methods is large,
although the class does not change, e.g. test location B4.
The Vg obtained from N-value correlations give the same
site class as the other methods in most cases, with a few
exceptions. Site class from N-values using N*° also results
in the same site class as V¥ obtained from correlations,
with a few exceptions. At location M1, a lower site class is
estimated, class E using N°° which agrees with SC2,
whereas class D is obtained from SC1 which is the same as
DH. There are a few more locations as well where dif-
ferences in site class using N3° and V* from SPT corre-
lations is observed, which is between class C and D. Thus,
in general, the site classification remains consistent, mostly
between sites C and D, even though the V*° values show
large variations with changes in the method of survey.

Previously, Asten and Boore [7] suggested that neither
the average shear velocity nor the 30 m depth limit is
sufficient for adequate quantification of site response. More
recently, limitations of using Vs*° as a sole parameter for
site classification and amplification estimation for site
response studies were highlighted [12, 46]. A major dis-
advantage of V¢ is that it gives limited to no information
about the proximity of bedrock to the ground surface.
Anbazhagan et al. [3] showed that site class from V*°
without considering bedrock depth may lead to stiffer site
classes for sites bedrock within top 25 m and softer site
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classes for sites bedrock depth greater than 35 m.
Anbazhagan et al. [46] recommended, based on the KiK-
net data, that site effects caused by soil strata should be
determined solely based on the soil parameters and that a
separate velocity band should be established for shallow
bedrock site classification. Using V*° for shallow bedrock
sites in site classification may result in overestimating the
site class and underestimating site effects due to the high
stiffness bedrock layer, as the velocity contrast between the
soil layer and the bedrock will be much higher. Further,
Bajaj and Anbazhagan [12] reviewed the studies with
amplification factors derived from depths of Vg > 760 m/s

and Vg>1500 m/s and reported that inputting ground
motion at layer with Vg > 1500 m/s would be more suit-
able for amplification estimation. Vg>760 m/s and
V¢ >1500 m/s are NEHRP site classification boundaries
(Table 2) for average Vg values and are also considered
engineering bedrock and weathered rock more often than
hard rock.

Table 5 shows the soil thickness (which can also be
considered as the depth of weathered rock, where SPT
results in rebound and RQD is low or nil) and bedrock
depth (considering RQD > 50%, fair quality of rock) for
the test locations. RQD from borelog is considered to
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Fig. 22 a Comparison of Vs* values from crosshole, downhole and MASW test for Residual deposits. b Comparison of Vs* values from
crosshole, downhole and MASW test for Coastal deposits. ¢ Comparison of V¢* values from crosshole, downhole and MASW test for Coastal
alluvial deposits. d Comparison of V¢* values from crosshole, downhole and MASW test for Quartzite rock formations. e Comparison of Vg*

values from crosshole, downhole and MASW test for Lateritic deposits
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Fig. 22 continued

interpret weathered rock and hard rock strata, instead of
using Vg value of 760 m/s and 1500 m/s from Vg profiles
because of two reasons:

(1) The Vg profiles for many test locations do not extend
up to the depth where Vg > 1500 m/s.
(2) Different methods result in different Vg profiles;

hence, one bedrock depth cannot be established
considering only Vg profiles.

Based on Tables 4 and 5, and Figs. 17, 18, 19 and 20, it
can be observed that locations with shallower sediment
depth or bedrock depth can have lower site class than the
sites with higher sediment or bedrock depth. Even the sites
with the same sediment depth can have a huge difference in
Vs value in the same or different geology and hence the
difference in site class as well. Although a general per-
ception is that shallow sites should have a higher site class
than those having deeper bedrock depths. Peninsular India
is a shallow bedrock region, and in this region, often, the
bedrock occurs within the top 30 m, hence V> may not be
a representative parameter for site classification and
response analysis. More emphasis must be given to the
sediment properties, bedrock depth, and rock characteris-
tics. Figures 17, 18, 19 and 20 present V¢* values up to
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different depths compared with each other in the site
classification spectrum. Average Vs up to 30 m is V0,
average V up to soil thickness (ST) is VST, average V up
to bedrock depth (BR) V¢®F and average V up to the depth
where V exceeds 760 m/s is V7. These plots show how
different average Vg values in the same site vary with V
measurement methods. Vs*° is higher than V57 generally,
as the soil thickness is mostly less than 25 m. It is dis-
cussed in previous sections how sites with bedrock depth
less than 25 m are susceptible to overestimation of site
class. Since Peninsular India is a shallow bedrock region,
with bedrock shallower than 30 m, V*° will be generally
greater than VPR,

At some locations, even the site class changes if the Vg*
values for site classification are kept the same as NEHRP
scheme. Moreover, change in survey method also affects
VSST, VSBR and VS760. For example, at test location CS8,
both D and E site classes are obtained; the same is observed
for M1. Further, for VSBR, similar observations are made
for C9 (class E and D), CTR1, C2, C1, C7 and C3 (class D
and C). Thus, change in the survey method may lead to
entirely different interpretations of site behaviour, in
determining site class for response studies. This observa-
tion accompanies above highlights that for one method
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itself, there can be many average V interpretations based
on the target depth of input ground motion.

This study also highlights the limitations of V" as the
sole parameter for site classification and response studies in
shallow bedrock, especially if the sediment depth is less
than 25 m with low average V. Average properties up to
sediment thickness or average properties up to the bedrock
depth shall better indicate site classification in shallow
bedrock regions. Although seismic classification using top
30 m depth is very common in shallow bedrock sites, V>
often overestimates site class due to the presence of rock in
shallow depths. Impedance contrast can cause more
amplification than what is indicated from input motion at
30 m depth. A site-specific study may be more appropriate
for dealing with these sites.

8 Conclusions

In this study, site exploration involving SPT and V; mea-
surements from crosshole, downhole and MASW surveys
was obtained in shallow bedrock sites in the different
geological formations, in peninsular India. Two correla-
tions previously established for this region were also used
to estimate V; from N-values. V; profiles from different
methods were comparable, except at a few sites where the
difference is significant due to inconsistency of impedance
contrast or bedrock layers. To quantify the variability in V
profiles, the coefficient of variation (COV) for all the
depths was calculated and was observed to be mostly
confined within 30%, with a few occurrences of reaching as
high as 50-60% at coastal locations.

At residual, coastal and coastal alluvial locations, CH
and DH tests result in similar V values up to layer with V
of 500 m/s. For coastal alluvial test locations, the MASW
profiles result in higher values than other V profiles,
mainly due to shallower bedrock depth estimation. In case
of quartzite locations, CH profiles are way off when
compared to DH and MASW profiles. Another observation
from 1:1 comparison of V profiles is that if one method
results in a few higher Vs values than the second, still the
second method can result in a higher V¢ profile. Subsur-
face profiling is also affected by lateral spread of soil and
rock layers. This study found that if subsurface layers are
spatially homogeneous and V; increases with depth, then
all methods lead to almost similar results. When subsurface
layers are non-homogeneous and consist of alternate layers
of varying stiffness, V; profiles are prone to deviations
from true profile with minimum deviation in CH followed
by DH, SPT correlations and MASW.

Using the V profiles and borelogs, V*° was calculated
for site class estimation. Site class was not much affected

by the variability in V profiles due to different methods of
measurement. This is possible due to a wide range of V>
for site classes above D. At a few locations, even with less
scatter in V values, the V3 values from different methods
give different site classes because of proximity to the
limiting V30 value. The SPT N-values were used for site
classification using N*° and V,* from correlations avail-
able for the region. Except in a few cases, using the two
methods, the site class obtained was the same as the class
from V,*°, mostly varying between class C and class D.
This observation highlights that the SPT data, when used
differently, can result in different site classes at the same
location. Further, the average V up to the bedrock depth,
soil thickness depth and layer with V; > 760 m/s were also
calculated. These average values, considering the same V*
boundaries as NEHRP classification, show different classes
for the same test location when compared to V. Since
V39 also includes Vg from rock layers in shallow bedrock
regions, its applications for such regions are questionable if
the sediment deposit is prone to site effects.

Appendix

See (Figs. 21 and 22).

The figures in this section are extensions of Fig. 15 and
Fig. 16, showing a comparison of Vg values obtained from
the three survey methods: crosshole, downhole and
MASW.

It is worth noting that the scatter present in the Vg data
points in Fig. 21 reduces significantly in Vs? in Fig. 22.
This is because averaging of Vg over depth prevents any
sharp changes in Vs%. However, V¢ helps in better iden-
tification of comparison trends between two methods at any
location or geology. Figure 22 also shows the relation
between Vs’ obtained from the two methods can be
expressed in a simple relation, much better than V.

Another observation from both the figures is that if one
method results in a few higher Vg values than the second,
still the second method can result in a higher V¢“. For
example, in Fig. 21b, crosshole gives a few Vg values
higher than that of downhole test. However, when we see
Fig. 22b, downhole has a higher V* for all the data points.
Similar observations can be noted in for other locations in
Fig. 21b, Fig. 22b, Fig. 21c, Fig. 22c, Fig. 21d and
Fig. 22d as well.
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