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This study provides the assessment of site characterization and possible shallow shear-velocity structure
from the study of the horizontal to vertical spectral ratio (HVSR) measurements using the ambient noise
or microtremor (herein called classical HVSR), extracted Rayleigh wave from the ambient noise data
(herein called standard HVSR) and earthquake (herein called earthquake HVSR) data at Bve stations in
the Surat district of mainland Gujarat, India. These locations are the hub of many mining and industrial
projects like oil and natural gas, which need to function safely within the seismic hazard and ground
shaking limits. From the classical and standard HVSR datasets, estimates of the predominant resonant
frequency of the soil are obtained, observed to be well matched, from which Brst order inversions are
carried out around the predominant frequency to provide a fair estimate of thickness of the regimented
layer over a hard seismic substratum up to a depth of 100 m. In the standard HVSR datasets, the
Rayleigh wave ellipticity curves are extracted with time–frequency analysis using continuous wavelet
transforms. This is followed by the Rayleigh wave ellipticity inversion approach to derive a Brst order
approximate sedimentary shear velocity structure. We also compute HVSR measurements using earthquakes. The noise and earthquake HVSR curves are well-matched in terms of the predominant frequencies and range from 3.8 to 16.7 Hz and 3.2 to 16.5, respectively. The estimated VS30 values (the
average shear wave velocity (VS) for the top 30 m of the soil) vary from 520 to 1350 m/s, matching well
with some of the geotechnical studies conducted here. The study emphasizes the eAectiveness of the single
station HVSR method in determination of hitherto unknown soil structures as economical and
non-invasive exploration viability and proving quite useful for critical centres of industrial
establishments.
Keywords. Ambient noise; earthquakes; HVSR; Rayleigh waves; continuous wavelet transform;
time-frequency analysis.

1. Introduction
Many geotechnical studies are on the look-out for
simple, low-cost methods of site characterization,
especially in scenarios where soft sedimentary
cover overlays stiA bedrock. These studies include

passive and active geophysical studies like the
HVSR, MSAW (multi-channel analysis of surface
waves) and others. However, for the seismic hazard
analysis and retro-Btting of critical centres of
industrial establishments in Gujarat state, India,
where the economical or low-cost techniques are
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prescribed, HVSR studies have been highly beneBcial.
It is noteworthy that the aseismic mainland
region in southern Gujarat, to the east of the
industrial cities of Surat and Navsari, consists of
varying thicknesses of continental sediments, of
dominantly Cuvial origin and constituting the
alluvial plains. There have been severe eAects of
the 2001 Bhuj earthquake of Mw 7.7, which has also
aAected Surat city, mainland region (Oldham 1928;
Chung and Gao 1995; Gupta et al. 2001; Singh
et al. 2017a). An intensity of VII was reported on
MM scale in the vicinity of Surat, which is far from
Kachchh Rift Zone. Thus, the industrial facilities
in this city are considered vulnerable to seismic
hazard and need to be designed or retroBtted for
seismic hazard safety. As mentioned above, the
HVSR (horizontal to vertical spectral ratio) is
quite popular and easily applicable (Nagoshi and
Igarashi 1970; Nakamura 1989). The HVSR
method (Nagoshi and Igarashi 1970; Nakamura
1989) has been widely used to estimate site characterization (Lachet and Bard 1994; F€
ah et al.
2001; Arai and Tokimatsu 2005; Wathelet et al.
2005; Bonnefoy-Claudet et al. 2006; Pilz et al. 2009;
Hobiger et al. 2009, 2013), and in estimating
the resonant frequency when a strong impedance
contrast is present at different depths. Many
researchers have shown that the H/V peak coincides with maxima of ellipticity curve of Rayleigh
waves (F€
ah et al. 2001, 2003; Hobiger et al.
2009, 2013). The ellipticity is a parameter
describing the elliptical motion of Rayleigh waves
as a function of frequency and is linked to the soil
structure. We utilize the open source microtremor
analyzing packages ‘Geopsy’, (Dinver Geopsy
package) (http://www.Geopsy.org) which are
quite popularly used for site characterization
studies. From these software packages, the timefrequency analyzing (TFA) ‘hvtfa’ tool based on
the modiBed Morlet wavelet as described in
NIRIES-D4, 2010, is utilized in this study for
extraction of Rayleigh wave ellipticity curves,
which are further processed in the Dinver software.
The shear velocity structures and the depths to the
basement of the Bve study sites are unknown,
except from a few studies (Singh et al. 2017a, b, c)
to characterize the soil structure in the study
region. The principal objective of the study is to
use the properties of ambient noise HVSR datasets,
the Rayleigh wave ellipticities, earthquake HVSR
datasets, the corresponding predominant frequencies and their inversion to infer the shallow structure of Bve sites characteristic of the mainland
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Gujarat, using an inversion process based on
an improvised neighbourhood algorithm (NA)
(Sambridge 1999; Wathelet et al. 2005, 2008a, b).
The shallow velocity structure provides the sediment type, i.e., it may be unconsolidated soil, stiA
soil or hard rock based on the velocities obtained
by inversion and Bnally, which can be used for a
seismic hazard assessment.
2. Geological settings of the study region
Details of the investigated sites situated in the
mainland Gujarat is shown in Bgure 1. The complete details of the geology of Gujarat are available
in Merh (1995). Table 1 provides the location
details of the investigated sites in the study region.
The study region is situated in Deccan Volcanic
Province (DVP), particularly under mainland
Gujarat and is characterized by Narmada Tapti
Zone. The mainland Gujarat comprises of rocky
highlands in the eastern side and alluvial plains in
western side. The port city of Surat and the city
Navsari are located near the western part of the
study region. The plains of northern and central
Gujarat are the thickest, across which the major
rivers of Gujarat Cow. The western alluvial plains
consist of a thick pile of unconsolidated sediments
settled by a combination of Cuvial and aeolian

Figure 1. The topographic map of the study region of Gujarat,
India. The Bve recording stations situated close to the cities of
Surat and Navsari cities are shown with brown colour circles,
the black colour inverted triangles indicate the recording
broadband seismograph stations.
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Table 1. Details of the investigated sites situated in the Mainland Gujarat.
Sl. no.

Station name/code

1
2
3
4
5

Areth/ART
Kikakoi/KIK
Vyara/VYR
Umarpada/UMR
Warad/WAR

Latitude (°N)

Longitude (°E)

Elevation (m)

Geological impression

21.288
21.158
21.111
21.446
21.173

73.202
73.498
73.341
73.471
73.136

62
150
69
243
40

StiA clayey soil
Hard soil
StiA soil
StiA soil
StiA soil

agencies in the Tertiary and Quaternary period
(Biswas 1987), transported by several streams of
the river Tapti. Towards the westernmost side of
the study region, the soils are generally very deep
and in the easternmost and southernmost parts,
soils are shallow. Nearby the city Surat, the region
has characteristic D and C soil types, as stated by
the Building Seismic Safety Council (BSSC 1998)
following the National Earthquake Hazards
Reduction Program (NEHRP) classiBcation, corresponding to stiA and soft rock/very dense soil
(Thaker et al. 2012), which are mostly the weathered rocks comprising back Blled soil, stiA silty soil,
clay and hard greyish basalt rock.
3. Data acquisition and estimation of HVSR
Continuous ambient noise or microtremor data and
earthquakes recorded at Bve locations localized in
western mainland Gujarat at Areth (ART), Warad
(WAR), Kikakoi (KIK), Vyara (VYR) and
Umarpada (UMR) (Bgure 1), are used in this
study. The broadband seismograph stations
installed by CSIR-National Geophysical Research
Institute (NGRI), India, at these locations include
Reftek 151-60, a 3-channel broadband seismometer, having frequency response in the range of
0.0166 Hz (60 sec)–50 Hz, which is manually coupled to Reftek 130-01/3, a 3-channel, 24-bit
broadband seismic recorder and RT130 GPS. Out
of the continuously recorded data, 1 hour records
pertaining to different periods with a rate of sampling is 100 samples/s and spectral analyses, under
the frequency ranges from 0.2 to 20 Hz of
geotechnical concern, conducted as per the recommendations of the SESAME project (2004) and
HVSR data processing have been executed by
using the Sesarray software (www.Geopsy.org).
3.1 Estimation of classical HVSR
In our study, the classical HVSR technique is based
on horizontal to vertical spectral ratio of the three

component ambient noise data, and is solely used
for estimating the resonance frequency or predominant frequency (F0) in unconsolidated sediments
overlying bedrock when there is a considerable contrast in shear-wave acoustic impedance between
them and related site eAects (Nagoshi and Igarashi
1970; Nakamura 1989). This method makes use of
spectrum ratio between the two horizontal components and one vertical component, and the expression
to compute the HVSR is:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
H
NS 2 þ EW 2
¼
;
ð1Þ
V
2V 2
where H is horizontal component spectrum, V is
vertical component spectrum, NS is north–south
component spectrum and EW is east–west component spectrum. Also, using several one hour
records of ambient noise, we checked for the variability of F0 and provide a reliable estimate of F0
from HVSR curves (Noise H/V (NHV)) along with
the estimated mean and standard deviation (1r).
3.2 Estimation of standard HVSR
Here, we refer to the standard HVSR technique as
based on the extracted Rayleigh wave ellipticity
from the ambient noise data using continuous
wavelet transform. This is described in detail in
section 5, and the main purpose of this is for the
inversion for sub-surface 1-D shear velocity
structure.
3.3 Estimation of earthquake H/V analysis
Additionally, we use regional earthquakes with
three component waveforms to compute the
earthquake HVSR. In this method, we use the
portion from the S-phase arrival to coda portion,
for the estimation of HVSR (as in equation 1). The
average H/V curve is calculated using 19 regional
earthquakes. The sample of earthquake H/V
analysis is shown in Bgure 2(b). Figure 3(i–ii, left
and middle panels) shows the average and standard
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Figure 2. (a) A sample of the 1-hr record of 3-component (vertical, Z; north–south, N; and east–west, E) microtremor or
ambient noise data obtained from broadband seismographs (y-axis _ velocity (m/s); x-axis is time duration h: hour, m: minute)
used for the computation of the ambient noise (NHV) at station ART. The green strips in the waveform show the stationary
windows selected using Geopsy software. HVSR measurements are calculated for those windows. (b) Examples of seismogram
recorded by broadband station KIK; the selected window for EHV analysis is indicated by green rectangle portion.

deviations of both earthquake H/V and ambient
noise H/V curves. Figure 3(iii, right panel) shows
median (thick dark line) and median absolute
deviation (vertical bars) of the extracted Rayleigh
wave ellipticity H/V curves for the investigated
sites (a) ART, (b) KIK, (c) UMR, (d) VYR, and
(e) WAR in the study. The F0, A0 estimated values
are shown in table 4. It shows the consistent predominant frequencies, but the level of spectral
ampliBcation is not same.
Figure 2 shows as an example, the HVSR computed from the ambient noise and seismogram
recorded by the broadband seismometer. (a) A
sample of the 1-hr record of 3-component (vertical,
Z; north–south, N; and east–west, E) ambient noise

data obtained from broadband seismographs
(y-axis is velocity (m/s); x-axis is time duration h:
hour, m: minute) used for the computation of the
ambient noise (NHV) at station ART. The green
strips in the waveform show the stationary windows
selected using Geopsy software. Figure 2(b)
shows example of seismogram recorded by broadband station KIK; the selected window for EHV
analysis is indicated by green rectangle portion.
HVSR measurements are calculated for those
windows. Average value of H/V ratio is obtained
for all windows. Figure 3(i–ii, left and middle
panels) shows the HVSR curves using earthquakes,
and ambient noise and Bgure 3(iii, right panel)
shows the extracted fundamental mode Rayleigh
c

Figure 3. Computation of the HVSR curve. (i) Panel shows H/V spectral ratio of earthquakes. r, NHV, and EHV stand for
standard deviation, Noise H/V and Earthquake H/V, respectively. (ii) Panel shows ambient noise records, with the estimate of
mean HVSR ± 1r (standard deviation) for the stations ART, KIK, UMR, VYR, and WAR. (iii) Median (thick dark line) and
median absolute deviation (vertical bars) of the extracted Rayleigh wave ellipticity H/V curves for the investigated sites (a)
ART, (b) KIK, (c) UMR, (d) VYR, and (e) WAR in the study.
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wave ellipticity (H/V) with median values and
median absolute deviations for the Bve stations,
which are further inverted with the aid of the
surface wave inversion software package, Dinver
(http://www.Geopsy.org). As can be seen, the sites
KIK, UMR and WAR show significant HVSR
peaks, due to the possible eAect of unconsolidated
sediments.

4. Estimation of overburden depth
from empirical relations
For the estimation of the overburden depth for
simple 1-D structures, the empirical relation of F0,
to the thickness of the sedimentary layer, H is
given by
H¼

VS
:
4F0

ð2Þ

There have been studies (Seht Ibs-von and
Wohlenberg 1999; Dinesh et al. 2009; Borges
et al. 2016) to correlate the overburden or
sediment thickness to bedrock (H) obtained from
bore-hole studies, with F0 obtained from the HVSR
curves. In these models, the relation of F0, to the
thickness of the sedimentary layer, H is given by
H ¼ a F0b :

ð3Þ

Here, a and b are site-speciBc constants.
According to Seht and Wohlenberg, the relationship is obtained
H ¼ 96 F01:36 :

ð4Þ

Similarly, Dinesh et al. (2009) have given a
relationship obtained for Bangalore area as
H ¼ 58:3 F00:95 :

ð5Þ

And Parolai et al. (2002) have given a relationship
as
H ¼ 108 F01:551 :

ð6Þ

Also, recently, Borges et al. (2016) have given
another relationship as
H ¼ 95:5 F01:11 for f [ 1 Hz;
and H ¼ 53:7F02:18 :

ð7Þ

We applied the above different relations in the
mainland Gujarat in order to evaluate the
consistency and reliability of obtained results. A

recent microtremor study near Surat city (Singh
et al. 2017a, b, c) shows that the western side of the
city comprises of relatively higher values of F0,
which vary between 4.0 and 5.0 Hz, after
considering values of VS30 range from 380 to 560
m/s (Thaker et al. 2012). For above computation
of H, we have used an average VS of 150, 600 and
700 m/s to obtain a Brst order quantiBcation of the
thickness of the sedimentary layer at each of these
assumed velocities, corresponding to the shear
velocity range used for Class C and D sites
(NEHRP). Table 2 provides the computation of
the thickness of sediment layer using the abovementioned different empirical relations.

5. Sub-surface shear velocity structure
from inversion of Rayleigh wave HVSR
As mentioned in section 3.2, we extracted Rayleigh
wave ellipticity from the ambient noise data. The
prospect of retrieving the velocity structure of
shear-wave beneath a recording site from the HVSR
evaluation was postulated by F€
ah et al. (2001),
which was based on the time-frequency analysis
(TFA) method. Using a reduced microtremor
HVSR correction factor H2, and assuming that
there is a good agreement between the HVSR and
the theoretical ellipticity curves of the fundamental
mode Rayleigh wave, they followed an inversion
based on genetic algorithm. However, in this study,
the shear wave velocity (Vs) proBles of the subsurface at all the sites are obtained by inversion of
the fundamental-mode Rayleigh wave ellipticity
applying time-frequency analysis (F€
ah et al. 2009)
with continuous wavelet transforms (CWT). The
shape of the curve interpreted as the Rayleigh
ellipticity curve, extracted out of horizontal and
vertical signals, is used for the inversion. For this
purpose, we use the open source, ‘hvtfa’ tool of the
Sesarray software package (http://www.Geopsy.
org) and follow the guidelines as described in NEtwork of Research Infrastructures for European
Seismology (NERIES-D4 2010). It is understood
that Rayleigh waves have an energy maximum on
the vertical component. Therefore, to extract
mostly Rayleigh waves, the absolute value of the
CWT for the vertical component is scanned for all
maxima. The parameters used for wavelet H/V
computation are: The length of the signal is equal to
1 hr; modiBed Morlet wavelet parameter, m = 8.
The ratio between vertical and horizontal component values is computed and saved for each
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Table 2. Bedrock depth (H) estimates at Bve sites obtained using empirical relationships developed in various previous studies as
given in equations (2), (4–7). Relationship of H vs. F0 is based on different values of ‘a’ and ‘b’ parameters.
H = Vs/4F0 (m) for
Vs = 150–600–700 m/s
Sl.
no.

Station

1
2
3
4
5

ART
KIK
VYR
UMR
WAR

H, Depth to bedrock (m)

Eqn 2

Eqn 4

Eqn 5

Eqn 6

Eqn 7

2.24–8.95–10.44
4.16–16.63–19.41
3.05–12.20–14.23
2.79–11.17–13.03
10.08–40.32–47.04

2.08
4.83
3.17
2.81
15.14

4.06
7.22
5.38
4.94
16.05

1.36
3.57
2.21
1.92
14.01

4.18
8.32
0.23
5.34
21.15

maximum observed on the vertical component, and
iterated for all frequencies. The ellipticity curve is
estimated in this study from the median values and
median absolute deviations, which seems to provide
a better statistical estimate (NERIES-D4 2010).
Figure 3(iii, left panel) shows the extracted fundamental mode Rayleigh wave ellipticity (H/V) with
median values and median absolute deviations for
the Bve stations, which are further inverted with
the aid of the surface wave inversion software
package, Dinver (http://www.Geopsy.org).
The inversion of ellipticity curves of the fundamental-mode Rayleigh wave at the study sites is
performed to calculate the velocity contrast at
various shallow depths and compared with those
estimated by the empirical rules used in the classical
HVSR to determine the approximate thickness of
the sediment layer. For our analysis, the extracted
curve is resampled with 100 points regularly distributed on a log frequency scale and on a frequency
range of 0.2–20 Hz. We take initial parameters from
the velocity model of Mandal (2007) and recently
conducted study in Surat region of Singh et al.
(2017a, b, c). In this inversion, the starting model is
assumed as a three-layered model over a half-space.
However, to overcome any inherent limitations of
such parametrizations, we consider two cases of
inversion to ascertain the inverted structure using
the inversion parameters in terms of a low misBt
(\1): one in which the three layers are uniform over
the half space and second, in which the two layers
are heterogeneous over a half space and treated with
Power law behaviour down to depths of 100 m.
Here, the misBt (Wathelet et al. 2005) is deBned
as per equation (8), given as:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nF
X
ðxdi  xci Þ2
:
ð8Þ
misfit ¼
r2 nF
i¼1
Here, xci is the velocity of the calculated curve at
frequency fi; xdi is the velocity of data curve at

frequency fi; ri is the uncertainty of the frequency
samples considered, and nF is the number of
frequency samples.
The alternative strategy to use non-linear
parametrisations is adopted to check the goodnessof-Bt of the inversion process. As the most sought
after information is for S-wave velocity, we estimate only VS proBles. The density in each layer is
Bxed at a constant value of 1700 kg/m3 in each
layer. The Poisson’s ratio for each layer is selected
to vary as 0.2–0.5 (Wathelet et al. 2005). The value
of VS varies from 150 and 700 m/s for the Brst and
second layers, and 700–1700 m/s range for the
deeper substratum ([100 m). The inversion with
these input parametrizations is performed using
Bve independent runs generating more than 45,500
models. Figures 4 and 5 show the outcomes of
inversion of the extracted fundamental mode of
Rayleigh wave, based on uniform layer parametrization for the Bve study sites. Figures 6 and
7 show the results of inversion of the extracted
fundamental mode of Rayleigh wave, based on nonuniform layers using a Power law function, in the
Dinver software package (http://www.Geopsy.
org). The scale indicates the misBt between the
model of predictions and the data, with the black
line indicating the achieved lowest misBt. In all the
cases of surface wave inversions, it is preferred to
use the lowest achievable misBt models (1).

6. Results and discussion
In this study, the ambient noise and earthquake
HVSR curves are computed at Bve sites in mainland Gujarat, which are provided in Bgure 3(i–ii,
left and middle panels). The estimated predominant frequencies using ambient noise and earthquake HVSR curves are well-matched in terms of
the predominant frequencies and range from 3.8 to
16.7 Hz and 3.2 to 16.5, respectively. Figure 3(iii,
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Figure 4. Inversion results of the extracted fundamental mode of Rayleigh wave, based on uniform layers parametrization for the
study sites ART [(a) Slowness vs. frequency (dispersion curve), (b) shallow velocity model (Vs for 100 m), (c) near surface
velocity (zoomed version of shallow velocity model (Vs for 8 m)), (d) ellipticity curve], KIK [(e–h)] and UMR [(i)–(l)].

right panel) shows the Rayleigh wave ellipticity
curves which are used in inversion. The obtained
predominant frequencies and their corresponding
amplitudes (A0) using noise (NHV F0) and earthquakes (EHV F0) are shown in table 4. The frequency range of 0.2–20 Hz is employed in the
microtremor spectral ratio’s estimation, which is
commonly used in structural engineering analysis.
Theoretically, it is believed that the existence of a
sharp peak in the HVSR curve indicates an

impedance contrast between the superBcial soft
layers and the underlying substratum (Parolai
et al. 2002; Sukumaran et al. 2011; Singh 2015;
Singh et al. 2017b). Sharp peaks are seen at sites
KIK, UMR and WAR, indicating the presence of
sediment layer providing a strong impedance contrast, in contradiction to the other sites. We computed the standard deviations (±1r) for all
stations, which are given in table 4. The standard
deviation provides an estimate of the uncertainty
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Figure 5. Inversion results of the extracted fundamental mode of Rayleigh wave, based on uniform layers parametrization for the
study sites VYR [(a)–(d)] and WAR [(e)–(h)].

in all HVSR estimates. Figures 4 and 5 describe the
inversion for a uniform layered model. The dispersion curve is obtained using ‘Dinver’ software
integrated into Geopsy software package, which is
shown in Bgures 4(a, e, i) and 5(a, e) for the station’s ART, KIK, UMR, VYR and WAR. The
inversion process is based on an NA (Sambridge
1999) in which we have used *45,500 iterations.
The colour band in Bgures 4–7 indicates the misBt
values. The misBt value is very low and makes it
clear that our sub-surface models are reliable. The
shallow velocity model of Vs (1–100 m) are shown
in Bgure 4(b, f, j) and Bgure 5(b, f) for the station’s
ART, KIK, UMR, VYR, and WAR. Figures 4(c, g,
k) and 5(c, g) are the zoomed version of the shallow
velocity structure of Bgures 4(b, f, j) and 5(b, f),
respectively. Figures 4(c, g, k) and 5(c, g) indicate
the near-surface velocity structure. Figure 4(d) is
the Rayleigh wave ellipticity curves for the
observed and theoretical H/V values. Similarly,
the ellipticity curves are shown in Bgures 4(h, l,)
and 5(d, h) for the remaining stations. Figures 6

and 7 describe the non-uniform layered model. The
uniform and non-uniform layering models indicate
that the impedance contrast is fairly well diagnosed; the depth estimation slightly varies in each
of the inversion models. Figures 6 and 7 are similar
captions to the Bgures 4 and 5, but this is generated in non-uniform layered model. From Bgures 4
and 5, the estimated values of velocity VS30 for the
stations ART are 520 m/s, for KIK 1350 m/s, for
UMR 950 m/s, for VYR 390 m/s, and for WAR
600 m/s. From Bgures 6 and 7, the velocity VS30
has been estimated for the stations ART are 680
m/s, for KIK 1450 m/s, for UMR 1300 m/s, for
VYR 500 m/s, and for WAR 700 m/s. The sites
(ART, VYR, and WAR) are classiBed as class C on
the basis of average S-velocity VS30 at 30 m depth
(NEHRP), whereas, the other two sites (i.e., KIK,
UMR) are classiBed as class B (NEHRP). The
results of the inversion obtained from the above
Bgures, the approximate thickness of the sediment
layers based on the inversion models: for ART is
2–3 m; for KIK is *2 m; for UMR is 2.8–3.6 m; for
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Figure 6. Inversion results of the extracted fundamental mode of Rayleigh wave, based on Power-law parametrization for the
study sites ART [(a) slowness vs. frequency (dispersion curve), (b) shallow velocity model (Vs for 100 m), (c) near surface
velocity (zoomed version of shallow velocity model (Vs for 8 m)), and (d) ellipticity curve], KIK [(e)–(h)] and UMR [(i)–(l)].

VYR is 1.8–2.4 m; for WAR is *4–6 m, wherein
Power-law function does not give clear depth
result. The Rayleigh wave ellipticity curves computed for the Bve study sites provide a fairly good
Bt, up to the portion near the F0 or crest portion of
ellipticity, as can be seen in each of the Bgures 4–7,
and provide a Brst order or approximate estimates
of the surface soil characterization, in the absence
of detailed information available at these sites.

Table 3 represents the comparison of estimates of
depth to the bedrock using equation (2) and the
uniform layer inversion algorithm. The ambiguity
in some sites is due to the lack of sharp peak in
HVSR curves, resulting in the inability to detect
the weak impedance contrast. Also, it is observed
that for accurate structure evaluation, the inversion process needs a large frequency band in order
to obtain deep soil structures. The HVSR peak
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Figure 7. Inversion results of the extracted fundamental mode of Rayleigh wave, based on Power-law parametrization for the
study sites VYR [(a)–(d)] and WAR [(e)–(h)].

Table 3. Comparison of bedrock depth estimates obtained using empirical
equation (2) and the inversion applied in this study.
H, Depth to bedrock (m)
Sl.
no.

Station

1
2
3
4
5

ART
KIK
VYR
UMR
WAR

Equation 2
(at VS from inversion)
2.81
4.31
3.73
3.10
10.08

amplitudes (AF0) are shown in table 4, AF0 values
are obtained from the extracted Rayleigh wave
ellipticity H/V curves for Bve stations and these
amplitudes are not indicative of the actual site
spectral ampliBcation and only frequencies are
used in the inversion process.
The previous study in Surat city by Singh et al.
(2017a, b, c) and Thaker et al. (2012) revealed that
the ampliBcation values are \ 2.5 for western parts
of the city. They also reported that VS30 values are

Inversion using uniform
layer model
2.82
2.53
2.78
3.40
6.42

at
at
at
at
at

VS
VS
VS
VS
VS

=
=
=
=
=

188.9 m/s
155.56 m/s
183.33 m/s
166.67 m/s
150.00 m/s

high, which range from 443 to 505 m/s. The other
available study in Gandhinagar region, Gujarat,
was Sairam et al. (2011), disclosed the velocities of
S-wave using MASW (Multichannel Analysis of
Surface Waves) studies; they provided with values
of velocities range VS 180–360 m/s at 12 m depth.
Our results are relatively similar to the above
values. Our study eAectively brings out the VS
proBles at each site, and we observe a VS variation
within the region corresponding to the topmost
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Table 4. Ambient noise H/V (NHV) and Earthquake H/V (EHV) predominant frequencies are shown.
Sl. no.

Station

1
2
3
4
5

ART
KIK
VYR
UMR
WAR

EHV (F0)

EHV (A0)

16.5 ± 0.3
8.4 ± 0.33
11.7 ± 0.29
13.6 ± 0.47
3.2 ± 0.6

3.17
3.9
2.01
7.76
8.99

NHV (F0)
16.7
9.0
12.3
13.4
3.8

±
±
±
±
±

0.1
0.17
0.1
0.6
0.24

NHV (A0)

Ellipticity curves (F0)

AF0

2.93
3.4
1.47
7.88
6.56

16.75
9.0
12.6
12.5
3.75

3.2
3.8
1.6
8
7.6

F0, A0 stands for predominant frequency and their corresponding spectral ampliBcation. AF0 is the HVSR peak amplitude
extracted from Rayleigh wave ellipticity (H/V) curves.

sediment layer from 150 to 189 m/s. However,
three-dimensional eAects, lateral inhomogeneities
are some of the eAects that possibly change the
shape of the measured curve, which are neglected
in the inversion. It has been shown from the
pioneering work by Scherbaum et al. (2003) that
the microtremor HVSR inversions are fraught by
the non-linearity of the data-model parameters
relationship. Each of the several methods of
inversion has different sensitivity to the shear
velocity proBle (VS) and to the thickness of the
sediment layers. Hence, when the inversion is
applied to these curves, there is an unresolvable
trade-oA between the model parameters. Arai and
Tokimatsu (2005) proposed a joint inversion of
dispersion curve (from array of stations) and
Rayleigh wave HVSR curves to improve the reliability of the shear velocity proBles. We believe that
the shear velocity proBle derived from the TFA
method described above, serves as a reliable shear
velocity model for further investigation. However,
deeper insight of the sub-surface geometry may be
obtainable by using all time-tested passive methods and combining the ellipticity curves with other
geological or borehole information.

7. Conclusions
In this study, we propose the use of HVSR
measurements using ambient noise and earthquake
datasets in the application for estimating shearwave velocity proBles for seismic vulnerability
studies in industrial areas, where Brst order measurements may be constrained by economical factor. In this study, we compute the shallow surface
VS proBle up to the depth of 100 m, in mainland
Gujarat, which is of crucial interest for structural
engineering. The inversion for VS proBle is performed with the extracted fundamental mode
Rayleigh wave ellipticity curves, which show fairly

good Bts up to the portions after the peak in HVSR
curve, especially near the F0 or crest portion of
ellipticity. The estimated HVSR peak frequencies
using ambient noise H/V and earthquake H/V
ranges from 3.8 to 16.7 Hz and 3.2 to 16.5 in the
soft sediment layers. Predominant frequencies (F0)
are shown in table 4 and it can be revealed that our
results are well-matched when compared with
NHV and EHV (F0) values. Thus, our F0 estimates
are reliable, and any geotechnical or seismic hazard
studies based on these F0 values would be highly
promising. However, since geophysical inversions
are non-unique, even though done with neighbourhood algorithm and performed with both uniform and non-uniform layers as starting models,
the inverted shear velocity structures may have
some variations at the study sites. The average
VS30 values vary from 520 to 1350 m/s in the study
sites. The average thickness of the superBcial layers
determined at each of the sites, shows a variation
from 2.53 to 6.42 m in the study region. The estimated values of velocity VS30 for the stations ART
are (520 m/s), for KIK (1350 m/s), for UMR (950
m/s), for VYR (390 m/s), and for WAR (600 m/s).
As recommended from the National Earthquake
Hazard Reduction Program, VS30 values are in the
range of 760–1500 m/s for granites and Deccan
traps which can be classiBed as B-class. The VS30
values range from 360–760 m/s indicates the Tertiary, Cretaceous, Jurassic and Paleoproterozoic
sediments, which are categorized as C-class. The
VS30 values between 180 and 360 m/s for the
Quaternary soils are categorized as D-class. Further, the Holocene tidal Cat and Rann sediments
are classiBed as E-class, if the VS30 values are \180
m/s. The sites (ART, VYR, and WAR) are classiBed as class C (Tertiary, Cretaceous, Jurassic and
Paleoproterozoic sediments) on the basis of average S-velocity VS30 at 30 m depth (NEHRP) and
whereas, the other two sites (i.e., KIK, UMR) are
classiBed as class B (NEHRP), which are comprised
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of granites and Deccan traps. Geologically, the
study region is mostly comprised of Tertiary,
Cretaceous, Jurassic, and Paleoproterozoic sediments (C-class) and granites and Deccan traps
(B-class) based on the VS30 velocities (NEHRP).
It can be observed that the B- and C-category soils
have significantly lower seismic ampliBcation than
the D- and E-type soils. Further, it can be noticed
that D- and E-type soils experienced higher damage than those on the B- and C-classes.
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