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ABSTRACT
Northeast India is a seismically active region, with frequent

major earthquakes.  The impact of seismicity can be assessed by
using the values fundamental resonant frequency (F0) and the site
amplification factor (A0) to derive the seismic vulnerability index
(Kg). In 2011, a network of 65 stations was installed in the Cachar
fold belt, Assam to continuously record data for a continuous period
of eleven months. In this study, the horizontal-to-vertical spectral
ratio (H/V) method is employed to identify the resonant frequencies
and site amplification factors using ambient noise data to assess
the seismic hazard potential in the Cachar fold belt. The
amplification factors ranged between 1.15 to 6, while the resonance
frequencies varied between 0.25 to 5 Hz. The ambient noise
interferometry is utilized to estimate surface waves between station
pairs and invert the group velocity dispersion curves for the near-
surface S-wave velocities. The S-wave velocity for the basement
rocks varied between 600 to 1600 m/s. The S-wave velocities are in
turn used to derive an empirical relationship between resonant
frequency and alluvium thickness valid for the study region. It is
found that stations located at regions with subsurface anticlines
had a relatively high resonance frequency and low amplification
factor, whereas receivers in synclinal locations and with a thick
layer of alluvium sedimentary deposits have a substantially higher
site amplification factor and lower resonant frequencies. Further,
it is observed that regions with a substantial alluvium sediment
cover and near the course of the Barak river are more seismically
vulnerable and susceptible to natural hazards.

INTRODUCTION
The use of ambient noise data for determining the shallow structure

of basement rocks has gained popularity in recent decades. In
microzonation studies or site evaluation for key infrastructure,
evaluating site-effects owing to local geology or topography has
become a necessity. The horizontal-to-vertical spectral ratio (H/V or
HVSR) technique has found widespread use in evaluation of local
site characterization (Nakamura, 1989; Lermo et al, 1993; Bard, 1999;
Acerra et al, 2004, Bonnefoy-Claudet et al, 2009, Surve et al, 2010,
Sivaram et al, 2012, Molnar et al, 2018, Nagamani et al, 2020), seismic
microzonation (Mukhopadhyay et al, 2004, Nath et al, 2008) and
groundwater studies (Rigo et al, 2020). Nogoshi and Igarashi (1971)
initially proposed the HVSR method, but it was popularised by
Nakamura (1989) and it became to be known as the “Nakamura

technique”. The Nakamura technique has been thoroughly described
in Nakamura (2000) and Ibs-von Seht and Wohlenberg (1999).

Lachet and Bard (1994) conducted a study utilizing six basic
subsurface formations and a combination of contrast variations in wave
velocity and ground layer thickness, demonstrating the relationship
between the dominant frequency and geological conditions. Fah (2004)
investigated the fluctuation of the resonance frequency, along with
the amplitude and polarization of seismic data as a function of the
structure and source positions. Sylvette et al, (2005) demonstrated the
impact of source spatial position on the H/V shape and concluded that
H/V peaks are due to S-wave resonance of the head waves when
ambient noise sources are in the bedrock. A single peak is observed
for the H/V curves if the sources are inside the sedimentary layer and
close to the receiver, while two peaks are observed if the sources are
far from the receivers.  The Nakamura method has been outlined in
detail by Nakamura (2019) and suggestions are given to avoid potential
pitfalls in the interpretation. In this study, Nakamura’s technique is
applied to assess the seismic vulnerability of the ground and structures
using the fragility index, or more popularly known as the seismic
vulnerability index (Kg). The empirical relationship between the
predominant frequencies and the sediment thickness in the region is
estimated by utilising information derived from ambient noise
interferometry.

Ambient noise recorded as part of passive seismic data can be
processed by interferometry to obtain the empirical Green’s function
(Rickett & Claerbout, 1999; Lobkis & Weaver, 2001; Wapenaar, 2004).
Sources of ambient noise may either be of natural (e.g. ocean
microseisms) or cultural (e.g. traffic noise, induced seismicity) in origin.
Green’s functions retrieved from ambient noise interferometry ideally
contain the complete response of the medium between the virtual source
and receiver (Waapenaar, 2004). Seismic interferometry applied to
ambient noise data can yield surface waves (Shapiro and Campillo,
2004; Bensen et al, 2007; Yang & Ritzwoller, 2008) or reflected body
waves (Draganov et al, 2009; Nakata et al, 2015). Cultural noise
typically has frequency content above 1 Hz (Peterson, 1993) and has
been used to obtain shallow subsurface information with cross-
correlation interferometry. For example, Chavez & Luzon (2005)
retrieved Rayleigh and Love waves in the frequency range of 3.6 – 6
Hz and 6 – 20 Hz, respectively. Traffic noise from highways was utilised
by Behm et al, (2014) to obtain Rayleigh and Love waves in the 2 – 6
Hz bandwidth.   Here, cultural noise is utilized to obtain surface waves
between pairs of stations. The dispersion curves of the obtained surface
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waves are inverted for shallow S-wave velocities useful to obtain the
relationship between resonance frequencies and sediment depth.

The organisation of the article is as follows: first, an introduction
of the geology and seismicity of the study area, followed by a
description of the instrumentation and data acquisition. In the
methodology section, the application of ambient noise interferometry
is outlined to retrieve surface waves and their inversion for shallow
S-wave velocity profiles. Then the application of the HVSR method
is discussed to obtain resonant frequency and site vulnerability index.
Finally, interpretation of the obtained results to assess the seismic
vulnerability of the study area.

GEOLOGICAL SETTING AND SEISMICITY
Northeast India is one of the world’s most seismically active

regions, and a seismicity map for the region is displayed in Fig.1. As
per the Bureau of Indian Standards, the study regions come under the
seismic Zone-V (Very Severe Intensity Zone). Walling et al, (2009)
have given a detailed overview of a broad study on microzonation
studies in India. There have been many large earthquakes in the region
like the 1897 Great earthquake (Ms 8.7), the Cachar earthquake (1869,
Mw 7.4), the Assam earthquake (1950, Mw 8.5), and about 20 large
earthquakes (M > 7.0) since 1869 (Kayal et al, 2012). Another
earthquake in Cachar on December 30, 1984, despite being of
comparably low magnitude (M 5.8), resulted in the loss of life and
caused severe damage to property (GSI, 2000).

The Cachar area is part of the Assam-Arakan geo-synclinal
Basin’s N-S compressional thrust and fold belt with a spread of around
7000 square kilometers and is a potential hydrocarbon-bearing zone
(Saha et al, 2008). The Cachar region is defined topographically by a
central E-W trending transverse low that defines the valley’s course
of the Barak river. The drainage in the region is provided by the Barak
river, which is clearly influenced by the area’s geographical structure.
The Cachar fold belt is distinguished by the presence of broad synclines
and tight anticlines in the Tripura-Cachar region, which includes a
number of hydrocarbons-producing fields. The majority of these fields

in Assam’s Cachar region occur at the culmination of anticlinal
structures (Mazumder et al, 2016). The Assam-Arakan fold-belt formed
as an accretionary wedge on the subducting Indian crust beneath the
Burma plate (Dasgupta & Nandy, 1995). The Cachar region has a
thick column of clastic deposits ranging in age from Paleocene to
Recent, consisting of sandstone, siltstone, shale, and claystone. Figure
2 shows the surface geological map of the Cachar region. The main
lithostratigraphic units in the Cachar region are Dihing (Pleistocene-
Holocene), Dupitila (Pliocene- Pleistocene), Tipam (Miocene-
Pliocene), Surma (Miocene), Barail (late Eocene- Oligocene), and
Disang (Paleocene- Eocene) (see Chatterjee et al, 2018; Garain et al,
2019).

INSTRUMENTATION AND DATA
The Oil and Natural Gas Corporation (ONGC) Ltd. installed a

network of 65 wideband seismic stations in the Cachar region of Assam,
India, to assess local and regional seismicity and to image subsurface
structures. The stations consisted of Seismotech - S100, a wide-band
three-component velocity output seismic sensor, and a bandwidth of
0.1-100 Hz with a flat response from 1-40Hz. The design of the sensor
is based on the force-balance principle, using three simple geophone
elements. The seismometers were equipped with S-24 digital recorders
with 24-bit resolution. The seismometers were placed in cement-cased
boreholes at depths ranging from 6 to 8m. The seismometers
continuously recorded the data over a period of eleven months from
January to November 2011. The location of the stations is shown in
Fig.3.

METHODOLOGY
In this study, the horizontal to vertical spectral ratio (HVSR)

method is used to obtain the resonant frequencies and site amplification
factor for receiver locations. Then the resonant frequencies and site
amplification factors is used to estimate the seismic vulnerability index
(Kg) in the region. The ambient noise interferometry is applied to
estimate surface waves between receiver pairs and invert the surface

�

Fig.1. Distribution of large magnitude earthquakes (>5) in and around the study region in Northeast India over the last 50 years (source:
National Center for Seismology - https://seismo.gov.in/MIS/riseq/Earthquake/archive)
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wave dispersion curves to obtain the S-wave velocity profiles in the
region. The obtained S-wave velocities for the base rocks are utilized
to develop an empirical relationship between resonant frequency
and sediment thickness that is valid for the study region. The methods
employed in the study are described in detail in the following
subsections.

Horizontal to Vertical Spectral Ratio (HVSR)
Site response studies are used to assess the fundamental natural

frequency or resonance frequency of site amplification for a given
site, which is a key parameter in determining the seismic hazard
potential for a certain area. The HVSR of ambient noise is a simple,
fast, and non-intrusive approach for determining the fundamental
natural frequency and amplification characteristics of the surface layer
from the measurement only at the ground surface. The process involves
calculating the horizontal and vertical components’ Fourier spectra
and calculating their ratio (H/V) and the peak of the H/V curve
corresponding to the fundamental natural frequency of the soil deposits
(Surve and Mohan, 2010). The HVSR value is connected to the soil’s
solidity and amplification factor and can be used to assess the soil’s
properties (Nakamura, 2000). It is related to the geotechnical
conditions, soil type, and sediment layer thickness.

Resonance Frequency and Site Amplification Factor
Measurements

The H/V is computed using the spectrum ratio between two
horizontal components and one vertical component, using following
expression:

(H/V) = √ (NS2 + EW2) /2VT2) (1)

where H represents the horizontal component spectrum and V
represents the vertical component spectrum. NS and EW are the two
horizontal components of the recorded signal in the directions of north-
south component and east–west, respectively. VT represents the
vertical component of the recorded signal. At a given site, the resonance
frequency (F0) or dominant frequency is the frequency at which the
H/V reaches its maximum, and the amplification factor (A0) is the
magnitude of this frequency. For HVSR processing, an open-source
Python library “hvsrpy” is used (Vantassel, 2020).

The SESAME (2004) recommendations are followed for reliable
HVSR estimates. To identify even the extremely low frequencies,
window length of 60 seconds and a record period of 2 hours is
utilized, which is almost four times the minimum suggested signal

�

�

Fig. 2. Surface geological map of the Cachar region, modified after
Garain et al (2019).

Fig. 3. A satellite map of the region with the geographical distribution of stations (red triangles).
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record time duration for the selected window length. To prevent any
cultural noise, the data recorded late at night, between 1 a.m. and 3
a.m were used. An automated frequency-domain window-rejection
technique was employed in hvsrpy to reject spurious temporal
frames, which improves the clarity and sharpness of the median HVSR
curve (Cox et al. 2020). If the HVSR curve has a distinct peak (or
peaks), the lowest frequency peak gives an estimate of fundamental
natural frequency. The HVSR curves with no identifiable peak at 10
stations is received, which did not satisfy SESAME reliability and
clarity guidelines, and these stations were eliminated from further
investigation. Figurs 4 show the H/V measurements at receiver stations
64. In the HVSR measurements, we get a maximum amplification
factor of around 6 and a range of resonance frequency up to 5 Hz.

Figure 5 displays the obtained results of fundamental natural
frequency variations on the map. The values larger than four is rounded
off to a value of four just for plotting purposes, to improve visual
clarity. Natural neighbor interpolation is used to create the contours
in the backdrop in Fig.5. Figure 6 shows the distribution of site
amplification for the corresponding resonance frequencies in Fig. 5.
A high site amplification with low resonance frequencies in syncline
regions of the Silchar and Labak area having a thick sediment cover is

observed, while the surrounding mountainous regions with anticline
formations showed high resonance frequencies with lower
amplification factors.

Sediment Layer Thickness and Shear-wave Velocity
The resonance frequency and velocity of the shear-wave (S-wave)

are related to the thickness of the sediment. The link between these
values may be explained by a simple model consisting of two layers
of substrate, with hard rock in the basement with S-wave velocity Vsb
being covered by a layer of soft sediments of thickness Z and S-wave
velocity Vs. The resonance frequency is reached for the site when
the thickness of the sediment is an odd multiple of a quarter of
the wavelength, and the transfer function reaches its maximum
value at the resonant frequencies (Fr) (Ibs-von Seht & Wohlenberg,
1999):

Fr = (nVs) / (4z),  (n = 1, 3, 5,...) (2)

For the fundamental natural frequency, n = 1, the expression has
the following form:

F0 = (Vs) / (4z), (3)

�
Fig.4. HVSR measurement from the receiver station 64. Ambient noise recordings of the three orthogonal components (a) NS for North-South
component, (b) EW for East-West component, and (c) VT for Vertical component. HVSR curve (gray lines) plots (d) for all the time windows,
and (e) after rejection by the FWA algorithm (shown in cyan). The solid black line represents the log-normal median curve, while the dashed
black lines indicate the HVSR curve’s 68 percent confidence interval. The apex of the median curve is shown by the green diamond, and its
values in (e) yield F0 and A0 estimations.
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If the resonant frequency (F0) is known and site amplification (A0),
as well as the S-wave velocity of the base rock (Vsb) in a given area,
we may estimate Vs and Z of the respective location using the following
relations (Nakamura, 2019):

Vs = (Vsb) / A , (4)

Z = (Vsb) / (4AF0). (5)

Using HVSR studies, we have obtained the resonant frequency
and corresponding site amplification at the receiver locations. Seismic
interferometry technique that yields surface waves by the cross-
correlation of ambient noise recording data from a pair of receiver
stations (e.g., Shapiro et al, 2005; Bensen et al, 2007). The dispersion
curves of the retrieved surface waves are then inverted to obtain the
S-wave velocity of the base-rock (Vsb) in the study area.

Ambient Noise Interfermetry
The vertical component data from wide-band stations is utilized

to perform cross-correlation interferometry and obtain Rayleigh waves.

The processing methodology is similar to that outlined in Bensen et
al., (2007) with suitable modifications for the data from the study
area. Then the Rayleigh wave group velocity dispersion curves was
inverted by the perturbational inversion algorithm of Haney and Tsai
(2017) to derive the S-wave velocity depth profiles.  The methodology
adopted is outlined in the following subsections in detail.

Data-preprocessing
To gain insight into the character of the ambient noise data,  the

probabilistic power spectral density (PPSD) defined in McNamara
and Buland (2004) was computed and implemented by the “Obspy”
package (Krischer et al., 2015) with one-minute data segments and
overlap of ten seconds over the entire period of recording. Figure 7
shows the PPSD computed using the entirety of data collected at a
representative location (station 64), along with Peterson’s new low
noise model (NLNM) and new high noise model (NHNM) (Peterson,
1993). The PPSD plot indicates that low-frequency ambient noise
between 0.1 to 1 Hz has a greater probability of occurrence, although
the energy is lower than the NLNM.

�

�

Fig. 5. A map depicting variation of resonance frequency (F0) in the
study region. Crosses indicate sites where the HVSR findings did not
satisfy the reliability and stability criteria. To facilitate visual clarity,
values larger than four are rounded down to four. The contours in the
background are obtained from natural neighbor interpolation.

Fig. 6. A map depicting variation of site amplification factor in the
study region. Crosses indicate sites where the HVSR findings did not
satisfy the reliability and stability criteria. To facilitate visual clarity,
values larger than four are rounded down to four. The contours in the
background are obtained from natural neighbor interpolation.

�

Fig.7. The probabilistic power spectral density function computed
using the entirety of the data recorded at station 64.

The low-frequency ambient noise could have its source of origin
in the secondary microseism, although a significant peak is not seen
in the secondary microseism band at around 0.2 - 0.4 Hz. The data
however do exhibit significant energy between 1 to 10 Hz expected
for noise sources with an anthropogenic origin (traffic and cultural
noise), although the probability of occurrence is lower than that of
lower frequency data. The difference in probabilities can be explained
by the fact that while low-frequency ambient noise due to the ocean-
induced secondary microseism is persistent, anthropogenic sources
of noise are sporadic.

Waveforms from earthquakes contain significant amplitudes, which
can cause cross-correlograms to be biased. By muting the recorded
seismograms around the respective arrival periods, signals matching
to catalogued earthquakes can be avoided. Temporal normalization
techniques like sliding window mean-normalization, automatic gain
control (AGC) or one-bit normalization can mitigate the bias introduced
by large magnitude signals (Bensen et al, 2007). Here, we apply one-
bit normalization to the vertical component data, which entails keeping
simply the sign of each sample in the records (+1 or 1). One-bit
correlation effectively removes the bias due to large amplitude signals
and can yield correlograms with an enhanced signal-to-noise ratio
(Hanasoge et al., 2013). Post the One-bit normalization of data, we
apply spectral whitening to reduce spectral imbalance from potential
agricultural and industrial sources in the densely populated Cachar
region (Census of India, 2011).
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Cross-correlation and Frequency Time Analysis
It is common practice to use day-long time windows for cross-

correlation in global studies (e.g. Bensen et al., 2007; Yang et al.,
2008). However, the crosscorrelation window in local studies
ranges from a few minutes (Mordret et al., 2013; Behm et al., 2014)
to hours (de Ridder and Biondi, 2015; Zigone et al., 2015; Obermann
et al., 2016). A ten-minute window was used to compute the cross-
correlations as it allows for sufficient time for the surface waves to
traverse the length of the array.  Then the correlograms were stacked
over the period of recording and observe a gradual emergence of surface
waves.

Figure 8 shows one such empirical cross-correlogram stack
corresponding to the receiver pair 23-64, with receiver 23 as the virtual
source. The causal part of the correlogram is more dominant due to
the fact that the virtual source (receiver 23) was located nearer than
receiver 64. Further, the stacked correlograms were dominated by
energy in the 1-3 Hz band. The dispersion curves were measured
using frequency-time analysis (Dziewonski et al., 1969; Bensen et al.,
2007). Frequency-time analysis or FTAN involves the application of
Hilbert transform to convert the correlogram stacks into analytical
signals. The envelope and phase functions derived from the analytical
signals are then filtered by narrow-band Gaussian filters. The peak of
the envelope function represents the arrival time of the wave packet
as a function of the frequency, and this is used to calculate the group
velocity dispersion curves for the surface waves. The FTAN diagram
for the cross-correlation stack from Figure 8 is shown in Figure 9.
The Rayleigh wave group velocity dispersion curves obtained by
picking the ridge of the FTAN images are plotted in Figure 10, with
the error bars corresponding to the margin of velocity where the FTAN
value reduces to 70% of the peak value. It is assumed that the error
bars correspond to one standard deviation.

Inversion of dispersion curves
The Rayleigh wave group velocity dispersion curves were inverted

by the perturbational inversion algorithm of Haney and Tsai (2017).
The initial model for the inversion is obtained using the Dix-like
inversion method of Haney and Tsai (2015). The Dix-like inversion

applied here builds the initial model as a function of depth by assuming
that the Rayleigh wave at a given frequency propagates in a
homogeneous medium. Then, the initial S-wave velocity is obtained
from the group velocity, and the P-wave velocity is calculated from a
user-supplied value of Poisson’s ratio. For the clayey sediments
expected in the study area, we utilized a Poisson’s ratio of 0.40, which
is an average estimate. A uniform density of 2000 kg/m

3 is assumed.
Following the initial model building from Dix-like inversion, the final
S-wave velocity profiles are obtained using the perturbational inversion
algorithm of Haney and Tsai (2017).  The final model obtained from
perturbational inversion fits the dispersion data more closely than the
initial model obtained from the Dix-like inversion (Fig.10). Figure 11
displays the initial and final S-wave velocities obtained from Dix-like

�

�

�

Fig. 8. Cross-correlogram stack obtained for the receiver pair 23 – 64
as a function of several frequency bands. Station 23 corresponds to
the virtual source.

Fig. 9. FTAN analysis for the cross-correlogram stack from Fig.8.

Fig. 10. Group velocity dispersion curve along with error bars (black)
obtained from the FTAN image in Figure 9. The dispersion curve fit
by the initial model obtained from Dix-like inversion is shown in blue
and that from perturbational inversion is shown in red.
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and perturbational inversion, respectively, as functions of depth
corresponding to the receiver pair 23-64.

Figure 12 shows inverted S-wave velocity profiles acquired in a
similar manner from various other receiver pairs. We found that
variations of Vsb in the study region are in the range of 600 to
1600 m/s after examining the obtained S-wave velocity depth profiles.
The Vsb estimates, as well as HVSR results, are used in Equations 4
and 5. Table 1 lists all of the estimated parameters obtained at various
receiver stations.

RESULTS
From the S-wave depth profiles acquired by ambient noise

interferometry, we determined the base-rock shear-wave velocity (Vsb)
between receiver pairs. While ambient noise interferometry helps to

reduce acquisition costs, pairwise comparisons across all sensors make
it a time-consuming and computationally expensive operation to
perform over a dense network (Martin, 2020). On the other hand, the
HVSR method is a very quick and low-cost single-site subsurface
investigation technique. An attempted is made to blend the two
approaches and gain the benefits of both. Using ambient noise
interferometry, it is possible to identify the S-wave velocity profiles
across a pair of receiver stations, from which one get an approximate
estimate of S-wave velocity in base-rock near a station. The
fundamental natural frequency (F0) is used and site amplification (A0)
estimates obtained from the HVSR technique, along with an estimate
of the S-wave velocity of the base-rock (Vsb) from ambient noise
interferometry near the corresponding station to determine the Vs and
Z at the sites corresponding to the respective receivers (Table 1). Ibs-
von Seht and Wohlenberg (1999) derived a relation between sediment
cover thickness and H/V spectrum peak frequency, a method that many
researchers have since adopted (e.g. Delgado, 2001; Parolai et al.,
2002; Mundepi et al, 2009; Dinesh et al, 2010). According to Ibs-von
Seht and Wohlenberg (1999), the relationship between F0 and Z has
the following expression:

Z  =  aFb
0 (6)

where a and b are constants. When b is negative, the resonant frequency
falls as the thickness of the strata increases. Using the data from Table
1, we performed a regression analysis to obtain the best approximation
for constants a and b that are valid in the study region. The relationship
obtained from the regression analysis reads:

Z  = 117.6F0 
–0.896 (7)

Figure 13 showcases the regression fit for Equation 7. A similar
trend was found in empirical constants as in previous worldwide
studies, with slight variances accounting for differences in soil
characteristics in our study region. According to Equations 3 and 5,
sites with high resonance frequencies should be related to thin sediment
layers, whereas sites with low resonance frequencies should be related
to thick sediment layers.

Table 1. Measurement and calculated parameters of stations used in the
estimation of empirical constants for Equation 6 shown in Figure 13. Base-
rock S-wave Velocity estimates are from the S-wave depth profiles obtained
using ambient-noise interferometry.

Sr. Stat. Vsb Vs H F0 A0 Kg Kg Soil
No. No, (m/s) (m/s) (m) (Hz) Value Value Class Class

1 6 700 250 44.6 1.4 2.8 5.6 III D
2 12 950 296.9 61.8 1.2 3.2 8.5 III D
3 18 1000 862.1 189.1 1.14 1.16 1.6 I B
4 23 800 526.3 29.2 4.51 1.52 0.5 I B
5 34 800 358.7 71.7 1.25 2.23 3.9 II D
6 41 900 463.9 463.9 0.25 1.94 15.1 IV C
7 42 1000 256.4 35.6 1.8 3.9 8.6 III D
8 43 1200 681.8 77.5 2.2 1.76 1.4 I C
9 46 1000 303 63.1 1.2 3.3 9.2 III D
10 57 950 669 199.1 0.84 1.42 2.4 I C
11 58 900 391.3 69.9 1.4 2.3 3.8 II C
12 60 1000 769.2 143.5 1.34 1.3 1.2 I B
13 64 800 346.3 82.5 1.05 2.31 5.1 III D
14 66 1200 648.6 491.4 0.33 1.85 10.3 IV C
15 68 800 280.7 73.9 0.95 2.85 8.6 III D
16 71 1500 815.2 59.8 3.41 1.84 1.0 I B
17 74 1200 500 113.6 1.1 2.4 5.4 III C
18 77 1200 769.2 96.2 2 1.56 1.2 I B
19 79 1100 748.3 49.5 3.78 1.47 0.6 IV C
20 84 1200 545.5 64.9 2.1 2.2 2.5 III C

�

�

Fig. 11. S-wave velocity profiles corresponding to the initial model
obtained from Dix inversion (black) and final model obtained from
perturbational inversion (red) for the dispersion curve corresponding
to the receiver pair 23 – 64.

Fig. 12. S-wave velocity profiles obtained from ambient noise
interferometry for the various receiver pairs in the study region.
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The Vs values were estimated for stations that were not included
in ambient noise interferometry but had reliable HVSR measurements
using Equations 7 and 3. Figure 14 shows the distribution of obtained
Vs values of the sedimentary layer in the study region. The S-wave
velocities vary greatly due to the lateral heterogeneities in the
sedimentary basin. The soil in the study region is predominantly
interpreted as belonging to NEHRP classes D, C, and B according to
the NEHRP (1997) soil classification standards for the top sedimentary
layer.

the following relation to calculate the Seismic vulnerability index:

Kg = A2 / F0 (8)

The Kg value indicates how vulnerable the surface layer is to
displacement during earthquakes with higher Kg values indicating that
the surface layer is prone to movement during earthquakes. Akkaya
(2020) observed the following association of Kg values with soil
deformation and earthquake damage:

I - Kg ≤ 3 Low,
II - 3 < Kg ≤ 5 Moderate,

III - 5 < Kg ≤ 10 High,
IV - Kg ≥ 10 Very high. (9)

Sample curves for each category in Equation 9 obtained at various
stations are shown in Fig.15. For all receiver locations with valid
HVSR estimations, we computed the Kg values using Equation 8.
Figure 16 shows the assessment of seismic vulnerability as per the

�

�

�

Fig. 13. The empirical constants in Equation 6 were obtained via
regression analysis by using inputs from Table 1.

�

Fig.15. The HVSR observations associated with various seismically
vulnerable sites according to Akkaya’s (2020) classification in Equation
9. (a), (b), (c) and (d) show the sample HVSR observations for each
index type.

Fig.16. Seismic Vulnerability Index (Kg) distribution map of the
region as per the classification given in Equation 9. Crosses indicate
sites where the HVSR findings did not satisfy the reliability and
stability criteria. The contours in the background are obtained from
natural neighbor interpolation.

Fig. 14. The distribution of average S-wave velocity (Vs) for the study
area calculated using Equations 4 and 6. Crosses indicate sites where
the HVSR findings did not satisfy the reliability and stability criteria.
The contours in the background are obtained from natural neighbor
interpolation.

Determination of Seismic Vulnerability Index (Kg)
Seismic waves exert stress on the buildings and ground during

propagation. The structure may collapse if the resulting strain exceeds
the strain limit. The occurrence of earthquake damage is well
recognized to be dependent on the strength, period, and duration of
seismic events, and these parameters are influenced by seismic response
characteristics of surface ground and structures (Nakamura, 2000).
To assess the potential damage caused by earthquakes, Nakamura
(1997) introduced a ground fragility index, commonly known as the
Seismic vulnerability index (Kg). It can assess the risk of soil
liquefaction and earthquake damage using the relevant information
from the HVSR of ambient noise, giving us vital information about
the seismic hazard potential in a specific region. Nakamura proposed
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classification given in Equation 9. Figure 17 shows the results plotted
in Fig.16 overlain on the geological map of the region (Figure 2).
Figure 17 illustrates that the synclinal formations of the Silchar and
Labak regions around the Barak river, which have a thick sediment
cover of recent alluvium material, are more prone to liquefaction and
seismic hazard.

Soil classes C and D are commonly associated with high Kg
(Akkaya, 2020), and we also report high Kg values in regions identified
with the soil classes C and D (Figs.14 & 16).  The Kg value distribution
also exhibits a geospatial correlation with the course of the Barak
river (Figs. 2, 3 & 16). The Barak river floods often and transports a
large amount of silt and has changed course in the past (Das et al.
2007). Sediment thickness and S-wave velocity have an impact on
resonance frequency. The thickness of the sediment layer decreases as
the resonance frequency increases, and vice versa. The amplification
factor of a location is determined by the strength of the sediment layer.
Weathered and weak layers demonstrate significant amplification and
are at high risk of seismic hazards (Nakamura, 2000). It is
recommended that tall structures should be avoided in areas with high
amplification and that any significant structure built in such an area
adhere to all safety measures and guidelines.

CONCLUSIONS
In the present study the seismic vulnerability of the Cachar fold-

belt is characterized, a populated and important hydrocarbon-producing
region located in northeast India. The HVSR analysis is performed to
measure the site-effects at all the stations, which provided an estimate
of the resonant frequency and the amplification factor for all the receiver
locations. By analysing the results, it is observed that stations near
anticlinal geo-structures have a relatively high resonance frequency
and low amplification factor, whereas receivers located in synclinal
areas with thick layers of alluvium sedimentary deposits show a
significantly higher site amplification factor with relatively lower
resonant frequencies.

An ambient noise interferometry is employed to get S-wave
velocity profiles and to estimate the S-wave velocity of base-rocks,
which were then used to derive estimates of S-wave velocity and

thickness of top sediments based on HVSR findings. Then, we
performed a regression analysis to obtain empirical relationships
between resonant frequency and sediment thickness in the study region.

The seismic vulnerability index (Kg) at all the receiver locations
using the results from HVSR measurements is estimated. The Kg values
indicate the risk of soil liquefaction and ground and structure strains
at the site. High Kg values are observed in the synclinal formations of
the Silchar and Labak regions in proximity to the Barak river having a
thick sediment cover of alluvium sediment of recent origin, indicating
that these areas are more vulnerable to liquefaction and seismic hazard
than the surrounding anticlinal regions.
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