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Abstract The importance of characterizing the site effects in urban areas, especially
Mumbai, the commercial capital of India, with a quarter of land below sea level, is well
realized. Mumbai is built on a cluster of seven basaltic islands that were merged together
through reclamation of land from the Arabian Sea. Due to rapid urbanization, the
demarcation between reclaimed areas and original islands is blurred. A pilot study is
undertaken to investigate and characterize the local site effects at 27 locations in Mumbai.
The Nakamura technique is used to estimate the fundamental frequency of soft soils at each
site, characterized by the ratio (H/V) of the Fourier spectra of the horizontal and vertical
components of ambient noise measurements made with a 3-component short period (1 Hz)
seismograph. Validation of peak frequency was done using both pre-event and event data.
The peak amplification was also validated through measurements at a 10-m exposed soil
section and over a soil dump. Overall, the site responses correlate well with the local
geology and the lithologs obtained at 40 boreholes at 8 locations The reclaimed areas are
characterized by resonance frequencies ranging from 3.3 to 4.6 Hz with significant peak
amplification (>4) in contrast to hard rock sites that do not exhibit peak amplification. The
hard rock sites with soil cover exhibit peak amplification in the frequency range
3.3-10.5 Hz indicating large variations in soil thickness. The H/V curves at most sites
exhibit clear single peaks with large amplitude, which could be associated with sharp
discontinuities corresponding to a uni-model of a single layer with large velocity contrast
overlying the basement. The low resonance frequencies together with large amplification
of site responses enable identifying and demarcating reclaimed areas that form important
inputs in the seismic microzonation of Mumbai.
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1 Introduction

Mumbai, the financial capital of India, is a coastal mega city in western India with a
population of over 16 million. Mumbai falls in zone III of the Global Seismic Hazard Map
(GSHAP) as a region with a probabilistic hazard of 0.1 g (Ravi Kumar and Bhatia 1999).
The city lies in western Deccan Volcanic Province (DVP) of India (Fig. 1), which has
experienced several intra-plate earthquakes in the past two decades including the
Mw = 7.5 Bhuj earthquake in 2001. Historical records indicate that earthquakes of
intensity up to IX have occurred in and around Mumbai in the past (Chandra 1977; Bansal
and Gupta 1998).The seismotectonic setting together with the importance of Mumbai city
makes it pertinent to address issues related to the seismic hazard of Mumbai. Very little
work has been done in the context of microzonation for the city of Mumbai. Kanth and
Iyengar (2006) estimated the seismic hazard of Mumbai by using the probabilistic analysis.
The uniform hazard response spectra (UHRS) were derived, incorporating the uncertainties
in location, magnitude and recurrence of earthquakes, which could be used for engineering
purposes in Mumbai. An issue of prime concern is the identification of areas vulnerable to
damage due to local site amplification caused by the passage of seismic waves in the soft
sediments at a site. Damage due to an earthquake may vary even within few meters due to
variation in local site conditions such as soil type and thickness. Studies have shown that
the damage caused by large earthquakes is more significant in sedimentary areas than on
hard rock primarily due to amplification of ground motion in the soft sediments that results
from the trapping of seismic waves due to the acoustic impedance contrast between sed-
iments and bedrock. The extent of damage due to an earthquake predominantly depends
upon the local geology of the area. As a significant portion of Mumbai is covered with
alluvium, characterizing the site effects is critical to microzonation of Mumbai.

The antique maps of Survey of India (1990) show that Mumbai once comprised of seven
islands that were merged together forming a single entity with the mainland (Fig. 1). The
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Fig. 1 Map showing the seven basaltic islands of Mumbai (leff) and present day Mumbai (right)
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regions between the islands as well as the periphery of some islands have been system-
atically reclaimed over the past two centuries. Thus, large tracts of reclaimed land are
primarily filled up with sediments whose thicknesses and properties are unknown. Over a
period of time, many high rise constructions have come up on these reclaimed areas that
are indistinguishable from the original basaltic islands, which have ceased to exist in public
memory. As the reclaimed parts of Mumbai are underlain by soft weathered material
systematic studies are necessary to demarcate the reclaimed areas and estimate the reso-
nance frequency and amplification due to sediments at different sites as the extent of
damage due to an earthquake is influenced by the local site conditions. The present work is
a pilot study undertaken to characterize the site effects in Mumbai and study the feasibility
of demarcating the reclaimed land from the original islands based on soil amplification.
The present study utilizes the popular Nakamura technique to determine the resonance
frequency (f,) of amplification (A,).

2 Geology and seismicity of the study area

Mumbai comprises of the flat lying plains in western Deccan Volcanic Province adjoining
the Arabian Sea. The lithology comprises of basaltic flows and the associated pyroclastics
and the plutonic rocks of upper Cretaceous to Palaeogene ages. The Deccan basalts of
Mumbai are considered to be the youngest basalts of Eocene age. The overall geology of
Mumbai (Fig. 2) and it’s immediate surroundings indicates the presence of ultrabasic,
basic and acidic differentiates with intertrappean beds, agglomerates and tuffs, and large
tracts of land covered with alluvium (GSI 2001). Acidic rock includes rhyolite and quartz
trachyte. The basaltic flows are categorized primarily as simple and compound flows and
flows that do not fall in these categories are termed as unclassified flows. Several
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Fig. 2 Geological map of Mumbai showing the locations noise survey sites and Boreholes (modified after
Geological Survey of India 2001)
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lineaments and faults are reported in and around Mumbai with the coast parallel Panvel
flexure about 30 km east of Mumbai being the most prominent lineament. Recent
microseismic studies (Mohan et al. 2007) around Mumbai during 1998-2005 revealed the
occurrence of about 41 earthquakes of magnitude ranging between 2.5 and 3.5 along the
Panvel flexure at crustal depths suggesting the presence of an active fault system beneath it
(Fig. 3), which is over 100 km long and a potential source of earthquakes. The largest
event with magnitude 4.5 followed by a swarm of activity occurred about 100 km from
Mumbai at Khardi in 1981 (Rastogi et al. 1986). The Koyna region that experiences
continuous, unabated seismicity over the past 40 years is located about 200 km south of
Mumbai. The Deccan Volcanic Province has also witnessed 4 large intraplate stable
continental earthquakes of magnitude 6.0 and greater in the last four decades, which
include Koyna (1967), Latur (1993), Jabalpur (1999) and Bhuj (2001).

3 Borehole lithology

The litholog information from 40 boreholes from 8 places (Fig. 2) in Mumbai including a
10-m section of an excavated site at IITB was collected. The boreholes were predomi-
nantly located in northern and central Mumbai. The lithologs representing the average
depths to the subsurface lithology at each borehole location are shown in Fig. 4. The
subsurface lithology is classified into three layers as (1) top soil and filling material (2)
boulders followed by sandy soil and gravel (3) moderately weathered to hard compact
basalt. The average thickness of the top soil comprising of highly weathered basalts and/or
filling material ranges between 1.2 and 4.2 m. The average thickness of the unconsolidated
soil cover above the compact hard rock is given by the depth to the top of the third layer
that varies between 3 and 10 m. The observations suggest significant variation in the
thickness of the unconsolidated soil across the reclaimed areas of Mumbai.
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Fig. 4 Lithologs depicting the average thickness of the subsurface lithology obtained from the boreholes
(a—h) shown in Fig. 2

4 Methodology

Site response studies are used to determine the fundamental frequency (f,) of site ampli-
fication (A,) at a given site, which forms an important parameter in estimating the seismic
hazard for a given area. Several techniques viz., the reference-site method (RSM), gen-
eralized inversion technique (GIT) and Nakamura method are used for computing the site
response. In the present study, the Nakamura technique (Nakamura 1989), a non-reference
site method that is popularly employed for estimating the site response in urban areas is
used. Nogoshi and Igarashi (1971) initially introduced this technique while Nakamura
(1989) made it popular. The technique involves computing the Fourier spectra of the
horizontal and vertical components and taking their ratio (H/V). The H/V ratio provides the
fundamental natural frequency of the soil deposits corresponding to the peak of the H/V
curve. The efficacy and theoretical objections to H/V Nakamura technique (NHV) are
debatable. For instance, Nakamura (1989) suggest that, neglecting the surface waves, the
NHYV is a reliable estimate of the S-wave site response, while others (Lermo and Chavez-
Garcia 1994; Lachet and Bard 1994) show that NHV ratios are related to the ellipticity of
Rayleigh waves. However, several experimental studies (Ohmachi et al. 1991; Field and
Jacob 1993; Lachet and Bard 1994; Lermo and Chavez-Garcia 1994; Lachet et al. 1996;
Fah et al. 1997; Parolai et al. 2004) find that the H/V technique provides reliable estimation
of the fundamental frequency of soft deposits. Parolai et al. (2004) used 272 aftershocks of
the 1999 Izmit earthquake, to show that the resonant frequency estimated using the
ambient noise (NHV) is consistent with that obtained using earthquake data (EHV) with
discrepancy only in the level of amplification. The Nakamura technique has also been
extended to reliably map the sediment thickness ranging from a few meters to 1,000 m in
Rhine Embayment, Germany by Ibs-von Seht and Wohlenberg (1999), who proposed an
empirical relationship between the peak frequency and the sediment thickness. The rela-
tionship suggests that higher the frequency, smaller is the sediment thickness and vice
versa. This technique provides accurate and reliable estimate of the resonance frequency,
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but the amplitudes of the dominant frequencies could be underestimated and hence do not
represent the actual amplification value for a given site. However, the amplification values
at different sites can still be useful for a qualitative study.

5 Data analysis

Ambient noise measurements were made at 27 sites that are plotted on the lithological map
of Mumbai (Fig. 2). A digital seismograph equipped with a 24-bit data acquisition system
and a short period seismometer (L-4C-3D) with a natural frequency of 1 Hz was used for
data acquisition. A minimum of 2 h data at a sampling frequency of 50 Hz was recorded at
each site. The raw data were processed using the J-SESAME software developed within
the European project SESAME (2004). Windows of 20 s length were selected and the
Fourier spectra of all the three components calculated and smoothened. The horizontal
components were merged together using geometric mean option and divided by the spectra
of vertical component to compute the H/V spectral ratios. The resonance frequency and the
corresponding amplitude at each site were computed. Stringent criteria for reliability of
results were adopted (SESAME 2004). The primary requirement for reliable H/V curves is
that the obtained H/V curve be representative of H/V curves that could be obtained with
other ambient vibration recording or other physically reasonable window selection. Thus, it
is ensured that at least 10 significant cycles were present in each window in the frequency
of interest, large number of windows (at least >10) were taken and low level of scattering
in each window was considered. The reliable H/V curves next require to satisfy the
stability criteria for a clear peak which is related to several characteristics i.e., the
amplitude of the H/V peak and it’s relative value with respect to the H/V value in other
frequency bands, the relative value of the standard deviation and the standard deviation of
the peak frequency from individual windows (SESAME 2004). All the H/V curves
exhibiting amplification need to satisfy the primary requirement of reliable H/V curves and
at least 5 out of six stability criteria specified by SESAME (2004) need to be fulfilled for
reliable estimates of the dominant frequency and amplitude of a clear H/V peak. While the
reliability of the peak value will increase with the sharpness of the H/V peak, no straight
forward information can be linked to the H/V peak amplitude A,. The amplitude value may
be indicative of the impedance contrasts at the site under study. Large H/V peak values >4
are generally associated with sharp discontinuities and large velocity contrasts.

6 Validation studies

Experimental site response studies were carried out at an excavation site within IITB
Bombay where a 10-m subsurface soil section is exposed. The exposed cross-section
indicates a 2-m thick top soil, 5-m thick semi-weathered basalts overlying a 3-m thick
compact basalt (Fig. 5). The measurements were carried out at the top of the exposed
section and at the bottom on the hard rock as well as at the place where the excavated soil
was dumped. The site responses at the three places are given in Fig. 5 along with the
photograph of the soil section. The site response over the exposed hard rock shows a flat
response as expected for the frequency band under study. The site response curve at the site
on top of the exposed section also does not show significant amplification despite a 7-m
thick layer above the compact basalt. The area under study is a basaltic ridge where the
weathered soil cover above the hard rock was stiff that possibly influences the site
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Fig. 5 Site responses (H/V plots) with mean and standard deviations obtained for ambient noise
measurements at the a bottom (hard rock) and b top of the exposed soil section and at the ¢ soil dump in
IITB campus

response. However, the response at the site of soil dump showed peak amplification at 8 Hz
indicating that loose unconsolidated soil clearly responds differently from that of a stiff soil
and hard rock.

An experimental study was done to compare the site response obtained using pre-event
ambient noise with those obtained for event data corresponding to a teleseismic and a local
earthquake recorded at IITB. P and S-wave segments of the seismograms of the 7.5 Mw
teleseismic earthquake at Andaman (10th August, 2009) and a 5.1 magnitude local
earthquake (12th December 2009) at Koyna that occurred about 250 km south of Mumbai
were used for computing the site responses. The site responses obtained using the earth-
quake data and noise, respectively, are similar (Fig. 6). The estimated fundamental reso-
nance frequency is consistent at 5.9 Hz, but the level of amplification is inconsistent,
implying that the resonant frequency obtained using the Nakamura technique is reliable.

7 Results

The site responses (Fig. 7a—c) were computed at 27 sites in Mumbai. The H/V responses at
16 sites exhibit peak amplification (A,) >2, of which three sites TIFR(2), MANT(3) and
NAVI(5) do not satisfy the stability criteria and hence were neglected. The H/V curves at
11 sites do not show any dominant frequency of amplification. The dominant frequency (f,)
of peak amplification (A,) for the H/V curves exhibiting clear peaks and satisfying at least
5 out of 6 stability criteria were reliably estimated at 13 sites (Table 1). A distinct dif-
ference in terms of amplification, frequency and nature of site responses was observed on
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Fig. 6 Site responses (H/V plots) with mean and standard deviations obtained at IITB using data
corresponding to a ambient noise, b teleseismic event, ¢ local event

alluvium and hard rock terrains. All the site responses over alluvium terrain clearly exihibit
peak amplification >2, while the responses on typical hard rock sites are nearly flat or
exhibit peak amplifications that do not satisfy the stability criteria. The site responses at a
few sites that are broadly categorized as compound flows/trachyte/rhyolite deviate from the
typical hard rock response suggesting the presence of weathered soil of varying thickness.
Thus, based on the site responses the sites were classified as Type I and Type II sites
corresponding to sites that exhibit peak amplification and those that do not exhibit peak
amplification. The nature of the H/V curves exhibiting amplification is of two types—clear
single peaks of amplification are observed at most sites while a few sites exhibit two peaks
of amplification with the dominant resonance frequency exhibiting larger amplification.

7.1 Type 1: Sites exhibiting amplification

Most sites on alluvium exhibit site responses (Fig. 7a) dominated by clear single peaks
with significant amplification >4.0 corresponding to resonance frequencies falling in a
narrow range between 3.3 and 4.6 Hz. Maximum amplification (A,) with a factor of § and
9 are found at RTOF(12) and MLAX(13) at frequencies 3.8 and 4.6 Hz, respectively.
Certain sites e.g., 16, 17 and 20 falling in the area classified as hard rock (Fig. 2) also show
significant amplification ranging from 3.7 to 4.2 at frequencies ranging between 4.0 and
7.1 Hz (Fig. 7b). Field observations at these sites confirm the presence of weathered soil
overlying the hard rock suggesting that despite the broad geological classification, locally
the site conditions could vary depending on the presence or absence of weathered soil and
its thickness.

7.2 Type 2: Sites exhibiting insignificant amplification

Typical hard rock site responses (Fig. 7c) are observed at 11 out of the 14 hard rock sites.
The hard rock sites in south Mumbai are mostly located on the original islands comprising
of unclassified flows, while those in north Mumbai comprise of compound flows/trachyte/
unclassified flows. The H/V responses at several hard rock sites do not exhibit any distinct
resonance peaks of amplification, while at a few sites amplification is observed but the
reliability and stability criteria are not satisfied. These H/V curves are indicative of non-
weathered reference sites with minimal or no amplification even at high frequencies.
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Fig. 7 continued

8 Discussion

A significant portion of south Mumbai comprises of reclaimed land, which today is
indistinguishable from the original basaltic islands. The lithological map of Mumbai
(Fig. 2) shows large tracts of land covered with alluvium that could be reclaimed land or
underlain by the basaltic islands. Several pockets of the terrain classified as hard rock are
also covered with variable thickness of weathered layer which has the potential to amplify
the ground motion. The reclaimed parts of Mumbai are expected to be underlain by a thick
layer of soft weathered material in contrast to the hard rock found on the original islands.
Thus, significant amplification is expected at sites on reclaimed land, while hard rock
regions should show little amplification unless covered with alluvium or weathered soil.
Superpositioning the antique and present day maps of Mumbai (Fig. 8) enables
approximate demarcation of reclaimed and original basaltic islands (Table 2). It is
observed from Fig. 8 that with the exception of sites 1 and 4, which fall under alluvium
covered islands, all the other sites on alluvium fall under reclaimed areas. However, the
antique map is not to scale and hence additional information would be required to validate
these observations. In the absence of borehole data, the site responses provide supporting
evidence for the presence of thick alluvium cover as expected in reclaimed areas. The site
responses (Fig. 7a) at the alluvium covered sites 9, 12, 13 and 14 in south Mumbai are
distinctly different from those (Fig. 7c) on the original basaltic islands (e.g., sites 6, 8, 10
and 15) with the former exhibiting clear peaks of resonance frequency with significant
amplification unlike the latter. Importantly, the resonance frequencies of peak amplifica-
tion consistently fall in a narrow frequency range of 3.3-4.6 Hz. Similarly, in north
Mumbai, the sites covered with alluvium i.e., sites 18, 21 and 26, also show distinct peak
amplitude in the frequency range 3.6-3.9 Hz consistent with those observed over alluvium
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Table 1 Peak amplitude and the

corresponding resonance fre- Site no. Site Resonance Peak
quency obtained from H/V ratios frequency f, (Hz) amplitude Ao
for 51't?s C.Xl’llbltll’lg peak IMDB 105 25
amplification
XAVI 33 6.1
9 MUMC 39 4.0
12 RTOF 3.8 8.0
13 MLAX 4.6 9.6
14 PLAN 33 53
16 WORL 7.1 3.7
17 LILA 4.0 4.2
18 BKCX 3.6 6.1
19 SPCO 6.2 49
20 IITB 59 4.0
21 VARS 3.8 52
26 INSH 3.6 6.7
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Fig. 8 Classification of sites based on peak amplification into Type 1 indicating amplification and Type 2
indicating absence of amplification. Open circles indicate sites (2, 3 and 5) where the site responses did not
satisfy the stability criteria

covered areas in south Mumbai. In contrast, the sites e.g., 22 and 27 in north Mumbai show
typical hard rock response with negligible amplification (Fig. 7c). Significant amplification
observed at sites on alluvium suggests the presence of thick sediments as expected over
reclaimed areas. The site responses validate the observations made from the maps and
enable discriminate reclaimed sites from hard rock sites with negligible soil cover.
However, there are exceptions when hard rock sites are covered with thick weathered
zone e.g., sites 1 and 4 lying on alluvium covered islands ands sites 16,17 and 20 falling in
the region classified as hard rock, which show clear resonance frequency of amplification
in a wide range of frequencies 3.3—10.5 Hz (Fig. 7b). The difference in frequencies of peak
amplification can be related to variations in the sediment thickness based on the empirical
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Table 2 Classification of sites based on site response

Type Sites Remark
1 MUMC(@), RTOF(12), MLAX(13), PLAN(14), Sites located on alluvium covered
BKCX(18), SPCO(19),VARS(21), INSH(26), reclaimed land
IMDB(1), XAVI4) Sites located on alluvium covered
basaltic islands
WORL(16), LILA(17), IITB(20) Sites located on basaltic flows with
thick top soil
11 RAJB(6), MHLL(7), HANG(8), MPMI(10), Site located on basaltic flows with
BYCU(11), HAFF(15), RYPM(22), MADH(23), negligible soil cover

AAMC(24), DANA(25), BORI(27)

formula (Ibs-von Seht and Wohlenberg 1999), which has been successfully utilized to
estimate the sediment thickness in Rhine embayment, Germany. Although the relation
between peak frequency and sediment thickness may not be valid in the study area for
estimating the sediment thickness, it can still be qualitatively used to study the variations in
the sediment thickness. Thus, reclaimed areas characterized by low resonance frequencies
3.3-4.6 Hz have thicker sediment overlying the basement in comparison with hard rock
areas with thick soil cover where the resonance frequencies are higher. The variations in
resonance frequency of peak amplification can be used in addition to site amplification as a
criterion in distinguishing between reclaimed land and hard rock with soil cover. For
example, the site 17 (LILA) that is classified as hard rock is characterized by a resonance
frequency of 4 Hz and amplification of 4.2 similar to that observed over reclaimed areas.
These observations suggest that site 17 is underlain by a thick soil cover over a hard rock.
However, as the site lies on the margin of the islands, it falls in the category of shallow
accretionary land and there is a strong possibility of it being a reclaimed site. Most site
responses exhibiting clear single peaks also show large amplification, which conforms to a
uni-model of a thick sedimentary sequence overlying a basement. The sites exhibiting
more than one peak suggest a bi-model in which there could be two different layers of
varying properties overlying the basement. A few sites appear to conform to a bi-model
where a second peak of amplification is observed at frequencies lower than the peak
resonance frequency, however, the stability criteria are not fulfilled.

9 Conclusions

The site amplification together with the corresponding resonance frequency proves to be
useful discriminants in identifying and demarcating reclaimed areas. The reclaimed areas
in Mumbai are characterized by resonance frequencies in the range 3.3—4.6 Hz corre-
sponding to clear single peaks of significant amplification (>4) on the H/V curves. These
observations imply large velocity contrasts across a sharp discontinuity consistent with a
uni-model of a single layer of alluvium overlying a basement rock. In contrast, the H/'V
curves devoid of clear peak amplification are observed at sites lying on the original basaltic
islands and the mainland comprising of basaltic flows with negligible soil cover. The hard
rock sites with soil cover exhibit amplification in a wide range of dominant frequencies
suggesting significant variations in soil thicknesses and properties. The present pilot study
provides the basic information about the site amplification and the associated resonance

@ Springer



Nat Hazards (2010) 54:783-795 795

frequencies at several sites in Mumbai that are critical inputs in preparing the seismic
hazard maps for Mumbai.

Acknowledgments This work was sponsored by the state government of Maharashtra, India. The first
author is thankful to the Director, Indian Institute of Geomagnetism, Navi Mumbai for encouragement.

References

Bansal BK, Gupta S (1998) A glance through the seismicity of peninsular India. J Geol Soc India 52:67-80

Chandra U (1977) Earthquakes of peninsular India—a seismotectonic study. Bull Seismol Soc Am 67:1387—
1413

Fah D, Ruttener E, Noack Th, Kruspan P (1997) Microzonation of the city of basel. Journal of Seismology
1:87-102

Field EH, Jacob K (1993) The theoretical response of sedimentary layers to ambient seismic noise. Geo Res
Lett 24:2925-2928

Geological Survey of India (2001) District Resource Map, Mumbai District, Maharashtra

Ibs-von Seht M, Wohlenberg J (1999) Microtremor measurements used to map thickness of soft sediments.
Bull Seis Soc Am 89(1):250-259

Kanth STGR, Iyengar RN (2006) Seismic hazard estimation for Mumbai city. Current Science 91:1486—
1494

Lachet C, Bard PY (1994) Numerical and theoretical investigations on the possibilities and limitations of
Nakamura’s technique. J Phy Earth 42:377-397

Lachet C, Hatzfeld D, Bard PY, Theodulidis N, Papaloannou C, Savvaidis A (1996) Site effects and
microzonation in the city of Thessaloniki (Greece). Comparison of different approaches. Bull Seism
Soc Am 86:1692-1703

Lermo J, Chavez-Garcia FJ (1994) Are microtremors useful in site response evaluations? Bull Seis Soc Am
84:1350-1364

Mohan G, Surve G, Tiwari P (2007) Seismic evidences of faulting beneath the Panvel flexure. Curr Sci
93(7):991-996

Nakamura Y (1989) A method for dynamic characteristics estimation of subsurface using microtremor on
the ground surface. Q Rep Railway Tech Res Inst 30(1):25-33

Nogoshi M, Igarashi T (1971) On the amplitude characteristics of microtremor (Part 2). Jour Seism Soc
Japan 24:26-40

Ohmachi T, Nakamura Y, Toshinawa T (1991) Ground motion characteristics in the San Francisco Bay area
detected by microtremor measurments, In: Proceedings of 2nd international conference on recent
advance. 11-15 March, St. Louis, Missouri, pp 1643-1648 (In Geot Earth Eng and Soil Dyn)

Parolai S, Bindi D, Baumbach M, Grosser H, Milkereit C, Karakisa S, Zunbul S (2004) Comparison of
different site response estimation techniques using aftershocks of the 1999 Izmit earthquake. Bull Seis
Soc Am 94:1096-1108

Rastogi BK, Chadha RK, Raju IP (1986) Seismicity near Bhatsa reservoir, Maharashtra, India. Phy Ear Plan
Int 44:179-199

Ravi Kumar M, Bhatia SC (1999) A new seismic hazard map for the Indian plate region under the global
seismic hazard assessment programme. Curr Sci 77:447-453

Sesame (2004) Site effects assessment using ambient excitations European research project. http://sesame-
fp5.obs.ujf-grenoble.fr

Survey of India, Antique Maps (1990) Bombay through centuries, Published by Survey of India, Govt. of
India

@ Springer


http://sesame-fp5.obs.ujf-grenoble.fr
http://sesame-fp5.obs.ujf-grenoble.fr

	Site response studies in Mumbai using (H/V) Nakamura technique
	Abstract
	Introduction
	Geology and seismicity of the study area
	Borehole lithology
	Methodology
	Data analysis
	Validation studies
	Results
	Type 1: Sites exhibiting amplification
	Type 2: Sites exhibiting insignificant amplification

	Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


