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ABSTRACT

The amplitude of seismic energy recorded at reagrdites is influenced by the source
characteristics, medium characteristic and loctd sbnditions. The effects of travel path on
earthquake ground motion are directly related te #ttenuation property of medium. The
knowledge of attenuation characteristic is an dg&derequirement for determination of the
earthquake source parameters and simulation afgigoound motions. It plays an important role
in estimation of the seismic hazard of a regionteAsation property of earth medium is
quantitatively defined by a dimensionless quarkitgw as quality factor ‘Q’ which defined as the
fractional loss of energy per cycle (Knopoff, 196/)is observed from analysis of strong motion
accelerogram that peak ground acceleration is edésedowith the arrival of S-waves (Hadley et al.,
1982). In this thesis shear wave quality factoy) (@ used to characterize the attenuation studies o
Kumaon Himalaya, India and Central Honshu, Japgiomne

The inversion of strong motion data has been usediétermination of the attenuation
studies in the different parts of the Himalayaniaady Joshi (2006a, 2006b and 2007) and Joshi
et al. (2010). Joshi (2006a and 2007) and Joshi.g2010) have used inversion technique to
determine three dimensional attenuation structw®eth on the shear wave quality factor. The
inversion algorithm given by Joshi et al. (2010) éstimation of three dimensional distribution of
attenuation property uses strong motion data fromtdd number of events. Modification in this
techniqgue has been made in the present thesisrsiden large number of events for better
estimation of attenuation characteristic of theioegVarious numerical experiments have been
made to check the stability of this inversion aithon. In this work three dimensional attenuation
structures have been determined for the CentralshlgnJapan and Kumaon Himalaya, India
region to validate the present modified technigigong motion data has been used by Joshi
(2006b) to obtain frequency dependent shear wawitgufactor from inversion of spectral
acceleration data. This algorithm estimates simabasly both the frequency dependent
attenuation relation and site effect. Seismic mdmenused as one of the main input in the
algorithm developed by Joshi (2006b) for the ediibmaof frequency dependent shear wave
quality factor from inversion of strong motion daeismic moment used in this algorithm is
computed or assumed from independent sources ofstuelied earthquakes. Modification in this
algorithm is made to compute seismic moment diydotim the records and refine its value in the

inversion scheme.



Three dimensional frequency dependent S-wave guatitor (Q(f)) values for the central
Honshu region of Japan have been determined inthless using modified algorithm based on
inversion of strong motion data. Twenty one eardlkgs digitally recorded on strong motion
stations of KiK-net network have been used in thisk. The borehole data at rock sites having
high signal to noise ratio and minimum site effeas been used in this work. The attenuation
structure is determined by dividing the entire airga 25 three dimensional blocks of uniform
thickness having different frequency dependent rsheeve quality factor. Values of shear wave
quality factor have been determined at differeagjflrencies. The obtained attenuation structure is
compared with the major tectonic features in tiggore The comparison shows that the obtained
attenuation structure is capable of resolving magmtonic features present in the area. The
proposed attenuation structure is further compuaiéidthe probabilistic seismic hazard map of the
region and shows that it bears some remarkabldasityiin the patterns seen in seismic hazard
map though two approaches of obtaining hazardsotaily different. In this thesis, the frequency
dependent shear wave quality factog(f) has been calculated using strong motion détthe
Kumaon Himalaya. A dense network of strong grouradiom recorders in the Kumaon region of
the Uttarakhand Himalaya is operating since 20086s hetwork has recorded 294 earthquakes
upto July, 2013. A total of forty events recordedtbis network have been used for this work. The
developed algorithm for inversion of strong mottata gives simultaneously both the shear wave
quality factor and the site effect. The site eSegbtained from the inversion are compared with
the technique given by Lermo and Chavez-Garcia 3L9%he comparison of site effect from
inversion and H/V technique proposed by Lermo arvwez-Garcia (1993) indicate that the
obtained site effects are well within the standlnit of error. The Q(f) values at different
stations are calculated by using both the Northtls¢NS) and East West (EW) component of
acceleration records. The(@ values obtained from both NS and EW component6 stations
have been used to compute a regional relationshighle Kumaon Himalaya of form @) =
(28+2.1)f #2009 Kumar et al. (2005b) suggests that low @200) and high n (>0.8) value
indicate high tectonic and seismic active regioheréfore obtained (f) relation revealed that
Kumaon region lies in tectonic and seismic actegion.

In this thesis, three dimensional attenuation stines based on the frequency dependent
shear wave quality factor values have been detexrfior the Kumaon Himalaya region. Eighteen
events recorded on Kumaon network have been usethdopresent work. Shear wave quality

factor values have been estimated at differentuieagies for two different rectangular blocks of
ii



surface dimension 85x55 km and 90x30 km which highe Kumaon Himalaya region. Both
blocks are divided into 25 three dimensional blooksiniform thickness having differentp(@
values. The three dimensional distributions of @iestcy dependent shear wave quality factor
values in two different blocks provide attenuatpoperty of the region. The observed contours of
shear wave quality factor show comparable trendh tiie major tectonic units present in the
region. The site amplification and frequency degehdhear wave quality factor determined at 16
stations from inversion of strong motion data hbagen used to compute the source parameters of
the Sikkim earthquake (W= 6.9) of 18 September, 2011. This earthquake gsrded on six
stations of strong motion network in the Uttarakth&timalaya located about 900 km away from
the epicenter of this earthquake. In this work spectrum of S-phase recorded at these far field
stations has been corrected for site amplificaterm and anelastic attenuation at source and
recording site, respectively. The obtained soupsxsum from acceleration records is compared
with the theoretical source spectrum defined bynBr(d970) at each station for both horizontal
components of the records. lterative forward madglf theoretical source spectrum give the
average estimate of seismic moment)Mource radius { and stress dropAG) as (3.2 £0.8)
x107° dyne-cm, 13.3 0.8 km and 59.2 +8.8 bars, respalgtior the Sikkim earthquake.
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Chapter -1

Introduction

Seismic energy released from earthquake attenudiiés it travels through earth medium.
Attenuation characteristics of medium decide theagleof the amplitude of ground acceleration at
various sites. Attenuation relation is one of timapde relations to describe decay rate of peak
ground acceleration for an earthquake. It is a srattical expression relating specific parameters
of ground shaking to one or more seismological ipatars of an earthquake (Campbell, 2001).
The seismological parameters used in the attenuagiation characterize the earthquake source,
path of seismic wave between the source and thenadion point, soil and geological formation
beneath the site (Campbell, 2001). Several attemmuatlations obtained by different workers are
presented by Douglas (2001). One of the major prablof attenuation relation is its dependency
on data set of specific region and has always pibgigis of improvement with advancement of
data acquisition techniques. Attenuation propeftgasth medium is also quantitatively defined by
a dimensionless quantity know as quality factor gen by Knopoff (1964). The quality factor
‘Q’ is defined as the fractional loss of energy pgele (Knopoff, 1964). It is also defined as aaat
of stored energy to dissipated energy during oméeayf the wave (Johnston and Toksoz, 1981).

Different quality factors are assigned to differeatsmic waves. Attenuation coefficient in
any region can be quantified by P-wave qualityda¢Q,); shear wave quality factor gand
coda wave quality factor (2 Midorikawa (1980) has suggested that S-waveityuctor (Q)
and S-wave velocityp® is empirically related with each other. Therefotlee estimate of Qis
directly related to the rock properties and seishazard. Numbers of different techniques have
been used to quantify these attenuation coeffisiémm different parts of the seismogram. At
regional distances (<10°) and high frequenciesQ(Hk), the most frequent techniques include (1)
those that parameterized the source and fit thg-b@de spectra (Boatwright, 1978; Hough et al.,
1988); (2) methods that cancel the seismic solmzaigh the spectral ratio of different parts of the
seismograms (Aki, 1980; Frankel et al., 1990); ®thods that measure coda amplitude decay
with increasing lapse time (Aki, 1969; Aki and Clktul975); (4) methods that use a nearby

smaller event as an empirical Green’s function @ul997); and (5) methods that invert the



spectra of recorded ground motion to estimate Qsannice parameters (Boatwright et al., 1991,
Fletcher, 1995). While it is expected that thestednt techniques supposed to lead to a uniform
explanation of attenuation properties, they oftemdt provide the same results (Sarker and Abers,
1998a).

This chapter discusses the literature survey relaeomputation of attenuation coefficient
in various seismic environments. This chapter dlsousses various techniques for computation of

attenuation coefficient which leads to find resbagap and objectives of present study.

1.1 Attenuation studiesfrom worldwide data-Literature Review

The attenuation characteristics of a region provelsential information, regarding
earthquake hazard of the region. Various technitpage been developed to study the attenuation
characteristic of seismic waves using differentpaf the seismogram (e.g., Aki, 1969; Aki and
Chouet, 1975; Hermann, 1980; Mitchell, 1995). Mostuent methods which are used to quantify
the attenuation characteristic are backscatteringthod, coda normalization method and
gernalized inverse method.

Ground motion in the vicinity of earthquakes oftlas away slowly leaving a coda wave
following the direct body waves and surface wavesalbise of inhomogeneities in the earth. These
seismic coda waves are backscattering waves froneraus randomly distributed heterogeneities
in the earth (e.g., Aki, 1969; Aki and Chouet, 19Rautian, 1976; Rautian and Khalturin, 1976).
Aki and Chouet (1975) proposed two extreme modaisback-scattered waves to calculate the
coda wave quality factor (§2 The first single scattering model considersdbattering as a weak
process without loss of seismic energy and in teoisd one, the seismic energy transfer is
considered to be a diffused process. The singlksicattering model proposed by Aki and Chouet
(1975) is a frequently used model for describirg bkehaviour of the coda waves from small local
earthquakes. According to this model the coda wavesnterpreted as backscattered body waves
generated by the numerous heterogeneities prasém Earth's crust and upper mantle. It implies
that scattering is a weak process and outgoing svawe scattered only once before reaching the
receiver. Under this assumption the coda amplitdiolea central frequency is related to the source
function, lapse time and quality factor at sametreéfirequency. They presented the evidence for

supporting their assumption that coda waves areksoattering waves generated from



heterogeneities. They also described the methaaerpreting the observed coda spectra based on
single-scattering and diffusion theory.

Aki (1980) developed the coda normalization methmebstimate the shear wave quality
factor (@). The coda normalization method is being desigoetiormalize the spectral amplitude
of the earthquake source Hyat of coda waves at a fixed lapse time, enaliingheasure ‘@
from a data set obtained at a single station. lased on the idea that coda waves consist of
scattered Svaves from random heterogeneities in the Earth,(AR69; Aki and Chouet, 1975;
Sato, 1977). Aki (1980) modified the Aki and Cho(#975) and Rautian and Khalturin (1978)
method and describe the coda normalization mefhioe.ratio of observed spectra of shear waves
and that of coda waves was used by Aki (1980) imieate the source effect from observed
spectra of shear waves. Aki (1980) describe that|dpse time greater than roughly twice the
direct S-wave travel time, the spectral amplitutithe coda at a given lapse time is independent of
the hypocentral distange the regional distance range.

Boatwright et al. (1991) proposed the gernalizaeitise method that inverts the spectra of
recorded ground motion to estimate quality factot aource parameters. The inversion procedure
has been divided into two parts to reduce the nurmbparameters. The first part consist the entire
frequency band to solve attenuation and sourcerpeas, while the second part solves the source
residuals and site response independently at eaghdncy. It is required in this inversion that the
residuals to be solved for all frequencies simdtarsly. Fletcher and Boatwright (1991) modified
the gernalized inverse method with the additiogedmetrical spreading term, which was not used
in the earlier approach of inversion given by Baagin et al. (1991). Fletcher and Boatwright
(1991) proposed two step inversion procedure basesingular-value decomposition algorithm.
The first part computes the source and attenu#ions for all events and the second part compute
the residuals from the first part onto the sitenierIn this inversion scheme the Brune spectral
shape was assumed for the source, frequency-indepequality factor for the mid-crust, a power
law for geometrical spreading, average site attémuand the individual site responses.

Fletcher (1995) further modified this technique applied nonlinear least-square algorithm
using Newton’s method to provide an unbiased eséirn& spectral parameters. Non linear least-
square inversion algorithm has been used to edirmatirce parameters such as stress drop,
seismic moment and attenuation parameter. He bsebdrehole data therefore did not correct the

record for site response. Singular value decomposinethod given by Press et al. (1992) was
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used to find the model parameters. The advantagsing singular value decomposition method
was that the variance could also be calculatediouarmethods have been used by different
researcher to observe the quality factor in difieneegions of the world (i. e. Aki and Chouet,

1975; Sato, 1977; Roecker et al., 1982; Pulli, 1984, 1985; Jin and Aki, 1988; Havskov et al.,

1989; Ibanez et al., 1990; Pujades et al., 199ha€at al., 1991; Atkinson and Mereu, 1992;
Akinci et al., 1994; Latchman et al., 1996).

Satoh et al. (1997) have determined the frequeerpgident quality factor using the strong
motions data of 18 earthquakes in the eastern Tokdhkrict, Japan. They used the method that
invert the spectra of recorded ground motion torese frequency dependent quality facas
Qu(f) = 110f%%°

Mandal and Rastogi (1998) have estimated the fregyudependent codas@lues from 30
local earthquakes around Koyna-Warna, India regidre recorded seismic network consists of
short-period seismometers, broadband seismometeigital accelerographs and analog
portacorders. Frequency dependent cod@a® obtained using the single scattering methodyTh
have calculated the frequency dependent coda wawdtyg factor relation for Koyna-Warna
region as @f) = 169f°"".

Gupta et al. (1998) have estimated(fQvalues from 13 local earthquakes recorded
between July to August 1996. The data used invtbik was recorded on three-component short-

1.09
f

period seismometers. They calculated average atienurelationship, ¢f) = 96 using a

single back scattering model for Koyna region, éndi

Zelt et al. (1999) have estimated the frequencyeddent coda-Q relation using the data of
short-period recorders for the Southwestern Britiumbia, Canada region. Single-scattering
method was used to calculate frequency dependeaittygfiactor using the data of 122 local
earthquakes. The frequency dependent relationraf f@.(f) = 110f ®"?was estimated for British

Columbia region which is applicable in the frequeremge of 2-16 Hz.



Chung and Sato (2001) measureg’(@® and Q'l(f) by applying the extended coda
normalization method i.e. 0.009(x0.003)****¥for Q,* and 0.004(x0.001)FP-"°**1 for Q™.
Data was recorded on three component velocity sejsaphs for the Southeastern South Korea

region.

Castro et al. (2002) have used local earthquakesded on three-component geophones in
Central Italy to analyze the frequency dependemta® quality factor If) and coda wave
quality factor Q(f). The relation for @ and Q were determined using non parametric approach
(i.e. study of decay of spectral amplitudes witlstalice) and the single-scattering model,
respectively. Frequency dependence S-wave qualtpif was determined ag(€) = 18f 2%for the

f0.8

frequency range of 1-10 Hz. The coda wave quaditydr of form Q(f) = 55f "“was obtained for

the Colfiorito basin, the Marche and the Apennireggon of Central Italy.

Gupta and Kumar (2002) have studied the seismicevedienuation characteristics of the
Garhwal Himalaya, Koyna region and North East regad Indian subcontinent. Frequency
dependent coda wave quality factor was determinedhiplementing the single backscattering
model for these three regions. Digitally recordedgtteguakes were used to determingfd the
Garhwal and the Koyna region while strong motiotadaas used for north east India region. In
this work, frequency dependent relationship wasiokt as @f) = (110+5.15)f*9%09%) qf) =
(97+7.18)f1090038 g Q(f) = (86+4.04)f10120-920)0r the Garhwal Himalaya, Koyna region and

northeast India, respectively.

Polatidis et al. (2003) have determined shear wguaity factor for the Hellenic arc,
Greece. Velocity records were used in this worle Thvalues were computed as 47, 79, 143, 271
and 553, respectively for five centered frequenaie8.8, 1.5, 3.0, 6.0 and 12.0 Hz, respectively.
The generalized spectral inversion approach wad tmecomputation of frequency dependent
shear wave quality factor. Frequency dependentrshease quality factor gf) = 51f ®°* was

estimated in this work.



Dutta et al. (2004) have studied the shear-w#em@ation using the strong motion data in
the South-central Alaska region. They estimatedaS8enquality factor () and coda wave quality
factor (Q) by generalized inversion and single backscatienrethods, respectively. Shear wave
quality factor @(f) = 0.0097 f**and Q™(f) = 0.0104 f*%for the transverse and radial
component, respectively have been computed forhSmertral Alaska region. Similarly, they
computed @*(f) = 0.0063 f*"°and Q(f) = 0.0066 f°#*for the transverse and radial component,
respectively for South-central Alaska region.

Kim et al. (2004) have determined, and Q'l using the data of broad-band and short-
period seismometers for the Choongchung Provircesdral South Korea region. They calculated
Q.'= (3.020.1) x1G f °**%%gnd Q™ = (3.0£0.1) x10 f *****%py implementing the extended
coda normalization method.

Mamada and Takenaka (2004) have studied the attenu@naracteristic of North western
Kagoshima Prefecture, Japan region using the strwigpn data. They estimated the value @‘FQ

as function of frequency i.e.s&f) = (9.93x10%)f **° by applying the coda normalization method.

Bindi et al. (2006) have estimated the frequengeddent P and S wave quality factor for
the region of Northwestern Turkey. Data used irs thiork record on the SABO and GTF
seismological networks installed in the East pdrtstanbul, which contains seismometers and
accelerometers. Generalized spectral inversionnseheas used to determing(€) = 56f ®*for
2.5< f <10 Hz and Q) = 17f*%for 1.0< f <10 Hz.

Maeda and Sasatani (2006) have used seismict@atampute the shear wave quality
factor (@) for the region of southern Kurlie trench. The &heave quality factor g§f) = 38.6f
1%3and Q(f) = 65.6f°*°were computed for the southern Kurlie trench regitich lies 100 to 150
km away from the southern Hokkaido coast of Japanding spectral inversion method and coda
normalization method, respectively.



Kumar et al. (2007) have studied the attenuatioarastteristic of the Dharwar Craton,
Cuddapah basin and Godavari graben, India. Broatidata was used to determine the coda wave
quality factor for these three regions. Single tecatg method given by Aki and Chouet (1975)
was used for estimation of coda-Q relations. Thiae relations @f) = (730.62 + 0.09) {54 *
00D Q(f) = (535.06 + 0.13) {°°* %Oand Q(f) = (150.56 + 0.08) {91 * %ODyere obtained for
Dharwar Craton, Cuddapah basin and Godavari gradggon, respectively.

Sharma et al. (2007) have computed the P-wavg 8wave (Q) and coda-wave (Q
quality factorsfor the Koyna region, India. A total 37 local eaytlake recorded on short-period
three-component seismometers was used in this Wdr.extended coda normalization method
was used to determine,@dQg and single back-scattering method was used tordite Q. The
obtained relationship for &), Qu(f) and Q(f) are Q(f) = (59.0 + 1.0) {+04*%0 Qy(f) = (71.0 =
1.0) f132£0083ng Q(f) = (117.0 + 2.0) %7 *997) respectively.

Sharma et al. (2008) have estimated the P-wayg S8wave (Q) and coda-wave (P
quality factorfor Kachchh region, Gujarat, India by using broadbalata. The extended coda
normalization method was used to determinea@i Qg and single back-scattering method was
used to determine QThe obtained relationship for,@ , Qs(f) and Q(f) are Q(f) = (77.0 £ 2.0) f
(087003 () = (100.0 + 4.0) {0 *2%and Q(f) = (148.0 £ 3.0) £-91*2%2) respectively.

Sahin (2008) has estimated the quality facterirQthe Southwest Anatolia region using
coda wave normalization method. Broadband datardedoat two stations of KOERI array
(Kandilli Observatory and Earthquake Research tinst was used in this work. The codgf{Q
relation for this region is obtained ag(fp= (102+8)f(©-820-07)

Ford et al. (2008) have reported that the atteanatan depend on the method used for its
determination. They applied five different attenoiatmethods to a Northern California broadband
dataset. They used (1) coda normalization (2) cmisee normalization (3) two station (4)
source/receiver pair and (5) two station methodlnAdthods were used to find out the range of the
parameters i.e. ‘Qand ‘n’ of the relation & ". In this work, they were estimate ;G 85+40 and

‘n’ = 0.65+0.35 for the Northern California region.
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Raghukanth and Somala (2009) have estimated staas quality factor values using
strong motion records from the northeast Indiathis work Q(f) were calculated as 43%f and
224f %93 for Indo-Burma tectonic domain and Bengal basiilk8ty plateau region, respectively,
using the generalized inversion scheme.

Padhy (2009a) has determined the frequency depdPded S wave quality factor in the
Bhuj area. Data used in this work was that recomtethe short-period three component velocity
seismometers and broadband three component velsgitymometers. The extended coda
normalization method was used to determine theevafuQ," = (0.052 +0.019)f*!*0%)and Q™
= (0.02 +0.01)f10 2090y this region.

Abdel-Fattah (2009) has used the data set of @®ritd seismographs, to calculate the
attenuation of body waves in the crust at the sudong area of Cairo Metropolitan region by
using the coda normalization method. In this wdrk frequency-dependent relation for P and S
waves was determined as, ®= (19.0£2.0) x10% ©#%Yand Q™ = (7.0£1.0)x10% (80D

respectively.

Rahimi et al. (2009) have estimated the shear add gvave quality factor in South East
Sabalan Mountain, North West Iran by using 65 lo®aknts recorded on five accelerographs.
Spectral decay and Coda normalization methods wssd to determine the frequency dependent
shear wave quality factor and single back scatjenmethod for coda waves. The frequency
dependent ®at Nir station determined by coda normalization &pectral decay methods are
Qu(f) = (17.74x1.22)f 0 and Q(f) = (10.82+1.13)F5%*%93) respectively and the frequency
dependent Qat Eslam-abad station determined by coda normalizand Spectral decay methods
are Q(f) = (22.17£1.3)P800 and Q(f) = (12.76x1.96) "1 respectively. They also
estimated the frequency dependent(fQrelation viz. Q(f) = (48+6){*8C%) Qf) =
(49 15)1(0.97:0.03), Q(f) = (51 i7)1(1.0210.062 Q(f) = (53 i7)1(0.9710.03) and Q(f) = (44 i5)1(0.9610.03) at

Sarein, Ardebil, Karig, Eslam-abad and Nir statjoespectively.

Cantore et al. (2011) have studied the S-wave w@dten properties using generalized

inversion technique for the Irpinia-Basilicata @gi(southern Apennines, Italy). Data used in this
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work was that recorded on short-period seismometarshis work frequency dependent shear
wave quality factor If) was estimated as 28.3%".

Padhy et al. (2011) have determined body waves @d Q™) and coda waves (@),
quality factor by using the extended coda-normébramethod and the single isotropic scattering
theory, respectively, in the Andaman Sea regiore average @ varies from 0.02f** to 0.01f
0% yith an increase in lapse time window from 10 g(cs, respectively. The computed values of

Q. and Q*are 0.02f** and 0.01f*°, respectively, for this region.

Gupta et al. (2012) have studied the attenuati@nacieristics of coda waves for mainland
Guijarat, India. In this work single backscattermgthod was implemented on the broadband data
to determine the coda-Q. The computed average Qodelations are: f) = (87.0+£13.0)f
(1.01£0.06) 3 (f) = (112.0+20.0)f*%4*9%8) and Q(f) = (120.0+22.0)f*"**0% for the lapse time of
30s, 40s and 50s, respectively.

Brahma (2012) has estimated coda wave attenuasarg tthe broadband data in the
Northeast India. Using the single backscatteringlehdrequency dependent attenuation relation
was estimated as () = (21.49+1.17)f 148098 () = (48.6+1.11)f 129209 gand Q(f) =
(88.86+1.12)f*190%0) yagpectively, for the time window of 20s, 30s @0d, respectively.

Mandal et al. (2013) have determined frequency niéget shear wave quality factor for
the central India tectonic zone and its surrourslirggion using broadband data. They estimated
Qu(f) = 332f%%for the central India region by using double spceatio method.



1.1.1 Attenuation studies from Garhwal and Kumaon Himalaya data

Himalaya, the highest mountain chain at the easthmainly characterized by a marked
concentration of interplate seismicity and higterat upliftment as well as convergence (Molnar
and Chen, 1983; Nakata, 1989; Demets et al., 1990nttenuation study plays an important role
to produce the hazard map of any region. Garhwel Kanmaon Himalaya region having high
density of population and hence attenuation stadpeése regions plays an important role. Several
workers have performed attenuation studies relatedbody and coda waves using different

techniques from available data in the Garhwal &iedkiumaon Himalaya, India.

Gupta et al. (1995) estimated. Qy analyzing coda waves of vertical component of
velocity sensor of the seven local earthquakesrdecb in the Garhwal Himalaya. Single
backscattering model was used in this study. Thegined frequency dependencgréationship
as Q(f) = 126f%°° for Garhwal Himalaya.

Mandal et al. (2001) have used 48 well-located Giaaftershocks to estimate frequency
dependence Qrelationship for the Chamoli region. The afterd®data used in this work were
recorded on broadband seismometers and short-pseisthometers. They have used scattering
method to compute frequency dependengedationship. The frequency dependent relation of

Q«(f) = (30+0.8)f+?1*09)\yas estimated for the Chamoli region in this study

Gupta and Ashwani Kumar (2002) have used the dateelocity sensor installed in the
Garhwal Himalaya to estimate frequency dependendacavave quality factor. Single
backscattering method was employed to determirguéecy dependent quality factor. A relation
of form Q(f) = (110+5.15)f19229-92%%or the Garhwal Himalaya was obtained in this study

Paul et al. (2003) have calculated coda wave quéittor for the Kumaon Himalaya
region. Eight events recorded on digital telemeteseismic network were used in this work.
Single backscattering model given by Aki and Chda8f5) was used in this study. Coda wave

quality factor Q(f) = (92+4.73)f-"=9239\yas computed for the Kumaon region.
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Joshi (2006b) used two main shocks of Uttarkasiid Chamoli earthquakes and several
aftershocks to estimate shear wave quality faaothe Garhwal Himalaya. Strong motion data
was used in this study. Inversion algorithm wasdute obtain shear wave quality factor from
strong motion data. A frequency dependent sheaewaulity factor Q(f) = 112f%%was obtained
for the Garhwal region.

Sharma et al. (2006) have computed frequency dependlationships of quality factors
for P waves (§) and for S waves (§ using extended coda normalization method. Strangon
data of seven local earthquakes recorded in Garlmaal used for this purpose. The estimated
frequency dependent relations for Garhwal HimakagaQ(f) = 37f*®and Q(f) = 63f %

Mukhopadhyay et al. (2008) have used 30 afterskiatk of the 28 March 1999 Chamoli
earthquake to estimate the v@lues by using single back scattering model. Da&d in this work
was recorded on the network of short-period seisaters. They determined the coda-Q af)&
(3312)]:(1.1&0.03), Q(f) = (5516)f(1‘16i0‘05), Q(f) = (78115)]:(1.1210.082 Qu(f) = (93118)f(l'07i0‘08) and
Qu(f) = (122+20)f 0982097 regpectively for average lapse time 19.1, 22903, 34.0 and 40.7s,
respectively.

Sharma et al. (2009) have estimated frequency depenelationships of quality factors
for P-waves (@) and for S-waves (§) simultaneously using the extended coda norméadizat
method. Data of broadband seismometers and shoodpseismometers was used for this
purpose. The estimated frequency dependent retation quality factors are {) = (44 +

1)f©82=0and Q(f) = (87 = 3)f*"*%) respectively, for the Chamoli region, Himalaya.

Padhy (2009b) have computed the scattering attiemu@t” and intrinsic attenuation;®
from inversion of coda envelopes of 1999 Chamatihepiake data. Short-period and broadband
data was used in this work. The scattering attémiand intrinsic attenuation of values'bc
(0.006+0.004)f08%0-33)3nd @ = (0.003+0.0005)184*0-%)gre obtained in this study.
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Singh et al. (2012a) have analyzed seismic att@muatharacteristics of the Kumaon
Himalaya by using earthquake dataset of 84 evestsrded on three-component broadband
seismic stations. Single back scattering technigas used to calculate codac(Qralues at
frequency range of 1.5, 3.0, 6.0, 8.0, 12.0 and X, respectively, for different lapse time
window. The dependencies of coda waves with laipse were investigated which indicate that Q
increases from 64 £+ 2 to 230 + 19 with increasiagsk time from 20 to 50s while parameter n

decreases from 1.08 to 0.81.

Singh et al. (2012b) have studied the attenuatimaracteristics of the Kumaon region
using 23 local earthquakes recorded during 20048-200e recording network consists of five
strong motion seismometers and four three-composbntt period seismometers. Frequency
dependent Qand Q were determined using the extended coda-normiaizatethod. Frequency-
dependent relationships of quality factors for Rr@gaand for S waves in this study were obtained
as Q(f) = (22.0%5.0)f***%%and Q(f) = (104.0+10.0)f*°%%) respectively.

Singh et al. (2012c) have estimated the coda wteaumtion characteristic using the data
of 75 earthquakes in the Garhwal region. Broadbdath was used in this study. Single
backscattering model was applied to estimate coalgevquality factor. The coda wave quality
factor Q(f) = 61.8f°%%?and Q(f) = 161.1f***for 10s and 40s coda window length, respectively,

were obtained in this study.

Tripathi et al. (2012) studied the coda-Q usinglih@adband data in the Garhwal region.
The single backscattering method was used to eticwda wave attenuation {&. It is found
that ‘Q,’ varies from 50 to 350 for the lapse time 10s towhsde ‘n’ ranges from 1.2 to 0.7 in this
study.

Garhwal and Kumaon are the major parts of the bktaand Himalaya. The Garhwal
Himalaya having two major earthquakes in the pastUttarkashi earthquake of*2@ctober 1991
(Ms= 7.0) and Chamoli earthquake of™Blarch 1999 (M= 6.6) and hence because of these two
earthquake many studies regarding the attenuaharacteristic have been performed out in the
Garhwal Himalaya region as compared to the Kumaamalhya. However, due to limited

database available in the rough and difficult iercf Kumaon Himalaya few work has been done
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to estimate attenuation properties of the mediunhis part of Himalaya. The attenuation relation

developed for Garhwal and Kumaon Himalaya revedled these two regions have distinct

attenuation rates (Joshi et al., 2013) and heneetduhese reasons it is important to estimate
attenuation characteristic of Kumaon region.

1.1.2 Three dimensional attenuation studies

Detail attenuation study is required for estimatidraccurate seismic hazard of the region.
This can be achieved from three dimension atteonatiudies. Various workers have determined
the three dimensional attenuation structures wadedwy using various techniques. The depth
dependent Q structures have been obtained usingrsiom usually prepared by spectral
techniques. In this technique, model of earth lesldetermined by using the observed dispersion
of wave’s spectrum. It was achieved by using aupedtion scheme which was based on the
Rayleigh’s principle. According to this principlen anitial test model is assumed and then
perturbed until its theoretical dispersion matchath the observed dispersion (Archambeau and
Anderson, 1963; Anderson and Archambeau, 1964; &odeet al., 1965; Teng, 1968 and
Sekiguchi, 1991). The H/V spectral ratio technidnzs been used to estimate Q structure using
strong motion digital data by Phinney (1964) anddsion (1979). Ward and Young (1980) and
Young and Ward (1980) estimated three-dimensionatrQcture of geothermal area by using an
inversion of the differential attenuation data ded from a reduced spectral technique from
teleseismic P-waves. According to this method, céffef seismic attenuation can be observed
qualitatively from the seismograms by a shift ie tominant frequency of the seismogram. Ratio
of two P-wave spectrums from an earthquake recoatiédo different stations solved by using the
inversion to get the three-dimensional attenuasitbocture. Umino and Hasegawa (1984) have
estimated the three-dimensional Q structure bengeghTohoku region by inversion technique
using S/P method in which constant ratio gftQ Q; and the identical source spectra of P and S
waves are assumed.

It has been shown by Hashida and Shimazaki (1984hwmerical experiment that a
quantitatively reliable Q structure and earthqusdierce strength can be obtained in a region using
intensity data, which is assumed to be dependenstmng motion parameters. Hashida and
Shimazaki (1984) have formulated the inversion @kmic intensities and later (Hashida and

Shimazaki, 1985, 1987) estimated the three dimeasiattenuation structures beneath the Kanto
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and Tohoku regions in Japan, respectively. LateNakamura et al. (1994 and 1995) obtained the
three dimensional attenuation structure by usiegbproach suggested by Hashida and Shimazaki

(1984) in the whole Japanese island with the helarge quantity of previous data.

Tsumura et al. (1996) have determined the atteonué@,) structure in the northeast region
of Honshu, Japan. They implemented the modifiechaeed inverse method proposed by
Boatwright et al. (1991) on the data of micro-equiéke network which consist of three

component velocity seismometer to obtain’ ‘Qructure in the northeast region of Honshu, dapa

Sarker and Abers (1998b) have studied the atteonuatiaracteristic using the P- and S-
waves of Caucasus region. The data from three coemontermediate-period sensor was used in
this study. Least square inversion scheme was usedetermine frequency independent
attenuation parameter which was further used toutate body wave quality factor. The obtained
body wave quality factor values have been usedeierohine three dimensional attenuation

structures for Caucasus region.

Tsumura et al. (2000) have estimated the threerdiimeal ‘Q,’ structures using the data of
velocity seismometers in the North eastern JapgiomeEarlier approach of inversion proposed by

Tsumura et al. (1996) was performed to get the SQucture of North eastern Japan region.

Ji-chang and Sato (2001) have studied Q valuesgfatemht depth levels using the seismic
wave record during 1998 in Jiashi earthquake redbata used in this work was recorded on the
seismographs which have the frequency band ranfeHz. Three dimensional seismic inversion
processes have been used in this study to estihasdues in Xinjiang region.

Schlotterbeck and Abers (2001) have determined ttlree dimensional attenuation
structures for the Southern California. Least-sgquaversion was applied on the broad banddata to
determine the frequency independent attenuatioanpeter. This parameter was further used to

compute attenuation structure based Qarf @@ of the Southern California region.
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Nakamura and Uetake (2004) have determined the tlireensional attenuation structures
of Tohoku region, Japan by the inversion schemagestgd by Hashida and Shimazaki (1984)
using the strong motion data.

Nakamura et al. (2006) have used the strong ma#oaords of the K-NET and KiK-net
network to determine the three dimensional S-wdtenaation (@) structure beneath the Kanto
plain. Inversion technique of seismic intensitigsisr to Hashida and Shimazaki (1984) except an
unknown site amplification factor was used to eaternthe three-dimensionak @tructure of the
Kanto, Japan region.

Joshi (2006a) has estimated three dimensional sheae attenuation structural using the
intensity data in Central Himalaya gap region bingsdamped least square inversion scheme.
Spatial and vertical distribution of shear wave lfyaactor ‘Qg’ were studied for Garhwal
Himalaya in this study.

Joshi (2007) has used the inversion technique tehsgity data to determine the three-
dimensional attenuation structure based on S-wanadity factor ‘Q’ value for a part of the
central seismic gap region of Himalaya. The spatiatribution of destruction caused by two
major earthquakes i.e. Uttarkashi (20 October 19843 the Chamoli (29 March 1999)
earthquakes was studied by using the obtainestiQcture.

Joshi et al. (2010) determined the three-dimensatb@nuation structure in the Pithoragarh
region of Kumaon Himalaya using spectral accelenatiata. The data from a local strong motion
network installed in the Pithoragarh region of Kumalimalaya have been used for this purpose.
The final three dimensional attenuation structuas wbtained using the inversion of strong motion
data.
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1.2 Research Gap

The literature survey revealed that there are séverethods which can be used to
determine attenuation property of a region usirgatiband, teleseismic, strong motion and micro
earthquake data. Attenuation studies related tmason of quality factor can be divided into two
classes. In one class of approach, single frequéapgndent quality factor is estimated for entire
region while in another class of approach, thremedisional distribution of quality factor is
estimated for entire region of study. It is seeat there are very few studies, where estimation of
Qg(f) is made directly from strong motion data. Stganotion data is one of the most useful data
which is directly used for designing of earthqua&sistant structures. It is seen that the ground
acceleration in the horizontal component of strgngund motion is mainly affected by shear
waves. Therefore, shear wave attenuation deschp&g(f) plays direct role in deciding property
of strong ground motion at a particular site. Ja@ti06b) has modified the Fletcher's (1995)
technique of inversion of strong motion data taneste the frequency dependent shear wave
quality factor. Joshi (2006b) has used a nonliteast-squares algorithm using Newton’s method.
Joshi (2006b) has considered seismic moment agpam to this algorithm. This input parameter of
inversion algorithm was used from the independentces. The three dimensional distribution of
frequency dependent shear wave attenuation hasdséiemated by Hashida and Shimazaki (1984).
This algorithm was modified by Joshi (2006a, 208@Y Joshi et al. (2010) to estimate three-
dimensional distribution of shear wave quality éaaising strong motion data from limited events.
Following research gaps have been identified in tdwhniques to determine the attenuation
studies:

1) Most of the attenuation studies are made throughdirand, teleseismic and micro earthquake
data. Very few attenuation studies are there whddlectly use strong motion data for
determination of attenuation coefficient.

2) Strong motion data has been directly used by J@06b) to obtain frequency dependent
attenuation relation using an inversion algorittf8eismic moment is used as one of the main
input in the algorithm developed by Joshi (200&i)dstimation of frequency dependent shear
wave quality factor from inversion of strong motia@ata. Seismic moment used in this
algorithm is computed or assumed from independentces of well studied earthquakes.

Estimation of seismic moment for earthquake reabrde regional network is practically
16



3)

4)

5)

6)

difficult task. Modification in this algorithm isequired to compute seismic moment directly
from the records and refine its value in the inl@rscheme for each iteration.

Computation of seismic moment is strongly affedigdshear wave quality factor. Therefore,
modification in algorithm given by Joshi (2006b)exjuired to correct initial value of seismic

moment from obtained value of shear wave qualitydiain each iteration.

The inversion algorithm given by Joshi et al. (20i6r estimation of three dimensional
distribution of attenuation property uses strongiiomodata from limited number of events.
Modification in this technique is required to calesi large number of events for better

estimation of attenuation characteristic of theaeg

Peak ground acceleration is mainly controlled bgashwaves in the strong motion record.
Stochastic simulation technique makes use of thieept to calculate peak ground motion at
given site due to propagation of shear wave. Sheae quality factor control the medium
characteristics. Though this concept has been émttuused for forward modelling its use for

inversion to determine shear wave quality factar sgismic moment is very limited.

Kumaon Himalaya is one of the seismically activgioas. This region experienced 294
earthquakes in last 6 years. However very few a#teon studies are available for this part of
Himalaya. The attenuation study in this part of Hiaya is required for better assessment of

seismic hazard potential of the region.

1.3 Objectivesidentified for research

The amplitudes of earthquake ground motion at dkéagrsites are influenced by the source

characteristics, medium characteristic and loctd sonditions. The effects of travel path on

earthquake ground motion are related directly te #ttenuation property of medium. The

knowledge of attenuation characteristic is an dsdemequirement for determination the

earthquake source parameters and simulation afggoound motions. It plays an important role

in estimation of the seismic hazard of a region.

Site effect is very significant term in the stud strong ground motion. The seismic

amplification is increased due to soft depositsriave on the bedrock and cause more damage

during the large earthquake and this is called efiiect (Kuo et al., 2012). The Local site effect
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plays an important role in damage distribution dgriearthquakes. Throughout history,
destructions due to many of the earthquakes haea beluenced by local site effects. Some
noticeable examples are: the Andalusian earthqob&884 in southern Spain; the San Francisco
(USA) earthquakes in 1906 and 1957; those of Kahtmankai, Niigata and Kobe (Japan) in
1923, 1944, 1964 and 1995, respectively (Luzon.eP@04). Very few studies have been carried
out to understand the effect of attenuation angl eftect simultaneously on destruction patterns
from earthquakes. Present work in this thesis medi to study the shear wave attenuation
characteristics and site effect simultaneously fretnong motion data. The estimation of three
dimensional attenuation structures from strong omotilata using inversion algorithm require
strong motion data that should be free from sitecef. Present work is divided into two parts,tfirs
part deal with estimation of frequency dependemiasiwave quality factor and site effect from
inversion of strong motion data. In the second,pe site effects obtained from inversion of
strong motion data from first part is used to cartbe strong motion record. The corrected strong
motion record is further used for estimation ofe#xdimensional attenuation structure in the

second part. The research work in this Ph.D. degreegeted with the following objectives:

1. Development of an algorithm and software for inigrsof strong motion data for
determination of frequency dependent shear wavétyjactor and site effect simultaneously

at given site.

2. Use of determined site effect for understanding gbarce characteristics of strong motion

earthquakes in the region.

3. Development of an algorithm and software for inig@rf strong motion data to determine the

three dimensional attenuation tomography of a regio

4. Application of developed algorithm for determinaticof three dimensional attenuation
structure of well studied region and comparisomlmined results with the available tectonic

features of the region.

5. Application of algorithm developed in the presenbrkvfor determination of attenuation
structure of the Kumaon Himalaya using strong mmotlata from a dense network installed in

this region.
18



1.4 Thesisoutline

Present thesis consists of eight chapters. Litezaeview regarding the attenuation studies
is presented in Chapter 1. Different techniquesdubg various workers to determine the
attenuation property are discussed in this chaptious research gaps are identified on the basis
of literature presented in this chapter. This chaptso discusses objectives of present work.

The methodology and algorithm of inversion of sgenotion data for the determination of
three dimensional attenuation structure is desdribeChapter 2. Various numerical experiments
have been performed in this chapter to check thleildy of the solution and dependency of the
obtained solution from developed algorithm.

The complete methodology and algorithm of inversioh strong motion data for
determination of site effect and frequency depenhdshear wave quality factor ()
simultaneously is described in Chapter 3. This tdramlso describes various numerical
experiments about the dependency of the resulnpaotidata and the stability of the solution
obtained in the developed inversion algorithm.

The application of inversion algorithm for deteration of three-dimensional attenuation
structure of the central Honshu region, Japan esgnt in Chapter 4. In this chapter three
dimensional attenuation structures have been detedrat different frequencies and obtained
attenuation structure is compared with the avadlalaita of the region.

The application of inversion algorithm to determifrequency dependent shear wave
quality factor Q(f) in different parts of Kumaon Himalaya is dissad in Chapter 5. The
frequency dependent shear wave quality factgf) @alues and site effect have been computed at
various stations in Kumaon region, Himalaya. Ttegfrency dependent quality factor obtained at
different stations from both NS and EW componeitgehbeen used to compute a regional average
relationship for the region of the Kumaon Himalaya.

The application of inversion algorithm for deteration of three-dimensional attenuation
structure of the Kumaon Himalaya region, India iesent in Chapter 6. In this chapter three
dimensional attenuation structures have been detedrat different frequencies and obtained
attenuation structure is compared with the avadlgaological and tectonic features of the region.

Application of site effects and attenuation studersdetermination of source parameters of
the Sikkim earthquake of 18 September, 2011 isudsed in Chapter 7.
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Conclusion of present research work is given inpg@#ra8. This chapter summarizes the
research works done in this thesis and its cormhssi
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Chapter - 2

Inversion Technique for Estimation of Three Dimensional

Attenuation Structure

2.1 Introduction

It is observed that different types of propagatioaterial behave differently during the
same earthquake; therefore, the properties of rbake an important role to affect the amplitude
of earthquake ground motion in a particular regidhe property of medium which control the
attenuation of seismic energy is defined by thelityuéactor. In this work inversion of strong
motion data has been performed to obtain the ttiir@ensional estimate of frequency dependent
shear wave quality factor. This chapter descritescomplete algorithm of inversion of strong
motion data to obtain attenuation structure andouar numerical experiments to support the

algorithm.

2.2 Inversion Technique

In order to determine three dimensional attenuastmcture the entire study area is
divided into several three dimensional blocks dfedent frequency dependent shear wave quality
factor ‘Q(f)’ values as shown in Fig. 2.1. The subscriptsafid '’ are used for identification of
blocks along two perpendicular X and Y axes intitbgzontal plane, respectively, and is shown in
Fig. 2.1. The subscript 'k’ is used for identificat of block in the downward direction as shown in
Fig. 2.1. Generally the peak ground acceleratidhi$ associated with arrival of S-waves
generated from the point source in the subsurfbleglléy et al., 1982). Following relation given
by Hashida and Shimazaki (1984) has been usedfoputing spectral acceleration value at given

frequency ‘f':

gt S ik

A(f)=S(f)Gge ~— (2.1)

In above equation, ‘A(f)’ representesfpal acceleration value, ‘S(f)’ is the sourcecsyse
acceleration value at frequency ‘f', gGis the geometrical factor which is assumed in phesent
work as inverse of hypocentral distancey*Ts the time spent in ifR block of shear wave quality
factor ‘Qy’ at particular frequency ‘f and ‘g’ denotes thmplifying effects at the surface of the
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earth and is used as 2.0 (Hashida and Shimaza8)19he term ‘1/@’ in equation (2.1) is
replaced with ‘', which modified equation (2.1) as:

A(T) = S(f)G,.ge ™ & 2.2)

In above equation ‘R’ is attenuation coefficient which characterizes giroperty of medium and
it is the inverse of the quality factor.

‘

Figure 2.1: Initially Qo has been used in each block. The subscriptshd kadescribe the position of the
blocks in respect of x, y and z directions, respebt.

The iterative inversion process assumes an inttitiibution of ‘Quo(f)" within each
block. This initial distribution can be assumednirthe available geophysical information of the
region. The value of ‘S(f)’ is required for the feard modeling using equation (2.2). This ‘S(f)’ is

cal

average of several frequency dependent source ggtrei®,,™ (f)’ calculated at different
observation point ‘op’ and is given by followindagon (Joshi, 2007):

Ay ()

—77f > Dy oTijk (2.3)

Groe

Sy (f)=

where, in the above equation '¢f\(f)’ is the calculated spectral acceleration vatiérequency ‘f
at the observation point, located in the surface denoted by subscripts ‘op’ shown in Fig. 2.2.
For computing ‘Sp"a'(f)’ from equation (2.3) initial subsurface modedfished by velocity ' and
‘Qp’ in each layer is required. Layered velocity modelused as an input model as used by
Hashida and Shimazaki (1984) and Joshi (2007)md the number of independent parameters.
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The ‘S?(f)" is calculated by using average value of,(f)’ obtained from all observation points.

cal
Initial model having attenuation coefficient {3’ and ‘S?(f)’ is used to calculateMy and is

given by following relation (Joshi 2007):

cal f :Scal G _”fZDijk,O,Tijk
A, () (f)Gqge 2.4)

(0, p) (0+2, p)

v

Q111,0|Q211,0 | Q311,0| Q411,0/ Q511,0

Q112,0| Q212,0 | Q312,0| Q412,0 5120

Q113,0| Q213,0| Q313,0| Q413,0/ Q5130

k

v

Figure 2.2: Location of observation points at the corner ofghid.

If the observed spectral acceleration value apfjservation point (i. e. ‘op’) is 4°(f)
then the relation between observed spectral aatiler ‘Aop°bs(f)’, actual earthquake source
strength ‘3(f)’ and actual attenuation coefficient;iDis given by the following expression:

®(£) = S,(F)Gage ™ 2w (2.5)

p

Parameter ¢’ is the actual time spent by the ray from the seun the observation point in the
three dimensional block defined by subscript ‘ijkollowing expression is obtained by dividing
equation (2.5) by (2.4).
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obs
Aop (f) = SO (f ) e_”fZ(Dijk_Dijk'O)Tijk E (2 6)
AP () S7(F) |

where, the parameter ‘E’ defines the computaticarabr that can be due to inadequate model
parameterization. Equation (2.6) can be simpliisd

A:pr( f) _ S, () o™ T o0y -
AT(f)  ST(f) '
In above equationdDjx’ represents the difference between the actual aswiresl attenuation
coefficient in the ijlti1 block and can be written @D = D - Dik,0. Equation (2.7) is a non linear
equation which can be linearized by taking its ratlogarithm. This gives following form of
above equation:

AP (1) S (f)
R o A @9

obs

AssumingR, = In{ AO;J 0

], as acceleration residual, equation (2.8) can difiad as:

R, = In[ssc‘;((ff))j—ﬂf > oD, T +e (2.9)

In this equation, left hand side is known and theameter ‘Ji’ can be calculated by using ray
theory. A method given by Lee and Stewart (198X I@en used for tracing ray from source to
observation point in the layered earth model. Tlethwd has already been used by Joshi et al.
(2010). Several equations have been obtained faricular earthquake at different observation

point. Equation corresponding to the data%&arthquake can be written as (Joshi 2007):

S,(f)
s*(f)

R)p,l(f) :In( ] _”fZ(O_Dijk) Tij(l)<p,l+e (2.10)
1
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The parameter ‘e’ in the equation (2.10) represené estimate of error. The parameter

‘T%1 represents time spent by the ray released fromédirent in various blocks to reach the

station identified by superscript ‘op’ from event Above set of equation can be written in the

matrix given by Joshi (2007) for the data of ‘Nriésguake as:

1 2. N 1

1 0... O -1 fT11111,1 - fT11211.1
1 O0..

1 O... 0

1 0. O —rfT Vs

1111

For N"earthquake

0 0... 1 _nleli]i,N
9 0 " 1 - leiill,N
_O O h 1 - lecE,N
0 0.. 1  _pfyisw

111N

The above matrix equation can be written in thieowahg form:

o
|
3
)
PR

i
|
3
SRS
[
N

Np

11
- fTLMK.l

21
_nfTLMK,l

- op
ﬂfTLMK 1

—f

11
_ﬂfTLMK,N

21
_ﬂfTLMK,N

- op
ﬂfTLMK,N

LsMs
TLMK 1

1

=

' LsMs -
_ﬂfTLMK,N 1

In(S,(1)/S™(f))

In(S,(f)/S™ (),

5D111
5D121

JDLMK

Rui()
Roa()

Regven(F)

Ran(f)
Ron(f)

Reassn(F)

(2.11)

Matrix ‘m’ and ‘d’ contains the model parametensdadata, respectively. The range of

subscripts i, j and k varies from 1 to L, M andréspectively, and the range of superscript o and p

varies from 1 to Land M, respectively. Now N=L x M x K and N = Lsx Mgare the total

number of blocks and the total number of obsermapioints, respectively. Therefore complete set

of matrix contain N= Nsx N equations and N= N + Ny+1 parameters. Matrix ‘G’ is a rectangular

matrix; therefore Newton’s method can be used tainlithe following form of model matrix:

m=(G'G)'G"d
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where, matrix ‘G’ defines the transpose of matrix ‘G’. In actual casme of the eigen values of
G'G are very small so that the variance of solutiendmes unacceptably large. To avoid this
difficulty, damped least square method of Levenl{@@y4) can be used, which does not require
eigen values analysis. The inversion using damgast square method is given as:

m*'=(G'G+11)'G'd (2.13)

In above equation matrix ‘I' is a unit matrix antt is damping factor. The solution of above
equation can be obtained by minimizing |d-Gm| %¥xm instead of |d-Grfi| where {l) is a
diagonal matrix with damping factors. The choice'Xdfis based on the method modified after
Dimiri (1992) and used by Joshi (2007). Variousgiloifities of fraction of largest eigen value
have been checked to choose the valug’ofDamping factor is changed in an iterative marine
using several iterations and final Is selected on the basis of minimum root mearasgerror for

a particular inversion in data matrix. The root meguare error in the data matrix is calculated by

using following equation:

RMSEdaI = {ﬁi(dio - dic)z}2
= (2.14)

where, M, ¢ and ¢ are the total number of data point, observed dath @mputed data,
respectively. The entire scheme of inversion inftie of flow graph is shown in the Fig. 2.3.
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Input
Spectral acceleration 'Sebs(f))' for assumed frequency

at all observation point in the grid

l

Assume an initial velocity, Q(f,)
model of each block

'

Calculate source acceleration S_,, using
velocity-Q model and location of event

:

Use the S_, value to compute
A.,(f,) at all observation point

v

Use A ,(f)/A.,(f,) value and time spent in each
block 't ' in the inversion scheme

v

Use inversion to get 0Q(f,)

v

Compute (RMSE),,,and (RMSE)

v

Assume new Q model as

Q, + 0Qy(f)

v

Compute (RMSE),

v

Select the model corresponding to
minimum (RMSE);

mod

Figure 2.3: Flow chart of the process of inversion (Figure ified after Joshi et al., 2010).
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The inversion algorithm gives the estimate of unknauantities like In(§f)/S%{(f)) and
dDjk. In this iterative procedure, after each inversioitial model ‘Qyo’ is replaced by ‘@’
which is given by following expression:

Qijk (f):5ij(f)+ij,0(f) (2.15)
where, 5Qik(f)’ represents small incremental change in qudéttor. In each successive iteration
the value of ‘G (f)’ is assumed as initial model in place of kQf)’. Using this modified initial
model, ‘S(f)’ is again computed at all observation pointsl &8 average value is used to compute
‘A%(f) at these observation points. This again gigesew set of equations for inversion. This

iteration is performed until the solution corresgimg to the minimum error is obtained. The
complete iterative inversion process is shown @ Ei4.

Observation point at the corner of grid

Initial modlel

Model obtained after inversion

If (RMSE}; not minimum then
Qjjk = Q0 + Qi

Figure 2.4: Initially Qo has been used in each block and after first iterat new model having quality
factor value (G) in different blocks is obtained. The subscripisand k describe the position of the blocks
in respect of x, y and z directions, respectivélig(re modified after Joshi, 2007).
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2.3 Numerical Experiments

Numerical experiments have been performed on thveldeed algorithm to check the
stability of the solution and dependency of theaoted solution on input dataset. The computer
software named three dimensional frequency deper@estructure (Joshi et al., 2010) based on
inversion of strong motion data has been modifiethis present work. Input to this algorithm are
initial velocity model, initial Q(f) model, coordinates of hypocenters of inputleguiakes, spectral
acceleration value at observation points and agerbée frequency at which attenuation structure is
estimated. The spectral acceleration values atdneer of the grid are obtained from contours
prepared from observed spectral acceleration dathffarent recording stations. The values of
spectral acceleration at 36 observation point ateutated from observed spectral acceleration
contours. The data of 12 earthquakes provided &2 spectral acceleration values at 36
observation point for a particular frequency.

The output of the software gives the ratio of obsé and calculated spectral acceleration
and final value of ‘Q(f)" at different blocks. Root mean square errardata (RMSEj,; and model
matrix (RMSE),.q has been calculated for each iteration. The diiftabf model matrix which
determined using the damped least square invessibeame is checked by the resolution matrix
and covariance matrix. The resolution matrix,"RRnd covariance matrix ‘C’ are given by the

following expression (Haydar et al., 1990) as.
"R (GG +A)1GT G (2.16)
Cog (G'G +AM) 1Ry, (2.17)
where o’ is the variance of error in data which is given as
0= (Gem — d¥/N, (2.18)
<6 (G'G +1I) (2.19)

The resolution of model parameter is given by nesmh matrix. Deviation of ‘R’ from
the unit matrix indicates the poor resolution. Tfediagonal element of ‘R gives us a good
measure of the uniqueness of thecomponent of the solution parameter (Wiggins 19¥2the
present work the total number of parameter (N@8sAmong these 88 parameters, 12 represent
the ratio of source acceleration spectra of studieghts, one represent the error and remaining 75

parameters represent quality factor of differendcks. A model that minimizes all errors

29



simultaneously gives a reliable solution. Followimgymalized value of (RMSE)sand (RMSE)a
has been used in the present work to get a modalefRMSE},.q and (RMSE), are minimized
simultaneously as given by Joshi (2006a).

(RMSE) = [(Nor (RMSE}noq + Nor (RMSE)a] /2 (2.20)

The scenario where RM$Es and RMSE,; are not minimized for same model the idea of
using (RMSE) may be helpful for selecting a reliable solutidfarious numerical experiments
have been made to check the stability and depegpdemdanput events of the present inversion
algorithm. Number of local events recorded on gromtion stations of KiK-net network in the
Central Honshu region, Japan have been used fee theémerical experiments. Various numerical
experiments verify the efficacy of the present msi@n algorithm to obtain three dimensional
frequency dependent ‘Q’ structure. In the precediegtion, following experiments have been
applied:

Dependency of result on number of input events

Dependency of result on depth of input events

Stability of solution: Test by Bootstrap method

Stability of solution: Test by changing the ordémput events

2.3.1 Dependency of result on number of input events

In this experiment the developed algorithm is &$te its dependency on number of input
events. In this numerical experiment two data satsed as data set 1 and data set 2 have been
used. These data sets have different number of enmnts. The number of input events for data
set 1 and data set 2 are twelve and eight, respbctiThe parameters of events in data set 1 and
data set 2 are given in Table 2.1. The attenuat@riours is determined by dividing the entire
study area into small three dimensional blocksrifioum thickness of 5 km. The data set 2 contain
less number of events as compared to data seglefiéct of the removal of input events is clearly
observed in the final result of inversion and iswh in Fig. 2.5. It is observed from Fig. 2.5 that
the contours obtained using the data set 1 coiaaigd with major geological trends in the area as
compared to data set 2. The contour lines of quédictor values obtained using data set 1 are
nearly parallels to the Itoigawa-Shizuoka Tectdrie (ISTL) as shown in Fig. 2.5. It is further

observed that rms error for data set 1 is compeslgtsmaller than that for data set 2.
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Table 2.1: Parameters of the events used in data set 1 aadela?2.

Dataset 1
Events Origintime | Depth Epicenter
h:m:s (km) (In Degree)
Latitude Longitude
05/10/200: | 00:29:42.5 15 35.99n 137.58E
01/04/200: | 09:25:36.4. 6 36.36N 137.30¢
22/05/200: | 07:09:34.2. 15 35.71N 138.03E
04/06/200: | 02:52:51.0 11 36.01N 137.58E
11/01/2(04 | 16:57:59.5 9 36.40N 137.75E
14/02/200. | 20:19:39.3 10 35.85N 137.25E
03/06/200. | 19:04:36.8 8 35.98N 137.37¢E
30/06/200. | 06:35:56.1. 11 35.98N 137.20¢
02/01/200: | 01:30:58.6! 5 36.04N 137.20¢
07/01/200: | 23:38:07.8 20 35.67N 137.20¢
24/03/200: | 20:(8:00.8¢ 10 36.20N 137.37¢E
05/05/200: | 07:38:13.2 15 35.51N 137.31¢k
Data set 2
11/01/200. | 16:57:59.5 9 36.40N 137.75E
14/02/200. | 20:19:39.3 10 35.85N 137.25E
03/06/200. | 19:04:36.8 8 35.98N 137.37E
30/06/200. | 06:35:56.1. 11 35.98N 137.20¢
02/01/206 | 01:30:58.6 5 36.04N 137.20¢
07/01/200: | 23:38:07.8 20 35.67N 137.20¢E
24/03/200: | 20:08:00.8 10 36.20N 137.37¢E
05/05/200: | 07:38:13.2 15 35.51N 137.31E
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Figure 2.5: Contour of shear wave quality factor for 5 Hz freqcy obtained using the data set 1 at (a) 0-5
km, (b) 5-10 km and (c) 10-15 km depth. Contoumoélity factor values for 5 Hz frequency obtained
using the data set 2 at (d) 0-5 km, (e) 5-10 km @hd.0-15 km depth. ISTL and MTL describe the
Itoigawa-Shizuoka Tectonic Line and Median Tectdriite, respectively.

The resolution matrix of 88 and 84 parameters abthifrom inversion of data set 1 and
data set 2, respectively is shown in Fig. 2.6. Waltie in the resolution matrix indicates the high
resolution. Deviation from unit value in the redaa matrix indicates the poor resolution. It is
observed that high resolution is observed in tiselte obtained from inversion for data set 1 as
compared to data set 2. The depth wise resolufi@itenuation parameters is shown in Fig. 2.7
and it shows that the attenuation parameters ia skt 1 are mostly resolved in the last layer as
compared to data set 2. This shows that the résolof attenuation parameters become poor as
number of input events decreases. The reason ofrpsolution is the loss of information due to
less number of input earthquake data and attemuatiucture of the region depends on the

distance travelled by energy from focus of an eprdke to reach the observation point. This
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experiment clearly shows that the obtained attémwiatructure is strongly dependent on number
of input events and rms error increases as the euwibinput event is decreases. The trend of
contours obtained using data set 2 which consitssfnumber of event clearly shows deviation of

contours of () value from major tectonic unit of the region.

Parameters
Parameters

10 20 30 40 50 60 70 80
Parameters Parameters

(@ (b)

Figure 2.6: Total Resolution matrices of 88 and 84 paramettfsHz for (a) data set 1 and (b) data set 2,
respectively.
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Figure 2.7: The resolution matrix of attenuation parameters ld for data set 1 at (a) 0-5 km, (b) 5-10 km
and (c) 10-15 km depth. The resolution matrix témtation parameters at 5 Hz for data set 2 @2-&km,
(e) 5-10 km and (f) 10-15 km depth.
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2.3.2 Dependency of result on depth of input events

In order to check the dependency of obtained straadn the depth of input earthquakes,
two data set having different depth range have hsed. These two data sets are named as data
set 1 and data set 3 having twelve earthquakeadh data set. The parameters of earthquakes
included in data set 1 and 3 are given in Tablea2d Table 2.2, respectively. The attenuation
contours for 5 Hz frequecy at different depth aldi using these two data sets are shown in Fig.
2.8. It is observed from Fig. 2.8 that data seind a3 gives the different trend of attenuation
contour. The depth ranges for data set 1 and 35&@ km and 5-11 km, respectively. These
different depths of the events are responsiblestadiferent trend of attenuaiton contours for the
data set 1 and 3, respectively. It is seen thatlg®f contours of first layer obtained using théd
set 1 and 3 are comparable but trends of secondhémdlayers are not comparable with each
other. This may be due to less number of evenenpiia second and third layer in data set 3 as
compared to data set 1 therefore energy coming #eemts penetrate less number of blocks in
second and third layer in data set 3 as comparddttoset 1.

Table 2.2: Parameters of the events used in data set 3.

Data set 3
Events Origin Depth Epicenter

time (km) (In Degree)

h:m:s Lat. Long.
04/12/200: | 08:08:25.0 6 36.31 136.9(
01/04/200: | 09:25:36.4. 6 36.3¢ 137.3(
03/12/201(| 17:10:43.2'| 10 | 35.72 137.5¢
04/06/200: | 02:52:51.00| 11 | 36.0] 137.5¢
11/01/200. | 16:57:59.5 9 36.4( 137.7¢
14/02/200. | 20:19:39.3'| 10 | 35.8¢ 137.2¢
03/06/200- | 19:04:36.8 8 35.9¢ 137.3"
30/06/200. | 06:35:56.1. | 11 | 35.9¢ 137.2(
02/01/200! | 01:30:58.6: 5 36.0¢ 137.2(
18/05/200: | 03:22:43.8. 8 35.9¢ 137.3¢
13/06/200: | 10:06:38.6' 9 35.8¢ 137.6(
27/02/2011 | 21:46:54.0 5 36.32 137.3(
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Figure 2.8: Contour of shear wave quality factor for 5 Hz @& 0-5 km, (b) 5-10 km and (c) 10-15 km
depth for (A) data set 1 and (B) data set 3.

In order to check the dependency of input datarttpearthquake with similar hypocentral
depth range on obtained attenuation structure skttaamed as data set 4 is prepared which has
same depth range as data set 1. The hypocenteahptars used in data set 1 and 4 are given in
Table 2.1 and Table 2.3, respectively. The deptigesa for data set 1 and 4 are similar i.e. 5-20
km.The obtained attenuation contours for 5 Haifferent depth using data set 1 and 4 are shown
in Fig. 2.9. It is observed from this experimenattllata set having similar depth range gives
almost similar attenuation structure from inversaigorithm. This experiment shows that input
data with different depth range tends to give d#ife attenuation structure while the input data

having similar depth range gives almost similagraiition structure.
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Table 2.3: Parameters of the events used in data set 4.
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Data set 4
Events Origin Depth Epicenter
time (km) (In Degree)
h:m:s L at. L ong.
04/12/200: | 08:08:25.0 6 36.31 136.9(
18/05/200: | 03:22:43.8. 8 35.9¢ 137.3¢
12/06/200: | 20:29:54.5¢| 11 | 35.8¢ 137.4(
13/06/200: | 10:06:38.6! 9 35.8¢ 137.6(
24/06/2001 | 23:09:40.3 11 | 35.9] 137.5¢
13/06/200: | 11:20:41.9:| 15 | 35.8( 137.5¢
03/12/201(| 17:10:43.2'| 10 | 35.77 137.5¢
06/02/201 | 07:24:41.6:| 10 | 35.8( 137.3;
27/02/201. | 21:46:54.01 5 36.32 137.3(
22/05/200: | 07:09:34.21| 15 | 35.71 138.0¢
05/05/200! | 07:38:13.2 | 15 | 35.5] 137.3:
07/01/200! | 23:38:07.8'| 20 | 35.6i 137.2(
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Figure 2.9: Contour of shear wave quality factor for 5 Hz gt @& km, (b) 5-10 km and (c) 10-15 km
depth for (A) data set 1 and (B) data set 4.
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2.3.3 Stability of solution: Test by Bootstrap method

In an attempt to check the dependency of obtai&dien on random selection of input

data bootstrap method has been implemented inrggemt work. In this numerical experiment,

data set 5 having twelve input earthquake has bsed. The random selection of the events have

been made from the data set 1 and 4 to generatiataeset 5. The hypocentral parameters used in

data set 5 are given in Table 2.4. The comparisattenuation contour at different depth using

the data set 1, 4 and 5 are shown in Fig. 2.10s dbserved from Fig. 2.10 that the attenuation
contour obtained using the data set 5 is comparaitiethe attenuation contour obtained using the
data set 1 and 4. The depth range of the evendsingiata set 5 is same with that in the data set 1

and 4. It is seen from the contour map of quaktstdr that the value of quality factor is almost

similar for these three data sets.
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Figure 2.10: Contour of shear wave quality factor for 5 Hz &t Q-5 km, (b) 5-10 km and (c) 10-15 km
depth for (A) data set 1, (B) data set 4 and (@3 dat 5, respectively.
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Table 2.4: Parameters of the events used in data set 5.

Data set 5
Events Origin Depth Epicenter
time (km) (In Degree)
h:m:s Lat.
Long.

04/12/200: | 08:08:25.0 6 36.37N | 136.90¢
03/06/200- | 19:04:36.8 8 35.98N | 137.37E
12/06/200: | 20:39:54.5 11 35.88N | 137.40t
11/01/200. | 16:57:59.5 9 36.40N | 137.75¢E
24/06/2001 | 23:09:40.3 11 35.91N | 137.58E
05/10/200: | 00:29:42.5 15 35.99N | 137.58E
03/12/201( | 17:10:43.2 10 35.72N | 137.58E
24/03/200! | 20:08:00.8 10 36.20N | 137.37E
02/01/200! | 01:30:58.6 5 36.04N | 137.20t
22/05/200: | 07:09:34.2 15 35.71N | 138.03t
05/05/200! | 07:38:13.2 15 35.51N | 137.3E
07/01/200! | 23:38:07.8 2C 35.67N | 137.20t

2.3.4 Stability of solution: Test by Changing the order of input events

In order to check the stability of the solution tdata set named as data set 1 and data set 6
are considered. The informations of the input eversed in data set 6 is given in Table 2.5. In
both data set same input events have been usedonfhalifference is that the order of input
events are different in both data set. In this way same data of earthquakes with same depth
range have been obtained in these data set. Tthauation contours at 5 Hz obtained using data
set 1 and data set 6 are shown in Fig. 2.11 ani¢hsiattenuation structure has been obtained using
these two data set. Results obtained in this inwershow that the obtained attenuation structure

does not depend on the order of input data andtalde algorithm.
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Table 2.5: Parameters of the events used in data set 6.

Data set 6
Events Origin Depth Epicenter

time (km) (In Degree)

h:m:s L at. Long.
02/01/200! | 01:30:58.6 5 36.04N | 137.20¢E
07/01/200! | 23:38:07.8 20 35.67N | 137.20¢E
24/03/200! | 20:08:00.8 10 36.20N | 137.37E
05/05/200! | 07:38:13.2 15 35.51N | 137.31E
11/01/200. | 16:57:59.5 9 36.40N | 137.75E
04/06/200: | 02:52:51.0 11 36.01N | 137.58E
03/06/200- | 19:04:36.8 8 35.98N | 137.37E
30/06/200- | 06:35:56.1. 11 35.98N | 137.20¢E
14/02/200. | 20:19:39.3 10 35.85N | 137.25E
22/05/200: | 07:09:34.2. 15 35.71N | 138.03E
05/10/200: | 00:29:42.5. 15 35.99N | 137.58E
01/04/200: | 09:25:36.4. 6 36.36N | 137.30¢E
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Figure 2.11: Contour of shear wave quality factor for 5 Hzat@-5 km, (b) 5-10 km and (c) 10-15 km
depth for (A) data set 1 and (B) data set 6, rdspyg.
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2.4 Conclusion

This chapter discussed an inversion algorithmbtaia three dimensional attenuation structure
of the region initially developed by Hashida andn&draki (1984) and modified by Joshi (2006a;
2007) and Joshi et al. (2010). Modification is maadehe inversion algorithm in this work by
enhancing the number of input events in the inearsilgorithm. In earlier algorithm only four
earthquakes were used as input, this limitation besn removed and now in the modified
algorithm several earthquakes have been used asempnts. Various numerical tests have been
performed to check the dependency of the inveralgorithm on number of input earthquakes,
their depth range and its selection. These nunidgsts validate the stability of present software

to obtain reliable three dimensional attenuationc$tires.
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Chapter - 3

Inversion Technique for Estimation of Frequency Dependent

Shear Wave Quality Factor (Qg(f)) and Site effect

3.1 Introduction

Strong motion data includes valuable high-frequemesr-field data which is suitable for
engineering use. This data contain valuable atteruecharacteristics of the medium. The
attenuation characteristic of the medium is defimetérms of frequency dependent quality factor.
This frequency dependent quality factor is usedairmous strong motion prediction techniques like
composite source modeling technique (Yu et al.51.98emi empirical modeling technique (Joshi
and Midorikawa, 2004) and stochastic simulatiorhteégue (Boore, 1983; Boore and Atkinson,
1987). This chapter discusses the direct inversibstrong motion data to estimate frequency
dependent shear wave quality factop(f) and source parameters. The methodology ofrgioa
of strong motion data and various numerical expenit® to check the stability of developed
methodology has been discussed in this chapter.

3.2 Inversion technique
The acceleration spectra of shear waves at a destBndue to an earthquake of seismic
moment M can be defined as (Boore, 1983 and Atkinson aratd3d.998):

A(f) = C S () D(f) 3.1)

where, the ‘C’ is a constant term at a particutatien for a given earthquake, S(f) represents the
source acceleration spectra and D(f) representsgaéncy dependent diminution function which
takes into account the anelastic attenuation atehution due to geometrical spreading and is
given as (Boore and Atkinson, 1987):

D(f) = [¢™ *PG(R)IP(f,fr) (3.2)

In the above equation P()fis a high-cut filter that accounts for the obsgion that
acceleration spectra often show a sharp decreabeinareasing frequency, above some cutoff
frequency #, that cannot be attributed to whole path atteounatBoore, 1983). Due to rapid fall of

acceleration spectra after 25 Hz in most of theelacation records,f = 25 Hz is used in the
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present work in the analytical form of Pgf)fgiven by Boore (1983). The function G(R) représen
geometrical attenuation term and is taken to bealetp 1/R for R < 100 km and equal to
1/(10x/§) for R > 100 km (Singh et al.,1999). As most of thata used in present work is within
R < 100 km, therefore G(R) is used as 1/R. The & %P represents anelastic attenuation. In
this term Q(f) is the frequency dependent shear wave qualityof. The equation (3.1) serves as
the basis for this inversion. For a double-cougismic source embedded in an elastic medium,

considering only S-waves, C is a constant for amistation for a particular earthquake and is

given as:

C = MyRg, . FS. PRTITN/ (410B°) (3.3)

In the above expression, N& the seismic moment,eRis the radiation pattern, FS is the
amplification due to the free surface, PRTITN ie teduction factor that accounts for partitioning
of energy into two horizontal components, gnand(3 are the density and the shear wave velocity,
respectively. S(fd define the source spectrum of the earthquakéhdrmpresent work the source
acceleration spectra proposed by Aki (1967) anch&r(1970) has been used. This spectrum is
based om decay of high frequency proposed by Aki (1967) Bnehe (1970) and is given as:

S(f,fo) = (2nf)% (1+(f/f)?) (3.4)

In above expressioncfdenote corner frequency of earthquake and is @ on the size of
earthquake. Using all defined function in equat{82), (3.3) and (3.4), equation (3.1) can be

written as:

AT) :{MORW : FS.PRTlTI\H (2t )?

Arpp° 1+ (f /f )2}'[e_mR/Qﬂ(f)'q GR)P(T. 1)

(3.5)

Equation (3.5) is a non linear equation and cahnearized by taking its logarithm. This modifies
equation (3.1) as:

In A(f) = In C + In (S(f, ) - TR/Qs(NB - In (R) + In P(f ;) (3.6)

This is now in linearized form with unknowrg@ and t. The term representing the source
filter S(f,fc) is replaced with equation (3.4). With an assuomptf known values of &, the only
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unknown quantity is gff), which can be obtained from inversion by mirgmp it in a least-

squares sense. The least-squares inversion mirsrage
X = XA -S () (3.7)

where, S(f§) is the theoretical source acceleration spectrmoh &(f) is the source spectrum
obtained from the record after substituting paramsetQ(f) obtained from the inversion of
equation (3.6). Rearranging known and unknown i on different sides, following form is

obtained from the equation (3.6) as:
R/ Q)P = In A(f)- In C-In (S (£, )) + In (R) - In P(f,f,) (3.8)

Substituting the term related to the source spec®(f,f.) as (&f)%/(1+(f/f)?), equation (3.8) can

be written as:
—1fR/ Qs()B = In A(f)- In C-In (Zf)? + In(1+(f/f)?) +In (R) - In P(f.f) (3.9)

In equation (3.9), the dependence on the corngquéecy has been linearized by expanding
In(1+(f/fo)) in a Taylor series aroungd fAccordingly the following expression is obtained:

—TER/ Qy(f) B = In A(F)- In C- In [(2f) % (L+(HE)A)] - [2/(L+(F/) DI/ YA SF) + In (R) - In P(F.f) (3.10)

Here Af; is the small change in the corner frequency anahisinknown quantity that is
obtained from the inversion. In the above expres$iurth term in right hand side represent the
Taylor series expansion of fourth term in equat{8®) as given by Fletcher (1995) and Joshi
(2006b). Following set of equations is obtainecagtarticular station for thé"iearthquake for
frequenciesf f; fs..... fn, where n denotes total number of digitized sampleke acceleration

record:

Af1R11/ Qp(f)B + F(fu,fcr) Afc = Duy(fa)
R4/ Qp(f2)B + F(h fer) Afc = Dua(f2)

FfnR1y/ Qﬁ(fn)B + F(fo,fc) Afc = Dua(fr)

where, F(f,§)= 2/(1+(f/£.)9)](f/f )*(1/f.) is the term obtained from the expansion of Inffgf) in

terms of Taylor series around ft is found that this function behave linearly f,mown values of

corner frequency & and ‘f'. For this reason in the present work i used as input parameter and
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its several possibilities are checked before thal fvalue is selected on the basis of minimum root
mean square error of obtained and calculated Bataan other station, the set of equations will be:

Ff 1R Qp(f1)B + F(fi,fer) Afc = Dio(fy)
AR Qp(f2)B + F(fafer) Af ¢ = Dio(f2) (3.11)
'anRlzl QB(fn)B + F(fn,fcl) Af c= Dlz(fn)

Subscripts ‘' and ‘j’ represent the event and #t@tion number, respectively. In above equation
Djj(fi) is given as:

Dji(fi) = In Aj(fi) - In G - In [(2af)?/ (1+(f)?)] + In (Ry) - In P(f,f) (3.12)

In the matrix form, the above set of equationsloamvritten as:

- T[flR]_]_/B 0 0 0 F(I,fcl) I/Qﬁ(fl) Dll(fl)
0  f,R./B 0 e, 0 (£ 1/Qp(f2) D1s(f2)
0 0  ThRWB 0 F¢f.1) 1/QB(f3) Dl%(fg)
0 0 0 —nf;RZI/B F.(fn,fcl) : Du(fr)
—Tf1R1/B 0 0 0 F(ffe) D1(f1)
0  #fR.P 0 0 = 68 : DlZ(::Z)
0 0 TERAB oo 0 Fifi) : _ | Pudfd)
0 0 0 i RulB F(h o) le(f”)

for H‘]earthquéke

—1tf Rt/ B 0 0 e, 0  F(ffem : Du(f,)
0 AR R 0 bl : Doy(t,)
0 0 THRRW/B 0 Féferm) : Dima(f2)
0 0 0 #an/B .F(fn,fcm) : Don(F)
TRl 0 0 e, 0  F(ifem : Dro(f2)
0 :F[fZRm2/B 0O 0 E((fm) . Dmg(fg)
0 0  TERWP i 0 Féffcm) ; Dima(f3)
; : : : : 1/Qs(fr) :
0 0 0 . Ff.Rn/B  F(f fom) Af, Dma(fn)
This can be represented in the following form:
Gm=d (3.13)



Model parameters are contained in the model matrixand the spectral component in the data
matrix ‘d’. Inversion of the ‘G’ matrix gives theadel matrix ‘m’ using the Newton’s method as

below:
MG'G)'G" d (3.14)

The corner frequency is treated as an input paemethe inversion algorithm to maintain
the linearity in equation (3.12). Different solut®are found for different possibilities qf The
final solution is that which gives minimum rmse. the present inversion scheme several
possibilities of corner frequencies are checkedtéatively changing corner frequency ‘in a
step of small incremental change Af'! The small increment&f considered in the present work
is 0.01 Hz. The above inversion is prone to theblems if GG is even close to singular and for
such a case; the singular value decomposition (Spfiejer to solve ‘m’ (Press et al., 1992).
Formulation for the SVD is followed after Lanco4€961).

The entire scheme of iterative inversion used fariming £ and Q(f) is shown in Fig. 3.1
in the form of flow graph. The software QINV devednl by Joshi (2006b) has been used in the
present work. Seismic moment is one of the mosbmapt parameter which is required as input to
the present algorithm. This has been computed fitmenspectral analysis of the recorded data
using Brune’s model (Keilis Borok, 1959; Brune, 097In this process a time window of length
which cover entire S phase has been applied tadhected accelerogram. The sampled window
is cosine tapered with 10% at both end (SharmaVdadon, 1994). The spectrum of this time
series is obtained using FFT algorithm and spéwisabeen corrected for anelastic attenuation and
geometrical spreading term. The long term spetredl has been computed from obtained source
spectrum and is used for calculating seismic moroéain earthquake. Seismic moment,*df
an earthquake can be derived from the long termldlgel of the displacement spectrum from

Brune’s model (1970) and is given as:
Mo = 4npB> Qo R/ FS.R, (3.15)

where,p andp are the density and the S-wave velocity of theiotadrespectivelyQ, is the long
term flat level of the source displacement spectatna hypocentral distance of R, FS is free
surface effect andRis the radiation-pattern coefficient. The valuedefsity and S wave velocity

has been used as 2.7 gmicamd 3.0 km/sec, respectively. As the fault plaokition of the

45



individual events could not be determined owinghe small number of stations, the radiation
pattern B, has been approximately taken as 0.63 for S watkér(@on and Boore, 1995).

‘ S-phase of acceleration record ‘

v

‘Calculate amplitude spectra ‘

Correct amplitude spectra for anelastic attenuation
to obtained source displacement spectra

v

Compute seismic moment <
from source displacement spectra

Input to inversion
amplitude spectra of S-phase,
seismic moment, Initial guess of f, i.e. 0.01Hz

v

Use inversion

to obtain Qg(f)

Calculate theoretical source spectra A¢(f)
using f, and M,

v

Calculate observed source spectra A(f)
using obtained Q(f)

‘ Compute RMES between Ay(f) and Af(f)‘

f, =f, +Af
where Af small increment value

[Qﬁ(f) and f_ corresponding j

to minimum RMSE

Treat residual of obatin and theoretical
source spectra as site amplification term

E:orrect acceleration spectra for site eﬁe@

Compute source displcement spectra
using obtained Qq(f) relation

Final Q(f) corresponding
to minimum error

Figure 3.1: Flow diagram of entire process of inversion.

e
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In the first part of inversion process, the ac@len spectra without any correction of site
amplification has been used as an input to therighgo and Q(f) relation corresponding to
minimum error is obtained. The obtained value a$ra&c moment, corner frequency ang(p
from the first part of the inversion are furtheredsfor obtaining residual of theoretical and
observed source spectra which is treated as sif@ifeation terms (Joshi, 2006b). The site
amplifications terms obtained from inversion aredis correct the acceleration spectra which are
now used as input in the second part of inversabresie which is similar to the first part. The final
outcome from this part is a news(@ relation together with input values of seistTmoment and
corner frequency of each input. The obtained valu@(f) from second part of inversion is used
to calculate source displacement spectra from exa@n record and is further used for computing
seismic moment for next inversion. The processwaf step inversion is repeated for this new
estimate of seismic moment and goes on until minimunse is obtained which gives final
estimate of Q(f) at each station. The whole procedure to compeismic moment after iteratively

correcting acceleration spectra is shown in Fig. 3.

Input acceleration
spectra of S-phase

correction for anelastic
attenuation using initial Q,(f)
for calculating source spectra

l

use obtained valueof M, from source spectrum
and select f_ in the inverstion procedure

E)btained new Q(f) from inversion]

v

Calculate theoretical source
spectra using known Myand f,

v

Find residual of
actual and theoretical spectra

calculate rms error

Treat residual of theoretical and
observed spectra as site effect

correct spectra of S-phase
using obtained Q(f) value and site term

select M, based on minimum rms error

Figure 3.2: Flow diagram of entire process to obtain seisnmcrant.
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In an attempt to check whether the residual maksesas a site amplification term, the
technique proposed by Lermo and Chavez-Garcia (19@3 been used to obtain the site
amplification curves. In this technique, amplitugfeectrum of the horizontal-component of shear
wave is divided by the amplitude spectrum of theieal-component at each station to obtain the
frequency dependent site response. This techngjagaalogous to the receiver function technique
applied in the studies of the upper mantle andtdresn teleseismic records (Langston, 1979).
This method is similar to the Nakamura (1988) mdtlbd computing site amplification factors
using H/V ratio at single station. Corner frequentygach event obtained from iterative inversion
has been used to calculate residual of observedha&odetical source spectra of each event which
Is used as site amplification term. The site angalifons at Dharchula station obtained after

iterative inversion of six events are shown in Bg.

5 100
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Figure 3.3: Site amplification at Dharchula station. The bldiles show the site effects obtained by
inversion of acceleration records of input evemtsMS component at Dharchula station. Differenedin
indicated site effect obtained from residual ofuhm@cceleration and source spectra. The shaded area
denotes the region betwegnc andpu—o of the site amplification obtained using the tdghe given by
Lermo and Chavez-Garcia (1993). Parametafsahd ‘c’ describe the mean and standard deviation,

respectively.

3.3 Numerical Experiments

The developed software and algorithm has been ncafigr experimented to check its
stability and its dependency on input data sete@ different set of input data has been used for
this numerical experiment to obtain(€) at Dharchula station. The NS component of aaegion
record has been used for this numerical test. Batltontain six events and detail of events is
shown in Table 3.1. The source parameters of tleeeamts were calculated from the source
displacement spectra computed usingfQvalue as given by Joshi et al. (2012a) for henaon
Himalaya. After obtaining &§f) from inversion of spectral acceleration dataurse displacement

is again computed using obtained value gff\from inversion. The process goes on until rms
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error is minimized. The residual of obtained andotietical spectra in each step is treated as site
amplification and is used further for correctingc@leration record for site amplification term.
Three input data sets from Dharchula station aparsgéely used and site amplification angfiiis
calculated for each set.

In order to check the effect of high frequenciesobtained () relation the entire data is
passed through high cut filter having high cut en§ 21, 23, 25 and 30 Hz, respectively. Fig. 3.4
and 3.5 show that almost same site amplificatioth @(f) relation has been obtained in four
different cases for three different data set atrBiinala station and minimum error is obtained for
high cut corner of 25 Hz frequency. Therefore tiyi records are filtered at high cut corner of 25

Hz frequency. Almost similar results have been ioleth for all three sets at similar cutoff

frequency which indicate stability of inversion afghm.

Table 3.1: Information of events used in the present numkeiggeriment.

Data Date Origin time Epicenter Depth M oment
Set (h:m:s) (km) magnitude
05/05/06 | 08:00:28.72| 29°38.65',80° 42.16' 3( = 3.9
27/10/06 07:55:01.39 29°57.46',80° 15.23' 13 3.8
Data | 05/05/06 | 08:49:40.48 29041.43',80° 45.00' 25 3.7
set! 07/05/06 | 06:46:13.72 29057.51',80° 48.80' 35 3.8
01/04/06 19:42:52.10 30°12.73',80° 24.13' 11 3.9
27/10/06 08:01:32.23 29052.35',80° 17.70' 14 3.3
12/01/10 09:35:21.62 29°51.73',80° 21.30' 0" 3.4
04/09/08 12:53:10.14 30°8.38',80° 15.28' 15 4.6
Data | 07/02/10 07:16:41.68 29052.14',80° 21.48' 03 3.5
setll 06/07/10 19:11:54.09 29°47.73',80° 27.61' 07 3.3
19/07/10 00:08:41.44 29°52.41',80° 26.38' 11 3.4
08/10/10 | 17:10:13.64| 29°48.57',80° 35.62' 18 3.3
12/04/07 | 04:59:54.49 29°48.72',80° 22.01" 15 3.1
30/05/06 | 18:25:18.03| 29°54.14',80° 26.95' 03 3.8
Data | 26/01/10 | 06:51:13.30] 29°51.82',80° 19.89' 03 3.9
setlll 04/09/08 | 17:38:20.21 29°08.17',80° 20.09' 03 3.2
08/12/09 07:05:16.70 30°22.39',80° 13.22' 13 4.5
11/01/10 05:15:14.61 29°48.68',80° 25.06' 12 4.4
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Ste amplification
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Figure 3.4: Site effects obtained from three different sets &8 component at Dharchula station at
frequency range 1 to 21 Hz, 1 to 23 Hz, 1 to 25add 1 to 30 Hz are shown in (a), (b), (c) and (d),
respectively. The shaded area denotes the regtorebeu +c andu —o of the site amplification obtained
using the technigue given by Lermo and Chavez-Gdtt993). Parameterg’‘and ‘c’ describe the mean
and standard deviation, respectively.
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Figure 3.5: The Q(f) relationship for three different sets for NSngmonent at Dharchula station at
frequency range 1 to 21 Hz, 1 to 23 Hz, 1 to 25add 1 to 30 Hz are shown in (a), (b), (c) and (d),
respectively.
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The input data, site amplification ang(€) obtained from each set at cutoff frequency Bf 2
Hz is shown in Fig. 3.6. It is found that almostigar Qs(f) and site amplification has been
obtained at Dharchula station for this cutoff firtlaree sets. Root mean square error is also almos
similar for all three set at Dharchula station.

In an attempt to check the obtaineg(fyvalue by using other horizontal component of
acceleration record from same data set, the EW ooeng of acceleration record has been used as
input to the inversion algorithm. Table 3.2 givies value of rms error and obtaip(f) relation for
both NS and EW horizontal component. It is founak tlmost similar gIf) value is obtained for
both NS and EW component of acceleration recor@. Aimerical experiment about dependency

of result in cutoff frequency and data set indidate stability of solution obtained in the inversio

algorithm.
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Figure 3.6: Input acceleration spectrum (a), (d) and (g) foméléte frequency range for three( )different sets
for NS component at Dharchula. Site effects (B)ae (h) obtained from different sets at frequerange
of 1 to 10 Hz and (c), (f) and (i) are thg(fprelationship for the three different sets atathula station at
frequency range of 1 to 25 Hz. The shaded areatégnbe region betweemtc and y—c of the site
amplification obtained using the technique givenlleymo and Chavez-Garcia (1993). Parametgrand
‘o’ describe the mean and standard deviation, reispéct
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Table 3.2: Qy(f) and RMS error at high cut frequency of 21, 28,and 30 Hz obtained from inversion of
data for both NS and EW component from three detsent used at Dharchula station.

Details of data Obtained result from Obtained result from Obtained result from Obtained result from
set Inversion at 21 Hz Inversion at 23 Hz Inversion at 25 Hz Inversion at 30 Hz

Date and RMS RMS RMS RMS
Origin time Qp(f) error Qp(f) error Qp(f) error Qp(f) error

27/10/06
08:01:32.23
Set [ 05/05/06 | NS
08:49:40.48

07/05/06
06:46:13.72

05/05/06
08:00:28.72

(24i9)f(1.2¢0.11) 0.1008 (14i7)f(1.4¢0.12) 0.0368 (1819)f (1.440.17) 0.0206 (28112)f(1'4t0'12) 0.0217

27/10/06 Ew (lBt?)f(MtO'm)
07:55:01.39

01/04/06
19:42:52.01

0.0201 | (18£2HfCF0 1 00 1 (ASE10)F 42| g 10y | (2329)f 040D 0.0116

19/07/10
00:08:41.44
Set [~ 08/10/10
" 17101364 | NS
06/07/1(
19:11:54.09
12/01/10
09:35:21.62
07/02/1(
07:16:41.68 | W
04/09/08
12:53:10.14

(13£3.7)f0%03 (15£4)f €039 (174.6)f©8:0%9) (19+6.5)f(08:042)

0.0843 0.0580 0.0643 0.0601

(14i2)f(0.810,28) (16.413)f(0'8i0'36) (1816)f(0.7:0.11) (16i03)f(0'9i0'17)

0.0307 0.0366 0.0285 0.0576

12/04/07
04:59:54.49
Set 04/09/08
"] 17382021 | NS

30/05/0¢
18:25:18.03

26/01/10
06:51:13.30

11/01/1(
05:15:14.61

08/12/09
07:05:16.70

(121,3'7)f(1.3:0,14) (16i2.8)f(1'2i0'07) (161,2'5)f(1.2:0.14) (211,3'7)f(1.0:0.10)

0.3269 0.2659 0.1271 0.0741

EW (151-5)f(1'2t0'25) (1612.5)]‘(1'&0'17) (1316)f(1'5t0'17) (201-4,2)f(1'5i°'12)

0.0973 0.1961 0.0831 0.4853

In order to check the dependency of obtainggf)Qelation on the depth of input
earthquakes a numerical experiment has been madeddta set named as data set | and IV have
been used for this experiment. The NS componewtded at Dharchula station has been used as
input data to the inversion algorithm for this nuio@ experiment. The parameters of earthquakes
included in data set | and IV are given in Tablé and 3.3, respectively. The obtained site

amplification and Qf) relation from data set | and IV is shown in F&7. The obtained ({f)
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relation using the data set | and 1V is reported able 3.5. It is seen from Fig. 3.7 that datal set
and IV gives different ff) relation. The depth range of the events usedkita set | and data set
IV are different. The depth ranges for data sehd &/ are 11-35 km and 3-7 km, respectively.
These different depth range may be responsibldiffarent Q(f) relation obtained for the data set
I and IV, respectively.

In order to check the dependency of input datarttaearthquake with similar hypocentral
depth range on obtaineds(@ relation data set named as data set V is peepahich has same
depth range as data set I. The hypocentral paresneted in data set V are given in Table 3.4. The
depth ranges for data set | and V are similarlile35 km. The obtained site amplification and
Qg(f) corresponding to input data of data set | angs\shown in Fig. 3.8. The obtaineg(€
relation using the data set I, IV and V is repoitedable 3.5. It is observed from this experiment
that data set having similar depth range gives siramilar Q(f) relation as compare to the data
set having different depth range. This experiméoins that input data with different depth range
tends to give different i) relation while the input data having similarptle range gives almost

similar (f) relation.

Table 3.3: The hypocentral parameters of events used for &th/.

Data set 1V

Date Origin time Epicenter Depth(km)
30/05/06 18:25:18.03 29°54.14',80° 26.9%' 3
26/01/10 06:51:13.30 29°51.82',80° 19.89' 3
04/09/08 17:38:20.21 29°08.17',80° 20.09' 3
07/02/10 07:16:41.68 29°52.14',80° 21.48' 3
06/07/10 19:11:54.09 29°47.73',80° 27.61" 7
12/01/10 09:35:21.62 29°51.73',80° 21.30' 5
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Figure 3.7: (a) Site effects and (b)y@) relationship obtained using the (A) Data sahtl (B) Data set 1V,
respectively. The shaded area denotes the regiwedeu+oc andu—oc of the site amplification obtained
using the technigue given by Lermo and Chavez-G@dft993). Parameterg’‘and ‘c’ describe the mean
and standard deviation, respectively.
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Table 3.4: The hypocentral parameters of events used for Sts.

Data set V
Date Origintime Epicenter Depth(km)
19/07/1( 00:08:41.4. 290°52.41,8026.38 11
12/04/0° 04:59:54.4 29°48.72,8022.01 15
08/12/0¢ 07:05:16.7' 30022.3¢,8013.22 13
19/08/0¢ 10:54:32.1 29045.1¢€,7942.27 35
01/08/1: 10:14:23.5 29058.34,79%58.70 25
01/10/1: 04:26:53.3 29053.1¢,8027.84 25

(A) (B)

5 10000 c
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Figure 3.8: (a) Site effects and (b)y@) relationship obtained using the (A) Data sant (B) Data set V,
respectively. The shaded area denotes the regiwebeu+oc andu—o of the site amplification obtained
using the technique given by Lermo and Chavez-G@qtt993). Parameterg’‘and ‘s’ describe the mean

and standard deviation, respectively.

Table 3.5: Qy(f) and RMS error obtained from inversion of dadalS component using Data set I, IV and
V at Dharchula station.

Data Set Obtained result from Inversion
Qp(f) RMSerror

Set | (18+9)f 14017 0.0206

Set IV (10+7)f08019 0.9180

SetV (17+5)f+40-10 0.0312

In an attempt to check the dependency of obtainédisn on random selection of input
data, bootstrap method has been implemented ipreésent work. In this numerical experiment,
data set VI has been used. The NS component retatdeharchula station has been used for this
numerical experiment. The random selection of trents have been made from the data set | and

V to generate the data set VI. The hypocentralmpatars used in data set VI are given in Table
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3.6. The site amplification andg@ relation obtained using the data set I, V arldaké shown in
Fig. 3.9. It is observed from Fig. 3.9 that thg(fRrelation obtained using the data set VI is
comparable with the f) relation obtained using the data set | and Ye Tepth range of the

events used in data set VI are same with thatendtita set | and V. The obtaineg(iprelation

using the data set I, V and VI are given in Tahlg &d it reveals the Q) relation is almost

similar for these three data sets.

Table 3.6: The hypocentral parameters of events used for Sat¥|.

(b)

10000

Data set VI
Date Origintime Epicenter Depth(km)
01/04/0¢ 19:42:52.1 30°12.73',80° 24.1 11
01/0¢/11 10:14:23.5 29°58.34',79° 58.7 25
27/10/0¢ 07:55:01.3 29°57.46',80° 15.2 13
19/08/0¢ 10:54:32.1 29°45.16',79° 42.2 35
27/10/0¢ 08:01:32.2 29°52.35',80° 17.7 16
01/10/1: 04:26:53.3 29°53.16',80° 27.¢ 25
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Figure 3.9: (a) Site effects and (b)) relationship obtained using the (A) Data s Data set V and
(C) Data set VI, respectively. The shaded area tdenthe region betweemtc and p— of the site
amplification obtained using the technique givenlieymo and Chavez-Garcia (1993). Parametgrand

‘o’ describe the mean and standard deviation, reispéct
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Table 3.7: Qy(f) and RMS error obtained from inversion of data S component using Data set |, V and
VI at Dharchula station.

Data Set Obtained result from Inversion
Qp(f) RMS error
Set | (18+9)f 4017 0.0206
SetV (17+45)f140-10 0.0312
Set VI (18+4)f1=+014 0.0217

3.4 Conclusion

This chapter discussed a two step inversion algorito obtain frequency dependent S-
wave quality factor gff) using the strong motion data. In the earlierdgt the input to inversion
algorithm like seismic moment was considered fréva independent sources. This limitation is
incorporated by using seismic moment computed fitbe acceleration record after properly
correcting the record for site amplification andelastic attenuation term in each iteration.
Numerical tests have been performed to check #dalisy of solution and dependency of results

on frequency contents of input data set and théhdamge of input events.
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Chapter - 4

Three Dimensional Attenuation Structure of Central Honshu

region, Japan

4.1 Introduction

Central Honshu is the part of Honshu Island in Japan where three island arcs, the Northeast
Japan Arc, the Southwest Japan Arc, and the lzu-Bonin Arc, meet one another. The
geomorphological and geological structure of central Honshu region is extremely complicated due
to this tectonic activity. Central Honshu is divided by the Itoigawa-Shizuoka Tectonic Line (ISTL),
the Median Tectonic Line (MTL). A network of strong motion recorders name as KiK network is
operated in this region which is maintained by National Research Institute for Earth Science and
Disaster Prevention (NIED). Several local events are recorded frequently in this region by KiK net
network. In the present chapter strong motion data acquired by this network have been used to
determine the three dimensional attenuation structure of Central Honshu region, Japan using the

inversion technique as discussed in Chapter 2.

4.2 Tectonic setting

Honshu is the largest island of Japan which was initiated by tectonic process of rifting and
back-arc spreading of the Japan Sea, which is similar to the other arcs in Japan. Arc to arc juncture
of East Japan and the West Japan arc systems represent the Central Honshu region (Takeuchi
2008). The main tectonic features of the study area are The Median Tectonic Line (MTL) and The
Itoigawa-Shizuoka Tectonic Line (ISTL) and are shown in Fig. 4.1. The ISTL is a major tectonic
structure that divides the Honshu island of Japan into NE and SW parts (Yabe, 1918; Kato, 1992).
ISTL is basically a major geological boundary and a proxy for the plate boundary between the
North American Plate and the Eurasian Plate (Nakamura, 1983; Kobayashi, 1983). The MTL is the
Japan’s longest fault system. It connects with ISTL and Fossa Magna and the extension of MTL is
disappeared towards the northeastern side of ISTL. Fossa Magna zone is the tectonic depression
zone lies of the east side of the ISTL. The ISTL is considered as the western boundary of Fossa
Magna (Wilson and Kato, 1995). Towards the east side of ISTL the Kanto Plain exists, which is

the largest plain in Japan. The Kanto Plain having the depressed area developed during the
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Quaternary time. This depressed area is covered with thick Quaternary sediments having a large
amount of volcanic ash. The deposited volcanic ash was weathered to become clay known as the
Kanto loam. In the region on the west side of the ISTL, the oldest geological belt (Hida Belt),
consisting of metamorphic rocks. The metamorphic rocks are gneiss, the parent rocks of which are

pre-Cambrian rocks (source: http://www.glgarcs.net).
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Figure 4.1: Tectonic setting of Central Honshu region, Japan and the block represents the study area. Solid
triangles and stars denote the location of recording stations and earthquakes, respectively (Figure modified
after Yoshimoto et al., 2004).
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4.3 Data

National Research Institute for Earth Science and Disaster Prevention (NIED) has deployed
the nation-wide seismic observation networks. KiK-net (KIBAN kyoshin network) is the sub-set of
Hi-net (High-sensitivity seismograph network) which consists of 696 strong-motion observation
stations. The locations of these sites are shown in Fig. 4.2. The strong motion sensors of KiK-net
network are placed at surface as well as borehole. The depth of boreholes in KiK-net network lies
between 100m to 200m. Each station has digital strong-motion seismograph with a wide frequency
band and wide dynamic range having a maximum measurable acceleration of 2,000 gal. The
sampling frequency of data is 200 Hz. The KiK-net stations have two three-component
accelerometers at each recording sites. One accelerometer is placed at the surface while other at the
hard rock in borehole.
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Figure 4.2: Map of Japan showing the locations of sensors deployed all over JAPAN. Study area is shown
in the box. (Source: http://www.kik.bosai.go.jp-sitemap).
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The acceleration records for present study have been acquired from official website of
KiK-net. In order to use record free from site amplification, acceleration records from borehole
sensor have been used in this present work. A total of 293 records from twenty one earthquakes are
used for numerical experiment related to the developed algorithm discussed in Chapter 2. The final
attenuation structure is based on 138 records of twelve earthquakes at 27 different stations in the
Central Honshu region. Details of the 27 stations from which data has been used for the present
study is reported in Table 4.1. The downloaded acceleration records need to be processed for
obtaining attenuation structure. The records have been processed using the procedure suggested by
Boore and Bommer (2005). Processing steps used in present work are (i) baseline correction, (ii)
instrument scaling (iii) padding and (iv) frequency filtering. These steps are defined in following

section.

Table 4.1: Detail of the recording stations (Source: http://www.kik.bosai.go.jp, last accessed 2011).

. . Latitude Longitude Depth
Station Code Station Name (Degree) (Degree) (meter)
GIFH 04 FURUKAWA 36.2417 137.2013 100
GIFH 10 KAMIOKA 36.3749 137.3746 100
GIFH 11 YAOTSU 35.4833 137.2494 100
GIFH 14 KAMITAKARA 36.2462 137.5204 100
GIFH 15 TAKAYAMA 36.1306 137.2238 104
GIFH 16 ASAHI-KITA 36.0909 137.3468 100
GIFH 19 ASAHIMINAMI 36.0184 137.3936 100
GIFH 20 GERO-N 35.7959 137.2561 128
GIFH 24 HIGASHISHIRAKAWA 35.6369 137.3217 106
GIFH 28 NAKATSUGAWA 35.4539 137.4737 400
NGNH 03 ACHI2 35.4753 137.7376 165
NGNH 08 MISATO 36.25 137.86 250
NGNH 13 TAKAGI 35.51 137.88 124
NGNH 10 KISO 35.96 137.77 104
NGNH 15 TATSUNO 36.0056 137.9336 100
NGNH 16 CHINO 35.9433 138.1879 247
NGNH 18 KAIDA 35.9292 137.598 100
NGNH 20 AGEMATU 35.7839 137.7203 100
NGNH 21 INA 35.8283 137.9267 180
NGNH 22 HASE 35.7914 138.0855 100
NGNH 23 NAGISO 35.6024 137.6135 102
NGNH 24 MATSUKAWA 35.612 137.8827 107
NGNH 30 NAGAWA 36.0609 137.688 101
NGNH 31 SHIOJIRI 36.1153 137.9419 218
NGNH 32 MATSUMOTO 36.26 137.99 100
NGNH 35 HOTAKA 36.3793 137.8231 105
NGNH 54 IIDA 35.4456 138.0088 104
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Baseline correction

The baseline correction step involves subtracting of straight line from the input of time
series. The line can be linear least square fit to the time series or the mean value of time series. The
mean value is determined from the mean of suitable portion of accelerogram. Basically the portion
of record prior to P wave is taken for calculating mean and in case of absence of pre event record,
entire record can be used. In the high frequency strong ground motion it is very difficult to see the

effect of baseline correction in acceleration record and is evident on the velocity record obtained

from the integration of acceleration record.
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Figure 4.3: (a) Digitized acceleration record without baseline correction, (b) velocity record obtained from
the integration of acceleration record (c) Digitized acceleration record with baseline correction, (d) velocity
record obtained from the integration of acceleration record from NGNH10 station.

Instrument scaling

This is an important correction, which converts counts or volt recorded by instruments into
actual ground motion. Different instruments have different scaling factor and based on the type of
sensor used in recording, different value of scaling factor is used for data recorded by different

sensors. Without instrument scaling correction recorded data does not have any physical meaning.
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Figure 4.4: Processed (Baseline corrected) NS component at NGNH10 station (a) before (b) after
instrument scaling correction.

Padding

The padding-processing step extends the time series in both directions by adding zeros to
the leading and trailing ends of the record. This step is used before application of low cut
frequency filtering. Zero pads are added symmetrically to the both ends of the records in order to
accommodate the filter transient. The length of zero pad ‘tpa’ at each end is calculated using
following empirically determined formula:

Tpad = 1.5 * nroll/fe (4.2)
where, ‘nroll’ is the rolloff of the acausal low cut Butterworth filter and f; is the low cut frequency
of the filter. The effect of padding is visible in the integrated displacement record obtained from
strong motion record. A long term away from zero at the end of the velocity or displacement time
series indicates that there may be insufficient padding. The integrated displacement record shows
without padding there is long term away from zero at the end of displacement record as shown in

Fig. 4.5¢c and this is removed in the zero padded processed record shown in Fig 4.5f.
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Figure 4.5: (a) Acceleration record without zero pad, (b) Velocity record obtained from integration of
acceleration record, and (c) Displacement record obtained from the integration of velocity record. (d)
Acceleration record with zero pads, (e) Velocity record obtained from integration of acceleration record,
and () Displacement record obtained from the integration of velocity record.

Frequency filtering

For routine processing of strong motion data acausal filtering is preferred over causal
filtering. One reason for this preference is that at periods much shorter than the corner frequency
the waveforms and hence the response spectra is less sensitive to the low cut frequency corner
(Boore and Akkar, 2003). The distinguish feature of acausal filter are that they do not produce any
phase distortions in the signal, whereas the causal filter do result in phase shifts in the record
(Boore and Bommer, 2005). Acausal filters needs to start to act prior to the beginning of the
record, which can be accomplished by adding lines of data points of zero amplitude, known as
pads, before the start of the record and after the end of record. The length of pads depends on the
filter corner frequency and filter order (Boore and Bommer, 2005). The most important parameter
in the filtering technique is the choice of low frequency cutoff. This choice is depends on (i)
frequency characteristics of the earthquake source and (ii) visual inspection of integrated

acceleration time series.
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Filter corner can be estimated from the Fourier amplitude spectra of entire record after
applying baseline corrections. At low frequencies noise are assumed to fall off roughly as 1/f
towards higher frequencies, whereas signal is generally assumed to fall off between f* and f
towards low frequencies. The low cut filter corner is usually estimated to be at the intersection of
these two trends (Stephens and Boore, 2004). After baseline and instrument corrections a filter is
applied to remove high frequency noise. In the usual processing of digital records a Butterworth
filter with a corner frequency near 80% of final sampling rate (Shakal et al., 2004) is used. Low
frequency selection of Butterworth filter remains the most difficult part of strong motion
processing. The effect of earthquake magnitude is to raise the response spectrum at low
frequencies and subsidize the noise spectrum in the usual strong motion processing band. In order
to select the low frequency corner of the Butterworth filter, the data of noise from pre event
memory of digital record has been used. The frequency at which the ratio of response spectra of
record to noise is equal to 3 (Boore and Bommer, 2005) is assumed as low frequency of the
Butterworth filter. Figure 4.6 shows method of selection of low cut filter corner of the bandpass
filter used in processing of the records.

Total twelve earthquakes recorded at 27 different stations in Central Honshu region are
used in the present work. Thus a total of 138 accelerograms have been used in this work. The
hypocentral parameters of earthquakes used in present work are calculated by using HYPO71
program originally developed by Lee and Lahr (1972). The arrival time of primary and secondary
phases from these events has been used for localization of events using HYPO71 software. Arrival
time of P and S phase, geographical coordinates of recording stations and velocity model are the
inputs of this software. The velocity model given by Honda et al. (2005) has been used as input
velocity model in the determination of hypocentral parameters in the Central Honshu region. Same
velocity model has been used as input in the inversion algorithm developed for determination of
three dimensional attenuation structure of central Honshu region. Hypocentral parameter of these
events and the obtained error in their localization is reported in Table 4.2. Locations of these
earthquakes and recorded stations are shown in Fig. 4.1. In the present work strong motion data
recorded by different sensors is processed using baseline correction, instrument scaling, padding
and frequency filtering explained in earlier text. Processed records of some of the events used in
the present work for determination three dimensional attenuation structure of Central Honshu

region, Japan are shown in Fig. 4.7 to 4.18.
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Table 4.2: Hypocentral parameters of the events used in the present work. ERH and ERZ define the error of

epicenter and focal depth, respectively.

Events Origintime | Depth Epicenter ERH | ERZ
h:min:sec (km) (In Degree) (km) | (km)
Latitude Longitude
05/10/2003 | 00:29:42.52 15 35.99N | 137.58E 3.8 4.7
01/04/2003 | 09:25:36.42 6 36.36N | 137.30E 4.3 1.8
22/05/2003 | 07:09:34.25 15 35.7IN | 138.03E 4.2 4.6
04/06/2003 | 02:52:51.06 11 36.0IN | 137.58E 3.7 4.4
11/01/2004 | 16:57:59.57 9 36.40N | 137.75E 2.4 3.3
14/02/2004 | 20:19:39.37 10 | 35.85N | 137.25E 3.2 1.6
03/06/2004 | 19:04:36.87 8 35.98N | 137.37E 3.2 4.1
30/06/2004 | 06:35:56.14 11 35.98N | 137.20E 4.4 4.7
02/01/2005 | 01:30:58.66 5 36.04N | 137.20E 6.2 4.1
07/01/2005 | 23:38:07.86 20 | 35.67N | 137.20E 6.4 1.6
24/03/2005 | 20:08:00.86 10 | 36.20N | 137.37E 3.3 3.2
05/05/2005 | 07:38:13.27 15 | 355IN | 137.31E 2.2 1.7
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Figure 4.7: Normalize processed accelerograms of an event occurred on 05-05-2005 used for the present
work recorded at different stations. Star and triangle denote the location of epicenter and recording station,
respectively.
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Entire study area shown in Fig. 4.1 is marked by a rectangular block of dimension 110 km
x 110 km. This region is represented by three dimensional rectangular Cartesian coordinate system
for its use in inversion algorithm discussed in Chapter 2. The origin of this system is at the extreme
southern end of block. The X and Y axis follows eastward and northward direction, respectively.
For the purpose of attenuation structure entire region is divided into 5 x 5 x 3 rectangular blocks
along X, Y and Z axes, respectively as shown in Fig. 4.19. The ray path map from source to the
observation point is shown in Fig. 4.20. Each corner of the surface blocks are assumed as the
observation point. This gives 36 observation points. The algorithm developed in Chapter 2 requires
spectral acceleration values of S-phase at each point. The S-phase from acceleration record is
selected by visual inspection. The value of amplitude spectrum at selected frequency at different
stations is used as input to prepare spectral acceleration contours. Value of spectra acceleration at
various corners of grid calculated from spectral acceleration contour is used as an input to the
present algorithm. Various step used to prepare the contour map of spectral acceleration from
acceleration record is shown in Fig. 4.21. Spectral acceleration value at 36 observation points
within grid is used as input value to the algorithm. Contour map of spectral acceleration obtained

from strong motion data of some of the events used in this work is shown in Fig. 4.22 to 4.26.
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Figure 4.20: Projection of ray path of different events at observation points. Star and triangle denotes the
location of epicenter and observation point, respectively.
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Figure 4.23: Contour map of spectral acceleration of event occurred on 22-05-2003 at (a) 1.5 Hz, (b) 2.5
Hz, (c) 5.0 Hz, (d) 7.0 Hz and (e) 10.0 Hz frequency, respectively. Triangles and stars denote the location of
recording stations and events, respectively.
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Figure 4.24: Contour map of spectral acceleration of event occurred on 02-01-2005 at (a) 1.5 Hz, (b) 2.5
Hz, (c) 5.0 Hz, (d) 7.0 Hz and (e) 10.0 Hz frequency, respectively. Triangles and stars denote the location of
recording stations and events, respectively.
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Figure 4.25: Contour map of spectral acceleration of event occurred on 11-01-2004 at (a) 1.5 Hz, (b) 2.5
Hz, (c) 5.0 Hz, (d) 7.0 Hz and (e) 10.0 Hz frequency, respectively. Triangles and stars denote the location of
recording stations and events, respectively.
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Figure 4.26: Contour map of spectral acceleration of event occurred on 05-05-2005 at (a) 1.5 Hz, (b) 2.5
Hz, (c) 5.0 Hz, (d) 7.0 Hz and (e) 10.0 Hz frequency, respectively. Triangles and stars denote the location of
recording stations and events, respectively.
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4.4 Results and Discussion

In the present work three-dimensional attenuation structure has been determined at 1.5 Hz,
2.5 Hz, 5.0 Hz, 7.0 Hz and 10 Hz frequency, respectively using the data set of twelve earthquakes.
Parameters of twelve earthquakes used for determination of attenuation structure are given in
Table 4.2. Present study area consist Itoigawa-Shizuoka Tectonic Line and Median Tectonic Line.
The depressed area of eastern side of ISTL is covered with Quaternary sediments including a large
amount of volcanic ash derived from volcanoes (source: http://www.glgarcs.net). High quality
factor values have been observed in eastern side as compare to western side of ISTL as shown in
Fig. 4.27 to 4.31. It is further observed from the Fig. 4.27 to 4.31 that the top most layer (0-5 km)
have low quality factor values as compare to the deepest layer. In the deeper layers the trend of
contour lines become parallel to the ISTL as shown in Fig. 4.27 to 4.31. Present work revealed that
the Q structure at different frequencies matches with the geological and tectonic units at different
depth.
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Figure 4.27: Contour of shear wave quality factor with tectonic lines for 1.5 Hz at (a) 0-5 km, (b) at 5-10 km
and (c) at 10-15 km depth, respectively. (d), (e) and (f) represent three dimensional distributions of shear
wave quality factor for 1.5 Hz at 0-5 km, 5-10 km and 10-15 km depth, respectively. ISTL and MTL
describe the Itoigawa-Shizuoka Tectonic Line and Median Tectonic Line, respectively.
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Figure 4.28: Contour of shear wave quality factor with tectonic lines for 2.5 Hz at (a) 0-5 km, (b) at 5-10 km
and (c) at 10-15 km depth, respectively. (d), (e) and (f) represent three dimensional distributions of shear
wave quality factor for 2.5 Hz at 0-5 km, 5-10 km and 10-15 km depth, respectively. ISTL and MTL
describe the Itoigawa-Shizuoka Tectonic Line and Median Tectonic Line, respectively.
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Figure 4.29: Contour of shear wave quality factor with tectonic lines for 5.0 Hz at (a) 0-5 km, (b) at 5-10 km
and (c) at 10-15 km depth, respectively. (d), (e) and (f) represent three dimensional distributions of shear
wave quality factor for 5.0 Hz at 0-5 km, 5-10 km and 10-15 km depth, respectively. ISTL and MTL
describe the Itoigawa-Shizuoka Tectonic Line and Median Tectonic Line, respectively.
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Figure 4.30: Contour of shear wave quality factor with tectonic lines for 7.0 Hz at (a) 0-5 km, (b) at 5-10 km
and (c) at 10-15 km depth, respectively. (d), (e) and (f) represent three dimensional distributions of shear
wave quality factor for 7.0 Hz at 0-5 km, 5-10 km and 10-15 km depth, respectively. ISTL and MTL
describe the Itoigawa-Shizuoka Tectonic Line and Median Tectonic Line, respectively.
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Figure 4.31: Contour of shear wave quality factor with tectonic lines for 10.0 Hz at (a) 0-5 km, (b) at 5-10
km and (c) at 10-15 km depth, respectively. (d), (e) and (f) represent three dimensional distributions of shear
wave quality factor for 10.0 Hz at 0-5 km, 5-10 km and 10-15 km depth, respectively. ISTL and MTL
describe the Itoigawa-Shizuoka Tectonic Line and Median Tectonic Line, respectively.
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High ‘Q’ value accounts for low attenuation and hence zonation of any area on the basis of
‘Q’ value gives idea about high or low seismic hazard in that area. Seismic hazard in a region can
also be obtained by probabilistic and deterministic methods. The zone of high seismic hazard
obtained from attenuation study is further compared with various zone of seismic hazard obtained
from probabilistic approach. The probabilistic seismic hazard map of the Central Japan region is
shown in Fig. 4.32. It is seen from Fig. 4.32 that the eastern side of the study area have high
probability of seismic hazard as compared to the western side. A comparison has been made
between the obtained contours of ‘Q’ values at 0-5 km at different frequencies with the
probabilistic seismic hazard map and is shown in Fig. 4.33.
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Figure 4.32: Probabilistic seismic hazard map of the Central Japan region (Figure modified after the
Headquarters for Earthquake Research Promotion, 2005).
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Figure 4.33: Comparison of obtained attenuation structure at 0-5 km with the Probabilistic seismic hazard
map for (a) 1.5 Hz, (b) 2.5 Hz, (c) 5.0 Hz, (d) 7.0 Hz and (e) 10.0 Hz.

It is seen from Fig. 4.33 that obtained contour of shear wave quality factor at 0-5 km at
different frequencies are almost similar and shows comparable trends with the probabilistic seismic
hazard map. It is seen that eastern side of obtained attenuation contours shows low attenuating
earth medium and therefore high seismic hazard potential which is similar to the probabilistic
seismic hazard map given by the Headquarters for Earthquake Research Promotion, 2005. It is
seen that although method of obtaining hazard using probabilistic map is dependent on different
inputs and methodologies, the seismic hazard obtained from attenuation structure is comparable
with that obtained by probabilistic map. Several studies show that high attenuation is directly
related to magma erupted by active volcano (Havskov et al. 1989), Matsunami (1991), Shapiro et
al. (2000), Cruz-Atienza et al. (2001), Novelo-Casanova and Martinez-Bringas (2005). However in
the present study the region covered by attenuation tomography does not contain any evidence of

magma eruption by active volcano in the region.
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4.5 Conclusion

This chapter describes the result of inversion of strong motion data to obtain three-
dimensional attenuation structure of the central Honshu region, Japan. The complete method and
algorithm is discussed in detail in Chapter 2. The shear wave attenuation structure is determined at
1.5, 2.5, 5.0, 7.0 and 10.0 Hz frequency at different depth. The observed attenuation structure is
compared with the geological and tectonic structure of the region. The observed attenuation
structure gives comparable match with the major tectonic unit present in the Honshu region in
almost each frequency selected in this work. The obtained attenuation contours also gives an idea

about low and high seismic hazard present in the region.

89



90



Chapter -5

Determination of Qg(f) for Kumaon Himalaya, India

5.1 Introduction
In determination of three dimensional attenuatibocsure of any region using algorithm

defined in Chapter 2 we require strong motion dataected for site amplification term. As a
strong trade off exists between local site amg@ifmn terms and shear wave quality factor
therefore an algorithm is require which shouldreate both shear wave quality factor and site
amplification term simultaneously. This algorithmshbeen defined in Chapter 3. A dense network
of strong motion data has been installed in the &omregion of the Uttarakhand Himalaya, India.
As the strong motion data recorded at differerg¢ Etexpected to have site amplification terms
therefore algorithm discussed in Chapter 3 has lsed to obtain both the shear wave quality
factor and site amplification terms simultaneouslyich is further used to correct strong motion

data for site amplification terms.

5.2 Tectonics and Geology

The Himalayan mountain chain is characterized byaaked concentration of interplate
seismicity and high rate of upliftment as well @asmwergence (Molnar and Chen, 1983; Nakata,
1989; Demets et al., 1990). Many thrust faultsitiethe Himalaya regions which are able to
produce the earthquakes of magnitude 8.0 or gre@éis et al., 2008). Fourteen major
earthquakes of magnitude 7.5, including five great earthquakes (includimg 1912 Burma
earthquake) of magnitude3, have occurred in the Himalayan region during71891992 (Gupta
et al., 1995; Satyabala and Gupta, 1996). Histllyicaany earthquakes have been recorded in this
region which are mostly concentrated between maimndary thrust (MBT) and main central
thrust (MCT) (Seeber and Armbruster, 1984). Inghesent work the region of Kumaon Himalaya
has been considered which lies in the vicinity afl@val Himalaya. Seismicity of this region from
1973 to 2012 is shown in Fig. 5.1. The focal me®@ran of selected regional and teleseismic
Himalayan earthquakes indicate thrust faultingh@sdominant mode of deformation for Himalaya
(Fitch, 1970; Rastogi, 1974; Chandra, 1978). Ni Badazangi (1984) demonstrated that most of
the thrust-type Himalayan earthquakes are condedtrat depth of 10 and 20 km. Additionally

Valdiya (1981) suggested that the neotectonicshefHimalaya manifests as movements along
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numerous thrusts. Several studies have been caietb explain the mechanics of these thrust
earthquakes in terms of plate tectonic forces whiehealed that the regional plate tectonic
lithospheric compressive stresses resulting froenntbrthward movement of the Indian plate are
prime factor in generation of interplate seismigitythe region (Fitch, 1970; Chandra, 1978; Ni
and Barazangi, 1984; Burchfiel and Royden, 1985).

320
Magnitude
® 3.0-39
® 4049
@ 5059
6.0-6.9
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LEGEND
- Older cover sequence folded Pre to syntectonic granitoid
- Ophiolite/ Melange during Himalayan fold- thrust |:| ad 9
Crystalline complex moverment @ Thrust
overprinted by Himalayan - %glver f;OijdotE frforlzal A
fold- thrust movement t affected by fold- thrust 1 wmi Lineament
movement during terminal thor Lin

Older folded cover sequence :
overprinted by Himalayan phase of Himalayan orogeny Fault
fold-thrust movement | Atuviat fitin superposedbasin |

Figure5.1: Locations of various events in the Garhwal and EamHimalaya during 1973 to 2012
reported by USGS. The geology and tectonics ofebin is after GSI (2000).
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The Himalaya has been geologically divided intor fiilhotectonic subdivisions as shown in Fig.
5.2. From south to north these are defined as €&an$964):

(1) Outer Himalaya: - This part mostly includes the assic Siwalik Supergroup of Mio-
Pliocene ages and is demarcated by two tectoniteplathe Himalayan Frontal Thrust
(HFT) to the south and the Main Boundary Thrust IIBo the north (Bhattacharya,
2008).

(2) Lesser Himalaya: - This part exposes a thick pileighly folded Proterozoic sedimentary
strata together with a few outcrops of older crisi rocks; this subdivision is bounded
by the MBT in the south and the Main Central Thr(MCT) in the north. The Main
Central Thrust (MCT) is defined by the contact kesw the Lesser and the Higher
Himalayas (Bhattacharya, 2008).

(3) Greater or Higher Himalaya: - This part exposes asswe, north-dipping pile of
metamorphic rocks — the Central Crystalline Zorend is demarcated by the MCT to its
south and the Dar-Martoli Fault or Tethys Faulther South Tibetan Detachment (STD) to
the north (Bhattacharya, 2008).

(4) Tethys Himalaya: - This part includes with a thple of sedimentary rocks of Cambrian
to Lower Eocene ages (Bhattacharya, 2008).

TN \ STD- South Tibetan Detachment
MCT- Main Central Thrust
MBT- Main Boundary Thrust
HFT- Himalayan Frontal Thrust

Garhwal-Kumaon

A. Outer Himalaya B. Lesser Himalaya C. Greater Himalaya D. Tethys Himalaya

Figure5.2: Geological sketch map of the Himalaya. A - Outenélaya, B - Lesser Himalaya, C - Greater
Himalaya and D - Tethys Himalaya (Figure modifiégaBhattacharya, 2008).

93



5.3 Data

Department ofEarth Sciences, Indian Institute of Technology Reer has deployed a
network of fourteen strong motions stations in thghly mountainous terrain of the Kumaon
Himalaya, India under a major seismicity projechdad by the Ministry of Earth Sciences,
Government of India. This region lies along theeintational boundary of India and Nepal.
Frequent seismic activity and thrust system presettiis region demonstrate the seismotectonic
importance of the region. The Kumaon sector matsferong deformation and reactivation of
some of the faults and thrusts during Quarternemgg. This is amply evident by the recurrent
seismicity patterns, geomorphic developments amdietec surveys (Valdiya, 1999). This region
shows development of all the four-morphotectoninesy which are demarcated by intra-crustal
boundary thrust of regional dimension. These zdne® South to North are: Siwalik or Sub
Himalaya, Lesser Himalaya, Great Himalaya and Tethymalaya(Paul et al., 2003). The
Garhwal-Kumaon region lie in the seismic gap of anagarthquakes therefore this region is
seismologically important (Khattri and Tyagi, 19&3tham et al., 2001). Because of high seismic
activity and seismic gap present in this regiors #trong motion network has great importance in
recording recent seismic activities of the region.

The sites for installation of accelerographs hagenbselected on the basis of historical
seismic activities. The historical events during3%o 2012 show a cluster of events in between
Main Central Thrust (MCT) and North Almora Thru®AT) in Kumaon Himalaya region as
shown in Fig. 5.1. Hence most of the accelerograpsinstalled between MCT and NAT to
record all earthquakes occurring in this regione Tdcations of all stations are shown in Fig. 5.3
and its details are given in Table 5.1. Some stataf this network are mobile and hence Fig. 5.3
shows a total of 16 stations. The minimum interticta distance between these stations is
approximately 11 km. This network is installed imghly mountainous terrain of Kumaon
Himalaya as shown in Fig. 5.4 where elevation aording stations from mean sea level lie
between 612 to 2239 m. This network is one of taesé networks monitoring strong motion
seismic activity in highly mountainous terrain oihthlaya, India. Three-component accelerograph
has been installed at each site as shown in Fig. The stations Jouljibi and Munsyari have

minimum and maximum elevation 612 m and 2239 npeesvely.
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Figure 5.3: Location of strong motion recording stations iisthin the Kumaon Himalaya. The geology
and tectonics of the region is after GSI (2000). Blreng motion stations of local network denoted by
hollow triangles.

95



Recording station

‘-“-. Sy u.‘-u..lk,.__

Al

Figure 5.4: Location of recording station in mountainous terraf Himalaya. Figure showing location of
Askot station installed at the elevation of 1258enérom mean sea level.
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e
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Figure5.5: Strong motion accelerograph of Kinemetrics, U.SnAtalled at each site.

Three-component force balance, short period acualeter of Kinemetrics, U.S.A. has
been installed at all stations of this network.drder to record events with low energy, the
threshold level of instruments were set at very level of .005% of full scale. The sensitivity of
instrument is 1.25 V/g and full scale measureme.5V. Purpose of such low threshold level is
to record almost every possible local events oaoyirin the region. Sampling interval of digital
data is kept at 0.01 sec. The major componentatokeeaccelerograph unit are the Sensor, Global
positioning system (GPS) antenna, Solar paneleBattnd PCIMCIA card and shown in Fig. 5.6
and 5.7. The entire instrument is in a compact famd consists of sensor, recording unit and

battery. The GPS antenna is connect through a ¢atthee main unit and is used to provide exact
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geographical location and time in GMT. Solar paaetl battery is used to supply the power
backup to the accelerograph. PCIMCIA is the menuangl which is used to store the data. Data
can be retrieved from the PCIMCIA card or througtahle connected with laptop as shown in Fig
5.8. The data retrieved from the card is obtaimedeVT format. The ASCII conversion of this

format give three files with extension .001, .00@& a003 which represent the NS, EW and vertical
components, respectively. Three component of aelamgram recorded at Munsyari station is

shown in Fig. 5.9.

Table 5.1: Name, code and location of the recording stations.

Sr. | Station Name | Station Code Latitude Longitude Elevation of the
No. (Degree) (Degree) stationsfrom
mean sea level
(meter)
1 Didihat DID 29.80 80.25 1628
2 Pithoragarh PIT 29.58 80.21 1574
3 Tejam TEJ 29.95 80.12 968
4 Dharchula DHA 29.84 80.53 935
5 Munsyari MUN 30.06 80.25 2239
6 Askot ASK 29.76 80.33 1258
7 Kamedidevi KAM 29.84 79.96 1811
8 Jouljibi JOL 29.75 80.38 612
9 Baluakot BAL 29.79 80.42 644
10 | Knalichhina KNA 29.67 80.27 1656
11 | Muavani MUA 29.74 80.13 822
12 | Berinag BER 29.77 80.05 1684
13 | Mangti MAN 30.00 80.71 1609
14 | Sobla SOB 30.06 80.59 1628
15 | Thal THL 29.82 80.14 784
16 | Bhageshwar BHA 29.83 79.77 873
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Figure5.6: Major components of the accelerograph.
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Recorder with
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Figure5.7: A figure showing the major component of acceleapgrinstalled in the field.
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Figure5.8: Retrieval of data recorded in the accelerograpbutih a cable by using the laptop.
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Figure5.9: Recorded three component of unprocessed accelenagfran event occurred on 26-02-2012 at

Munsyari station.
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This network is operational since 2006. It had rded various earthquakes in this region.
A total of 294 events have been recorded by thiwark in this region during 2006 to 2013. The
arrival time of primary and secondary phases fratords of these events has been used for
localization of events using HYPO71 program oritfindeveloped by Lee and Lahr (1972). The
velocity model used for localization of events h&ttgiven by Yu et al. (1995). A total of 110
events have been localized since 2006 to 2013drptesent work forty local events recorded in
this network installed in the Kumaon region hasrnbesed. Hypocentral parameter of events used
in present work and the obtained error in theialzation is reported in Table 5.2. Location of the
forty events used in the present work is shown igp B.10. The records collected from the
accelerograph have been processed using the precsdggested by Boore and Bommer (2005).
The processing steps involve baseline correctiostrument scaling, padding and frequency
filtering discussed in detail in Chapter 4. In {hresent work six events have been used at each

station. Some of the processed records used iprésent work are shown in Fig. 5.11 to 5.26.

LEGEND
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Crystalline complex
overprinted by Himalayan
fold- thrust movement

Older folded cover sequence
overprinted by Himalayan
fold- thrust movement

Older cover sequence folded
during Himalayan fold- thrust
movement

Cover rocks of frontal

belt affected by fold- thrust
movement during terminal
phase of Himalayan orogeny

B Atuwvia fill in Superposed basin

|:| Pre to syntectonic granitoid

] @ Thrust

L Minor Lineament
- Fault

79 80 81

Figure 5.10: Location of the events used in the present worle g&ology and tectonics of the region is
after GSI (2000). Stars denote the location ofethents.
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Table 5.2 Hypocentral parameters of events used in the preserk and the error obtained in its

localization. ERH and ERZ define the error of eptee and focal depth, respectively.

Sr. Date | Origintime Epicenter Depth | ERH | ERZ
No. (km) | (km) | (km)
1 | 01/04/06| 19:42:52.10 30°12.73',80°24/13" 11 0}41.1
2 | 05/05/06| 08:00:28.72 29°38.65',80°42.16" 30 2177 1
3 | 05/05/06] 08:49:40.48 29°41.43'80°45.00' 25 410 .0 3
4 | 07/05/06| 06:46:13.72 29°57.51'80°48.80" 35 114 .5 4
5 | 30/05/06] 18:25:18.03 29°54.14'80°26.95' 03 0/9.9 1
6 | 27/10/06] 07:55:01.39 29°57.46',80°15.23' 13 5|6 .1 3
7 | 27/10/06| 08:01:32.23 29°52.35',80°17.70" 16 3/1.3 1
8 | 12/04/07| 04:59:54.49 29°48.72'80°22.01' 15 410 .7 8
9 | 19/08/08| 10:54:32.17 29°45.16',79°42.27' 35 711 .4 8
10 | 04/09/08| 12:53:10.14 30°08.38',80°15.28' 15 1171.0
11 | 04/09/08| 17:38:20.21 29°08.17',80°20.09' 03 8/33.9
12 | 17/09/08| 16:59:09.12 30°04.49',80°35.62' 25 5|4.1
13 | 08/12/09| 07:05:16.70 30°22.39',80°13.22" 13 8/45.6
14 | 11/01/10] 05:15:14.61 29°48.68',80°25.06' 12 0(20.6
15 | 12/01/10] 09:35:21.62 29°51.73',80°21.80' 05 0(47.2
16 | 26/01/10] 06:51:13.30 29°51.82',80°19.89' 03 2(3L.5
17 | 07/02/10] 07:16:41.68 29°52.14'80°21.48' 03 0(90.8
18 | 06/07/10] 19:11:54.09 29°47.73',80°27.61' 07 1,21.6
19 | 19/07/10] 00:08:41.44 29°52.41'80°26.88' 11 2|2.0
20 | 08/10/10, 17:10:13.64 29°48.57',80°35.62' 18 5|73.2
21 | 11/06/11) 02:59:03.70 30°13.08',80°22.11' 20 6|04.5
22 | 20/06/11] 06:27:19.53 30°37.72',80°49.80° 25 1126.0
23 | 12/07/11) 01:41:01.54 29°48.26',80°30.45" 12 3/61.6
24 | 12/07/11) 01:44:26.07 29°48.32',80°30.43' 11 2(91.2
25 | 01/08/11] 10:14:23.52 29°58.34',79°58.Y0" 25 5(15.2
26 | 19/08/11] 01:52:42.91 29°40.89',80°24.37' 08 3(9.7
27 | 06/09/11] 08:54:28.61 29°45.16',80°22.91' 02 6%.7
28 | 01/10/11] 04:26:53.38 29°53.16',80°27.84' 25 2|%.1
29 | 09/10/11] 07:34:55.69 29°56.93',80°30.53" 22 3\24.7
30 | 06/11/11] 18:34:46.0% 29°56.09',80°25.07' 17 2{13.2
31 | 18/11/11) 09:50:37.56 29°51.00',79°54.02" 31 11%8.0
32 | 09/12/11] 08:22:47.12 29°51.25'80°29.84' 10 4.9
33 | 09/02/12] 19:17:31.6% 30°40.00',79°35.62' 25 546.2
34 | 26/02/12| 22:57:01.3%5 29°45.16',80°35.62' 25 7195
35 | 26/02/12| 23:06:05.92 29°40.42'80°48.93' 16 1,83.6
36 | 17/06/12| 07:44:29.32 29°53.87',80°20.34' 19 1,48.4
37 | 16/03/12| 15:22:42.07 29°54.67',80°04.02" 12 3|%.2
38 | 16/03/12| 19:35:50.36 29°50.84',79°50.52' 20 7164.3
39 | 08/04/12] 07:38:14.81 29°57.69',80°15.93" 14 9(&4.2
40 | 10/05/12| 22:00:38.82 30°07.20',79°35.14" 17 5(43.4
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Figure 5.11: Normalize processedNS and EW component of accelerograms of the evasésl at
Dharchula station. Star denotes the epicenter efitav Triangle shows the location of recordingi@tat
The tectonics of the region is taken after GSI (300
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Figure 5.12: Normalize processeNS and EW component of accelerograms of the euesgd at Didihat
station. Star denotes the epicenter of eventsnglgashows the location of recording station. Tdwonics

of the region is taken after GSI (2000).
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Figure 5.13: Normalize processedNS and EW component of accelerograms of the evasésl at
Pithoragarh station. Star denotes the epicentevenits. Triangle shows the location of recordiragib.
The tectonics of the region is taken after GSI (300
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Figure 5.14: Normalize processeNS and EW component of accelerograms of the evesdd at Thal
station. Star denotes the epicenter of eventsngligashows the location of recording station. Tdwonics

of the region is taken after GSI (2000).
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Figure 5.15: Normalize processeNS and EW component of accelerograms of the eugsed at Tejam
station. Star denotes the epicenter of eventsngigashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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Figure 5.16: Normalize processedNS and EW component of accelerograms of the evased at
Bhageshwar station. Star denotes the epicentevenft® Triangle shows the location of recordingicta
The tectonics of the region is taken after GSI (300
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Figure 5.17: Normalize processeNS and EW component of accelerograms of the evesgd at Berinag

station. Star denotes the epicenter of eventsngligashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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Figure 5.18: Normalize processelS and EW component of accelerograms of the evesgtd at Baluakot
station. Star denotes the epicenter of eventsngligashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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Figure 5.19: Normalize processeNS and EW component of accelerograms of the evwesad at Jouljibi

station. Star denotes the epicenter of eventsnglgashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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Figure 5.20: Normalize processelS and EW component of accelerograms of the evesgtd at Muavani

station. Star denotes the epicenter of eventsngligashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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Figure 5.21: Normalize processedNS and EW component of accelerograms of the evased at

Knalichhina station. Star denotes the epicentavehts. Triangle shows the location of recordiragich.
The tectonics of the region is taken after GSI (00
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Figure 5.22: Normalize processedNS and EW component of accelerograms of the evasésl at

Kamedidevi station. Star denotes the epicentevefts. Triangle shows the location of recordingi@ta
The tectonics of the region is taken after GSI (300
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Figure 5.23: Normalize processeNS and EW component of accelerograms of the eugsdd at Askot

station. Star denotes the epicenter of eventsngligashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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Figure 5.24: Normalize processelS and EW component of accelerograms of the evesgd at Munsyari

station. Star denotes the epicenter of eventsngigashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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Figure 5.25: Normalize processeNS and EW component of accelerograms of the evgsad at Sobla

station. Star denotes the epicenter of eventsngligashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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Figure 5.26: Normalize processeNS and EW component of accelerograms of the euesed at Mangti

station. Star denotes the epicenter of eventsngligashows the location of recording station. Tdwonics
of the region is taken after GSI (2000).
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A time window which starts from the onset of S ghasd end before the arrival of low
frequency surface wave in the record and which ceveire S phase has been applied to the
corrected accelerogram. Selection of S phase &dbas visual inspection of entire accelerogram.
This sampled window is cosine tapered with 10% rtapeboth end (Sharma and Wason, 1994).
This windowed time series is passed through a Rérator for computing its Fourier transform.
For computing Fourier transform in the present wdhe FFT algorithm given by Cooley and
Tukey, (1965) has been used. The FFT algorithmsgk@urier transform ‘X(k)' of a real time
signal ‘x(n)’ by following expression:

N-1 -27ink
X(k)y=> e N .x(n)
n=0 (5.1)

where, ‘X(k)' represent a complex series in freqryedomain and in the present work amplitude
spectrum ‘An(k)’ is calculated from ‘X(k)’ by using followingdrmula:

A(K) = JTX(KI? +[ X, (K] * (5.2)

where, Xx(k)" and ‘X|(k)’ represent real and imaginary part of the ctampfunction ‘X(k)’

obtained in frequency domain. The obtained spectisirfurther smoothened using Laplacian
operator before using it as an input to the preségdrithm. The complete process of obtaining
spectral amplitude from processed time series @vshin Fig. 5.27. In the present work both
horizontal component i.e. North South (NS) and Eésst (EW) of strong ground motion has been

used for inversion.
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Figure 5.27: (a) Unprocessed accelerogram of 5/05/06 eventdedoat Dharchula station, (b) processed
accelerogram at Dharchula station with rectangollack showing S-phase, (c) acceleration spectrui@ of
phase marked by rectangular block with a time windb 4.0 sec, (d) Discrete value of acceleratioecta
used for present inversion. The discrete valuegoéleration spectra are shown by small circles.

5.4 Results and discussion

The discrete value of acceleration spectrum of &ehat different frequency is used as
input to the algorithm developed for calculationsbfear wave quality factor and site effects at
each station simultaneously. First part of inversoonsist of calculation of seismic moment by
using initial value of f). The obtained seismic moment is further usethpat to the algorithm
to obtain Q(f) and site amplification term. In this step oérdtive inversion procedure the
acceleration spectra is corrected for site effectd Q(f) obtained from inversion and seismic
moment is calculated from source displacement sp€ethe process is repeated till minimum root

mean square error is obtained. The complete afgorig already discussed in Chapter 3.
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5.4.1 Site effects

The data used in the present work consist of varexents which have been recorded at
different stations. Seismic moment of input evers hbeen determined from the source
displacement spectra of two horizontal componehtscoeleration record of each event recorded
at different stations using the methodology defm&hapter 3. The average seismic moment for
each event is calculated by using all values adrsiei moment at different stations. The initial
value of Q(f) used for obtaining source spectra is that gibgnJoshi et al. (2012a) for the
Kumaon Himalaya. The obtained source spectra favamt recorded at four different stations are

shown in Fig. 5.28.
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Figure 5.28: (a), (b) and (c) are the obtained source displactrapectra for an event recorded at four
different stations for NS, EW and both componergspectively. Solid line indicates the theoretgctra
defined by Aki (1967).

Average value of seismic moment computed from twoziontal components recorded at
several stations is used as an input to the fagtqgf inversion together with the spectra of Sggha
in the acceleration record. Several values of ther frequency have been selected iteratively
and are used as input to the inversion algorithootRnean square in the obtained and observed
data is calculated for each case and the soluttoresponding to minimum RMSE gives direct
estimate of @f) relation together with the value of corner fuegcy. Basic equation of
acceleration spectra of shear waves at a distandeeRo an earthquake of seismic momegt M

used for present inversion algorithm is given be{Bwore, 1983 and Atkinson and Boore, 1998):
A(f) = C S (f) D(f) (5.3)
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where, the ‘C’ term is constant at a particulatigtafor a given earthquake, S(f) represents
the source acceleration spectra and D(f) denotejaency-dependent diminution function which
takes into account the anelastic attenuation ateshwztion due to geometrical spreading. One of
the important requirements of using eq. (5.3) fversion is that the acceleration spectrum shown
in the left hand side of equation should be freenfisite amplifications. This can be achieved in
two ways (1) by using records from those statiofene site amplifications are not effective
within the range of frequencies required for theension (i.e. rock site) or (2) by removing theesit
amplifications directly from the acceleration spactThe first approach is not feasible in this
study, as enough information about the site chariatics is not available at each strong motion
site. Use of the second approach is more suitaléhfs study therefore the inversion process is
divided into two sub-inversions to save computemoey and processing time. In the first part of
inversion spectral acceleration data, seismic monag corner frequency is used as input
parameters. Several possibilities of corner fregigsnare checked for each input event in this part
of inversion. Final values are selected on thesbaSiminimum RMSE. The obtained value of
corner frequency is used to compute theoretic sospectrum and residual is treated as site
amplification term. Different site amplification ues are obtained at each station depending upon
number of input events. Average value of site afigplion obtained from inversion is used for
correcting the acceleration record.

Shear wave quality factor at each station is catedl using both the NS and EW
component of acceleration records. Direct seismcoddgvidences of nonlinear site effects were
reported by using spectral ratio techniques (W804). Therefore in an attempt to check whether
the residual make sense as a site amplificatider fithe technique proposed by Lermo and
Chavez-Garcia (1993) to obtain site amplificatiamves have been used. In this technique, the
amplitude spectrum of the horizontal-componentivedéd by the amplitude spectrum of vertical-
component at each station to obtain the frequeepgddent site response. This technique is
analogous to the receiver function technique agglethe studies of the upper mantle and crust
from teleseismic records (Langston, 1979). Thishoetis also similar to the Nakamura (1988)
method of computing site amplification factors wgsifl/V ratio at single station. The site
amplifications obtained at different stations afteversion and its comparison with H/V ratio
method is shown in Fig. 5.29. This comparison tyeahows that residual make sense as site

amplification term as it lies within the range @esamplification term obtained by other method.
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Figure 5.29: Site effect at the sixteen recorded stations. Blaek and red lines show the site effects
obtained by inversion of acceleration records @utnevents for NS and EW component, respectively.
Different lines indicated site effect obtained froesidual of input acceleration and source spegtemdo
describe the mean and standard deviation. The dreada denotes the region betwgers andu —c of the
site amplification obtained using technique given llermo and Chavez-Garcia (1993). Average site
amplification term obtained by inversion is shownthe blue line. Parameterg’ ‘and ‘c’ describe the
mean and standard deviation, respectively.

5.4.2 Frequency dependent shear wave quality factor Qg(f)
In the present work six events at each station een used for inversion process. The
iterative inversion is performed at each statiodejpendently. The #ff) relation of form Qf "

obtained by using all value ofg(® obtained from inversion of NS and EW recorceath station
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is shown in Fig. 5.30 and its value is given in [€abh.3. As the study area is covered mostly by
sequences of Lesser Kumaon Himalaya a regiondiaethip for Kumaon Himalaya has been
calculated in the present work. In order to cal®uleegional Xf) relation, values of gJf)
obtained from inversion of NS and EW component @teach station is further used to obtain a
best fit line using least square fitting. Plot gf{ipat each station is shown in Fig. 5.31(a). Thstb
fit line gives Q(f) = (28+2.1)f “#* which represent regional attenuation charactesistit
Kumaon Himalaya. The deviation ob@nd ‘n’ with respect to their mean values is shawfig.
5.31(b) and (c), respectively. The shaded areaign $%:31(b) and 5.31(c) denotes the region
between |i+o) and (1-6). It is seen that the calculated value @ff@ shear wave attenuation varies
in between 28+2.1 and ‘n’ varies in between 1.2%20i0dicating highly heterogeneous and

tectonically active region.

Table 5.3: The Q(f) relationship and RMS error obtained at diffdrestations using NS and EW
component data. Finalg@) relation at each station is developed by usirgvalue of f) obtained from

NS and EW component separately.

Stations Obtained result for NS Obtained result for EW Final Qg(f) relation using value of
component component Qg(f) obtained from NSand EW
component separ ately

Qg(f) Relation RMSE | Qg(f) Relation RM SE Qg(f) Relation
Dharchula (17+4.6§t°0% 0.0226 | (18+6.6§f"***" | 0.0166 (2145.0§f 0%
Didihat (24+3.3)f % [ 0.0481 | (22771 | 0.0680 (35+7.0§F 0
Pithoragarh (40+5.0§5=0-10 0.0134 | (33x8.3JF**%° | 0.0478 (39+3.5)F101
Thal (26+8.0)f 010 0.0652 | (2945.6F*%** | 0.0826 (3528.0§1°0%
Tejam (21£3.4 707 0.0478 | (1945.4§F%°* [ 0.1188 (20£2.6F%
Bhageshwar | (34+4.15t*°*° [ 0.0328| (415.1)f**"** | 0.0212 (39+4.7§F#0
Berinag (15£2.1)F %% 1 0.0566| (23+2.2)f*°% | 0.0360 (215.7§F50
Baluakot (16+2.6)F > | 0.0697| (13+2.8)f**° | 0.0881 (16+3.0§F%
Jauljibi (10+0.8)f***%* [ 0.0425| (8+1.1)f*%** | 0.0597 (102.9§F°*
Muavani (17+2.9)f % [ 0.1946| (24+4.5)f" 1 0.3576 (194355507
Knalichhina | (22+2.9§F%*%*° [ 0.0682 | (19+2.9f*%** | 0.0572 (22+3.0§F>0%
Kamedidevi | (27+4.4§t°%  10.0863 | (24+4.2f{*°°" | 0.0783 (2545.4§F50%
Askot (25+4.6)P =% [ 0.0865 | (30+4.3f**°" | 0.0621 (2545.3JF 0%
Munsyari (395.2f#*%% 1 0.1259 | (355.2ft>*% | 0.1098 (4415651507
Sobla (23x2.415° 0.0578 | (27+3.55F*%™ [ 0.0495 (27+2.4§F1700
Mangti (40£7.9)f-0 0.0742 | (4245.1§F*°* [ 0.1822 (33£3. 7)Y
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Figure 5.30: Obtained @) relationship at different stations. The(f at different frequency is taken from
the value obtained after inversion of NS and EW ponents, respectively.
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Figure 5.31: (a) Regional ¢[f) relationship for Kumaon Himalaya based on th¢amed value of shear
wave attenuation at different stations at differeatjuencies (b) variation of Qvith respect to its mean
value (c) variation of n with respect to its meatue. The shaded area denotes the region betweemnd
u -o. Parameterqu’ and ‘o’ describe the mean and standard deviation, reispéct

The Qf " relation can be used for separating differentaegjiinto active and stable
groups. The parameter sQand ‘n’ in this relation represent heterogensitend level of tectonic
activity of the region, respectively. This relatipropose low values of {I<200) for tectonically
and seismically active regions and high (@600) for seismically stable region and internageli
values for moderate regions (Kumar et al., 200Bggions with higher ‘n’ value manifest higher
tectonic activity. It is seen from Table 5.4 thatr fvarious active regions like Hindukush;
Washington; Kagoshima, Japan; Ishikawa, Japan;Btfta Italy and Southern Apennines, Italy

etc., Q and ‘n’ varies from 28 to 97 and 0.5 to 1.0, respely (Roecker et al., 1982; Havskon et
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al., 1989; Mamada and Takenaka (2004); Maeda,2@)8; Giampiccolo et al., 2007 and Cantore
et al., 2011). Comparison of present relation wither available relations of Himalaya region is
shown in Fig. 5.32(a) and it revealed that theti@iaobtained in this work falls within the range o

values that are justified for tectonically activéntdlaya regions. The comparison of the relation

developed for the Kumaon Himalaya, India with therle wide active region is shown in Fig.

5.32(b) and suggest that Kumaon Himalaya fallhédctive region.

Table 5.4: Q(f) Relationshipfor Himalaya region, India and worldwide (€ and Q(f) are the Coda-wave
quality factor and Shear-wave quality factor, respely.

Attenuation

relation

Region

Reference

Data used

Himalaya region,

India

Q.(f) =126f%

Garhwal Himlaya, India

Gupta et al. (1995)

Stromgtion data

Qu(f) =307

Garhwal, India

Mandal et al. (2001)

Strong motion &droad band dat|

Qc(f) =86f ™

NE Himalaya, India

Gupta and Kumar (2002)

Strorajian data

Qf) =927

Kumaon Himalaya, India

Paul et al. (2003)

Strorgion data

Q.(f) =158f*

NW Himalaya, India

Kumar et al. (2005b)

Strong iootdata

Qp(f) = 112"

Garhwal Himlaya, India

Joshi (2006b)

Strong motilata

Q) =871

Garhwal region, India

Sharma et al.(2009)

Stromgion and broad band da

ta

Qp(f) = 104f Kumaon Himalaya, India Singh et al. (2012b) Strorgion data

Q.(f) =61.8f%%* | Garhwal Himalaya Singh et al. (2012c) Broad bartd da

Qp(f) = 29f Kumaon Himalaya, India Joshi et al. (2012a) Strovgion data
Worldwiderelation

Q.(f) =60f Hindukush Roecker et al. (1982) Smoked pap=oros

Q.(f) =63f°%" Washington Havskon et al. (1989) Strong motiormdat

Qp(f) = 97>

Kagoshima, Japan

Mamada and Takenaka (2

04)

Stmotign data

Q.(f) =34.5f%%

Ishikawa, Japan

Maeda et al. (2008)

Strong mataia

Qu(f) =32f*

Mt. Etna, Italy

Giampiccolo et al. (2007)

Strongtion data

Qd(f) =28.3f°%

Southern Apennines (ltaly

Cantore et al. (2011)

tror® motion data
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Figure 5.32: Comparison of ¢ff) relation developed in present work with theatin of (a) Himalaya
region and (b) worldwide region.

5.5 Conclusion

In this chapter two step modified inversion algumthas been used for obtaining(fpand
site amplification term from inversion of the stgpmotion data. Data of forty events recorded at
sixteen stations located in the Kumaon Himalayaehzeen used in this study. Site amplification at
each station is determined from obtained resultearsion. In this work gf) relation and site
amplification at each station is obtained indivitijuaThe values of Qf) obtained at sixteen
different stations further used to obtain a regiaegression relation of form g{f) = (28+2.1)f
(1-220.09 \which represent the attenuating property of rdokthe Kumaon Himalaya region. Low
value of Q and high value of ‘n’ obtained in the presep(fRrelation shows that the region is

seismically active and characterized by local logfeneities.
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Chapter - 6

Three Dimensional Attenuation Structure of Kumaon Himalaya,

India

6.1 Introduction

State of Uttarakhand is among seismically active regions in India. Seismicity map of this
region shows that it is locale several earthquakes in recent past. Main Central thrust is a major
tectonic unit present in this area. The Kumaon Himalaya forms a part of tectonic belt which consist
of Main central thrust in this region. The region of Kumaon Himalaya is covered by a network of
fourteen stations under a major research project sponsored by the Ministry of Earth Sciences,
Government of India. Strong motion accelerographs of Kinemetrics, USA, have been installed in
each station of this network. This network has recorded 294 events in this region since March
2006. In this chapter three-dimensional attenuation structure of Kumaon Himalaya is determined
using the strong motion data recorded by this network. Three dimensional attenuation structure of

this region is determined by using the inversion algorithm already defined in Chapter 2.

6.2 Geology and Tectonics

The Kumaon Himalaya is located near the central part of the Himalaya. Most part of the
Kumaon Himalaya in India is characterized by high seismic activity due to the convergence and
collision of the northward-moving Indian plate with the Eurasian plate. The Main Central Thrust
(MCT) and North Almora Thrust (NAT) are passing through the study area as shown in Fig. 6.1.
The Main Central Thrust (MCT) is defined by the contact between the lesser and the Higher
Himalayas (Gansser, 1964). The Almora Thrust describes the tectonic base of the great Almora
Nappe built up of medium grade metamorphics and granitoids constituting a major tectonic
element of the structural framework of Kumaun. Heim and Gansser (1939) have named the two
flanks of this asymmetrically synformal thrust as North Almora thrust and South Almora Thrust,
respectively (Valdiya, 1980).

131



\ LEGEND

\ Older folded cover sequence Crystalline complex
| |:| overprinted by Himalayan |:| overprinted by Himalayan
fold- thrust movement fold- thrust movement

. ] O!der cover sequence folded [l Pre to syntectonic granitoid
| during Himalayan fold- thrust

| movement Minor Lineament
o] Thrust Fault

Figure 6.1: Study area lies in the Kumaon Himalaya, India region. MCT and NAT describe the Main
central thrust and North Almora thrust. The geology and tectonics of the region is after GSI (2000). The
hollow triangles denote the location of recording stations.

6.3 Data

Under the major research project sponsored by the Ministry of Earth Sciences, Government
of India network of fourteen strong motion accelerographs of Kinemetrics, USA, have been
installed in Kumaon region by department of Earth Sciences IIT Roorkee. Location of stations of
this network is shown in Fig. 6.1. Some stations of this network are mobile and hence Fig. 6.1
shows the location of 16 stations. This network has recorded 294 events in this region since March
2006. A total of eighteen earthquakes recorded during April 2006 to April 2012 at various stations
of this network have been used in the present work. Hypocentral parameters of events used in
present work have been determined using the least square method given by Geiger (1912). The
software named as HYPQO71 originally developed by Lee and Lahr (1972) is used for localization

of events. Important parameters required for determination of hypocentral parameters are the
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arrival time of P and S phase, geographical coordinates of recording stations and input velocity
model. The P and S phase present in the acceleration record is determined by visual inspection.
The velocity structure is an important input parameter that is used for determination of hypocentral
parameters using HYPO71 software. The velocity model given by Yu et al. (1995) for modeling of
strong motion data due to Uttarkashi earthquake has been used as input velocity model in present
work. Same velocity has been used as input in the inversion algorithm developed for determination
of three dimensional attenuation structure of Kumaon region. The obtained hypocentral parameters
of all recorded events determined using the HYPO71 software is given in Table 6.1. The strong
motions data collected from the accelerograph have been processed by applying various processing
steps which involve baseline correction, instrument scaling, padding and frequency filtering
(Boore and Bommer, 2005). All processing steps are discussed briefly in Chapter 4. Processed

records of some of the events used in the present work are shown in Fig. 6.2 to 6.10.

Table 6.1: The hypocentral parameters determined for events used in present work.

Sr. Date Origin time Epicenter Depth
no. | (dd/mmfyy) | (hr:min:sec) | Latitude Longitude (km)
(Degree) (Degree)
1 01/04/06 19:42:52.10 30.212 80.402 11
2 30/05/06 18:25:18.03 29.902 80.449 03
3 05/02/07 07:57:35.08 29.866 80.276 31
4 03/04/07 03:39:14.77 29.753 80.296 25
5 04/09/08 12:53:10.14 30.139 80.255 15
6 17/09/08 16:59:09.12 30.075 80.594 25
7 04/07/10 02:35:57.50 29.857 80.352 13
8 15/12/10 05:33:02.45 29.753 80.45 25
9 05/05/11 07:15:22.18 30.026 80.632 37
10 15/06/11 00:59:22.15 29.959 79.973 4
11 09/10/11 07:34:55.69 29.949 80.509 22
12 18/11/11 09:50:37.56 29.85 79.900 31
13 09/01/12 10:41:15.17 29.856 80.594 25
14 16/01/12 05:01:50.15 29.780 79.991 25
15 16/03/12 15:22:42.07 29.911 80.067 12
16 16/03/12 19:35:50.36 29.847 79.842 20
17 08/04/12 07:38:14.81 29.962 80.266 14
18 19/07/12 22:36:51.30 29.826 80.134 24
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Figure 6.2: Processed normalized accelerograms of the events occurred on (a) 09-10-2011 and (b) 09-01-

2012 recorded at different station. Star denotes the epicenter of events. Triangle shows the location of
recording station. The tectonics of the region is taken after GSI (2000).
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Figure 6.3: Processed normalized accelerograms of the events occurred on (a) 18-11-2011 and (b) 16-01-
2012 recorded at different station. Star denotes the epicenter of events. Triangle shows the location of
recording station. The tectonics of the region is taken after GSI (2000).
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Figure 6.4: Processed normalized accelerograms of the events occurred on (a) 16-03-2012 and (b) 04-07-
2010 recorded at different station. Star denotes the epicenter of events. Triangle shows the location of
recording station. The tectonics of the region is taken after GSI (2000).

136



Berinag Baluakot

-

30.0 =
29.5
79.5 80.0 <
Pithoragarh Jouljibi

B

T ‘ T ‘ T ‘ T ‘ T
0 4 8 12 16 20
Time(sec)

(@)

Tejam Askot

30.0 =

29.5

79.5 A/slo.o N

Pithoragarh Dharchula

4

T ‘ T ‘ T ‘ T
0 15 30 45 60
Time(sec)

(b)

Figure 6.5: Processed normalized accelerograms of the events occurred on (a) 19-07-2012 and (b) 15-12-
2010 recorded at different station. Star denotes the epicenter of events. Triangle shows the location of
recording station. The tectonics of the region is taken after GSI (2000).
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Figure 6.6: Processed normalized accelerograms of the events occurred on (a) 30-05-2006 and (b) 01-04-
2006 recorded at different station. Star denotes the epicenter of events. Triangle shows the location of
recording station. The tectonics of the region is taken after GSI (2000).
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Figure 6.7: Processed normalized accelerograms of the events occurred on (a) 05-05-2011 and (b) 08-04-
2012 recorded at different station. Star denotes the epicenter of events. Triangle shows the location of
recording station. The tectonics of the region is taken after GSI (2000).
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Figure 6.8: Processed normalized accelerograms of the events occurred on (a) 04-09-2008 and (b) 17-09-
2008 recorded at different station. Triangle shows the location of recording station. The tectonics of the
region is taken after GSI (2000).
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Figure 6.9: Processed normalized accelerograms of the events occurred on (a) 15-06-2011 and (b) 05-02-
2007 recorded at different station. Triangle shows the location of recording station. The tectonics of the
region is taken after GSI (2000).
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Figure 6.10: Processed normalized accelerograms of the events occurred on (a) 16-03-2012 and (b) 03-04-
2007 recorded at different station. Triangle shows the location of recording station. The tectonics of the
region is taken after GSI (2000).
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In the present work attenuation structure of region is determined by using data from two
blocks having some common area. The choice of common area is made to confirm the reliability of
obtained attenuation structure from the inversion of strong motion data of two blocks. These
blocks are named as block 1 and block 2. The surface dimensions of block 1 and block 2 are 85x55
km and 90x30 km, respectively. Twelve events within each block that has been recorded by
various stations located in each block are used to obtain three-dimensional attenuation structure.
Location of events in block 1 used for present work is shown in Fig. 6.11 and given in Table 6.2.
The ray path map of energy travelling from source to the observation points in block 1 is shown in
Fig. 6.12. Location of events in block 2 used for present work is shown in Fig. 6.13 and given in
Table 6.3. The ray path map of energy travelling from source to the observation points in block 2 is
shown in Fig. 6.14. A total of eighteen earthquakes recorded during April 2006 to April 2012 at

various stations of Kumaon strong motion network have been used in the present work.

30.00 1

29.5°

79.50 80'.00

Figure 6.11: Location of events and recording stations for block 1. The recording stations and epicenters of
the events are denoted by hollow triangle and solid star, respectively.
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Figure 6.12: Projection of ray path of different events at observation points for block 1. Star denotes the
epicenters of earthquakes and triangle denotes the observation points.

30.0° 1
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Figure 6.13: Location of events and recording stations for block 2. The recording stations and epicenters of
the events are denoted by hollow triangle and solid star, respectively.
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Figure 6.14: Projection of ray path of different events at observation points for block 2. Star denotes the
epicenters of earthquakes and triangle denotes the observation points.

An acceleration spectrum of S-phase is the major requirement of this inversion algorithm.
Spectrum of S-phase of each event is selected on the basis of visual inspection. Inversion algorithm
developed in Chapter 2 requires spectral acceleration data of S-phase free from site effects. The
three dimensional attenuation structure of Central Honshu region has earlier obtained using strong
motion data recorded at rock site. The KiK net network has installed sensors at both rock and soil
site. However the Kumaon network of strong motion recorders is placed only at surface. Most of
the sites are at hard rock but site effects from weathered rock and low soil cover cannot be ruled
out. An algorithm has been developed in present work where frequency dependent shear wave
quality factor (Qg(f)) and site effects have been obtained at each station of Kumaon network.
Results of this inversion algorithm using strong motion data from Kumaon network is given in
Chapter 5. In the present work site effects obtained at each station is used for correcting
acceleration spectra of S-phase. Acceleration spectrum at each station used as input to inversion

algorithm is corrected for site effects. Value of corrected acceleration spectra at selected frequency
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Is used to prepare the contour map of spectral acceleration. Various steps used to prepare the
contour map of spectral acceleration are shown in Fig. 6.15. Value of spectral acceleration from
the contour in each block is used as input to the inversion algorithm. Input point in the block is

shown in Fig. 6.15.
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Figure 6.15: (a) The acceleration record of earthquake with S-phase identified by the rectangular block, (b)
source acceleration spectrum computed from the S-phase without correction of site effect, (c) site
amplification obtained using the inversion technique discussed in Chapter 3, (d) source acceleration
spectrum computed from the S-phase after correction of site effect and (e) contour map of acceleration
spectra obtained using the corrected acceleration spectra values, respectively. Triangles and star denote the
location of recording stations and events, respectively.
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6.4 Results

In the present work three-dimensional attenuation structure of the region is determined by
using data from two different blocks named as block 1 and block 2. Three-dimensional attenuation
structure has been determined at 1.5 Hz, 5.0 Hz and 10.0 Hz frequency, respectively. The values of
quality factor at different depth are obtained for the block 1 of surface dimension 85x55 km using
data set from earthquakes listed in Table 6.2. Three dimensional distributions of shear wave quality
factor and tectonic map at frequency 1.5 Hz, 5.0 Hz and 10.0 Hz at different depth is shown in Fig.
6.16, 6.17 and 6.18, respectively. These figures revealed that the upper most layer (0-5km) has the
low value of quality factor as comparison to deepest layer. This trend is seen in all section for each
frequency considered in this work. It is seen that the deeper layers contour of quality factor values

is parallel to the major tectonic unit of the area.

Table 6.2: Parameters of the events used to determine the attenuation tomography for block 1.

Date Origin time Epicenter Depth
(dd/mml/yy) | (hr:min:sec) Latitute Longitude (km)
(Degree) (Degree)

01/04/06 19:42:52.10 30.212 80.402 11
30/05/06 18:25:18.03 29.902 80.449 03
05/02/07 07:57:35.08 29.866 80.276 31
03/04/07 03:39:14.77 29.753 80.296 25
04/09/08 12:53:10.14 30.139 80.255 15
17/09/08 16:59:09.12 30.075 80.594 25
05/05/11 07:15:22.18 30.026 80.632 37
15/06/11 00:59:22.15 29.959 79.973 4
18/11/11 09:50:37.56 29.85 79.900 31
09/01/12 10:41:15.17 29.856 80.594 25
16/01/12 05:01:50.15 29.780 79.991 25
16/03/12 19:35:50.36 29.847 79.842 20

147



30.0°1

29.5°

30.0°1

29.5°

30.0°1

29.50

79.50 80.0°
Figure 6.16: Contour of shear wave quality factor at 1.5 Hz for block 1 superimposed on the geological map

of the region at (a) 0-5 km, (b) 5-10 km and (c) 10-15 km depth. (d) three- dimensional distribution of shear
wave quality factor at 1.5 Hz for block 1.
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Figure 6.17: Contour of shear wave quality factor at 5 Hz for block 1 superimposed on the geological map
of the region at (a) 0-5 km, (b) 5-10 km and (c) 10-15 km depth. (d) three- dimensional distribution of shear
wave quality factor at 5 Hz for block 1.
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Figure 6.18: Contour of shear wave quality factor at 10 Hz for block 1 superimposed on the geological map
of the region at (a) 0-5 km, (b) 5-10 km and (c) 10-15 km depth. (d) three- dimensional distribution of shear
wave quality factor at 10 Hz for block 1.
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Spectral acceleration data of twelve earthquakes has been used to determine three-
dimensional attenuation structure for block 2. The surface dimension of block 2 is 9030 km. The
data set of twelve earthquakes used for block 2 is given in Table 6.3. Three dimensional
distributions of quality factor value and tectonic map at frequency 1.5 Hz, 5.0 Hz and 10.0 Hz at
different depth is shown in Fig. 6.19, 6.20 and 6.21, respectively. It is observed from Fig. 6.19 to
6.21 that the top most layer (0-5 km) have low quality factor values as compare to the deepest
layer. The attenuation distribution for block 2 reflects almost the same result as block 1 in the
common overlapping area. It is seen that the distribution of quality factor value for block 2 is

almost similar as obtained for block 1.

Table 6.3: Parameters of the events used to determine the attenuation tomography for block 2.

Date Origin time Epicenter Depth
(dd/mml/yy) | (hr:min:sec) i i (km)
Latitute Longitude
(Degree) (Degree)
30/05/06 18:25:18.03 29.902 80.449 03
05/02/07 07:57:35.08 29.866 80.276 31
03/04/07 03:39:14.77 29.753 80.296 25
04/07/10 02:35:57.50 29.857 80.352 13
15/12/10 05:33:02.45 29.753 80.45 25
09/10/11 07:34:55.69 29.949 80.509 22
18/11/11 09:50:37.56 29.85 79.900 31
16/01/12 05:01:50.15 29.780 79.991 25
16/03/12 15:22:42.07 29.911 80.067 12
16/03/12 19:35:50.36 29.847 79.842 20
08/04/12 07:38:14.81 29.962 80.266 14
19/07/12 22:36:51.30 29.826 80.134 24
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Figure 6.19: Contour of shear wave quality factor at 1.5 Hz for block 2 superimposed on the geological map
of the region at (a) 0-5 km, (b) 5-10 km and (c) 10-15 km depth. (d) three- dimensional distribution of shear
wave quality factor at 1.5 Hz for block 2.
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Figure 6.20: Contour of shear wave quality factor at 5 Hz for block 2 superimposed on the geological map
of the region at (a) 0-5 km, (b) 5-10 km and (c) 10-15 km depth. (d) three- dimensional distribution of shear

wave quality factor at 5 Hz for block 2.
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Figure 6.21: Contour of shear wave quality factor at 10 Hz for block 2 superimposed on the geological map
of the region at (a) 0-5 km, (b) 5-10 km and (c) 10-15 km depth. (d) three- dimensional distribution of shear
wave quality factor at 10 Hz for block 2.
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Discussion

In the present work attenuation structure has been obtained at low (1.5 Hz), intermediate
(5.0 Hz) and high (10.0 Hz) frequencies. It is observed that attenuation structure obtained at
different frequencies matches with the available geological and tectonic unit. Although it is seen
that attenuation structure obtained for intermediate frequency give close match with the major
tectonic unit present in the region. The three dimensional distribution of quality factor value of
block 1 and block 2, explained that the attenuation contours at 5.0 Hz frequency follows the trend
of the geological and tectonic units present in the region. It is seen that corner frequency of
earthquake of small magnitude may coincide with the low frequency cut off used in the processing
of record and this may influence the attenuation structure obtained at low frequency i.e. 1.5 Hz.
Also it is seen that . effects present in strong motion record explain by Hanks (1982) may
influence the high frequency cutoff used in the processed record and hence this may influence the
attenuation structure obtained at high frequencies. Therefore the attenuation structure obtained at
intermediate frequency is supposed to be free from effect of corner frequency of earthquake and

fmax effects.
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Figure 6.22: Geology of the study area for (a) block 1 and (c) block 2. Three- dimensional distributions of
shear wave quality factor at 0-5 km for (b) block 1and (d) block 2 at 5.0 Hz frequency.
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The distributions of shear wave quality factor at 0-5 km for block 1 and block 2 at
frequency of 5.0 Hz is shown in Fig. 6.22. It is seen from Fig. 6.22 that two point ‘X’ and ‘Y” falls
in common region of two blocks used in present work. These two points fall in the same geology
formation that is different from surrounding. It is seen that attenuation structure obtained from data
in block 1 and 2 clearly differentiate points ‘X’ and ‘Y’ on the basis of high shear wave quality
factor. The point ‘X’ and ‘Y’ having same type of geology and have nearly the same value of
quality factor in each block. This confirms reliability of obtained attenuation structure from two
different blocks in same region.

High values of quality factor accounts for low attenuation and hence high seismic hazard.
The contour of quality factor value at 0-5 km for both blocks at 5.0 Hz is shown in Fig. 6.23. It is
observed that both blocks give almost similar results in terms of contour of quality factor values.
Ten stations lie in both blocks. The value of quality factor at each of these stations obtained from
present inversion of data from block 1 and block 2 separately are given in Table 6.4. Table 6.4
shows that nearly similar values of quality factor have been obtained in each block at same stations
although different input data events have been used in the inversion algorithm. Similar values of
quality factor obtained from two different data sets confirm the stability and reliability of results

from inversion algorithm.

Figure 6.23: Contour map of shear wave quality factor value at 0-5 km with recording stations for (a) block
1 and (b) block 2 at 5.0 Hz frequency. Locations of recording stations are denoted by solid triangles.
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Table 6.4: Obtained Qg values for 5.0 Hz frequency at 0-5 km for block 1 and block 2.

Recording stations | Qgvalues in block 1 | Qgvalues in block 2
Tejam 90 100
Didihat 190 195

Muavani 100 110
Askot 70 80
Jouljibi 55 60
Kamedidevi 95 80
Berinag 130 140
Thal 210 200
Dharchula 55 75
Baluakot 75 65
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Figure 6.24: Comparison of obtained Qg at 5.0 Hz frequency for block 1 and 2 with the Qg values calculated
by using other inversion algorithm given in Chapter 5.
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Table 6.5: Comparison of Qg(f) values developed in present work with the frequency dependent shear-wave
quality factor (Qg(f)) calculated in Chapter 5.

Stations Stations Present Qg Present Qg Qp(f) at 5.0Hz
Name code values at 5.0 Hz | values at 5.0 Hz obtained by other
for block 1 for block 2 inversion algorithm

Tejam TEJ 90 100 117
Didihat DID 190 195 205
Thal THL 210 200 241
Askot ASK 70 80 90
Baluakot BAL 75 65 110
Kamedidevi KAM 95 80 106
Berinag BER 130 140 144
Muavani MUA 100 110 153
Dharchula DHA 55 75 64
Jouljibi JOL 55 60 81

The frequency dependent shear-wave quality factor (Qg(f)) has been already calculated at
different stations in Chapter 5 using the inversion algorithm discussed in Chapter 3. The shear
wave quality factor values (Qp) obtained using three dimensional’s inversion algorithm have been
compared with the (Qp(f)) of the region obtained in Chapter 5 by using the different algorithm. The
Qp values at the frequency of 5.0 Hz for the different stations which lie in both blocks, have been
used for this comparison given in Table 6.5 and shown in Fig. 6.24. Comparison revealed that the
calculated values of Qg from present work are almost similar with the values of Qg(f) obtained by
other inversion algorithm using different data set.

6.5 Conclusion

In this chapter three-dimensional attenuation structure has been obtained for the Kumaon
Himalaya using the inversion technique discussed in Chapter 2. Attenuation tomography has been
estimated for two different blocks using the strong motion data recorded by the Kumaon network
at different frequencies. Similar attenuation structure obtained for two different blocks using
different input confirm the stability of the inversion algorithm. It is observed that obtained
attenuation structure follows the trend of major tectonic unit in the region. The final attenuation
structure revealed that various stations like Thal, Berinag and Didihat lies in the zone of high shear
wave quality factor which represent less attenuating earth medium and hence carry high seismic

hazard potential zone.
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Chapter - 7

Determination of Source Parameters of the Sikkim Earthquake

of 18 September, 2011

7.1 Introduction

Acceleration spectrum contains valuable informatiegarding the source and medium
characteristics. The source spectrum of an earkeqoan be defined by the omega-square model
(Brune 1970). The source acceleration spectrum fiteenrecorded motion is estimated from an
acceleration record after correcting it with dintioa function, which accounts for the geometrical
spreading and anelastic attenuation term. It i1 dbat at large epicentral distance, the term
representing anelastic attenuation and site arogtiins plays an important role in shaping the
acceleration spectrum. The anelastic attenuatioapgsesented by shear wave quality factor. The
Sikkim earthquake (M = 6.9) occurred on 18 September 2011 was recoatlesix stations of
strong motion network in Kumaon region. The frequedependent shear wave quality factor and
site amplification at each station of Kumaon netwbhas been determined using strong motion
data and is discussed in Chapter 5. This chapt&sept method to obtain source acceleration
spectra of the Sikkim earthquake using obtainediesalof shear wave quality factor and site

amplification at different stations.

7.2 Geology

Sikkim Himalaya is tectonically and seismicallyigetregion. The province of Sikkim in
the Eastern Himalaya is bounded by Nepal in the,viBdaitan in the east, and the Tibetan Plateau
in the north and is shown in Fig. 7.1. This regommprises the lesser active part of the 2500 km
stretch of the active Himalayan belt. The majotdeic features traversing the Sikkim Himalaya
are the well-defined Main Boundary Thrust (MBT) atiek circular overturned Main Central
Thrust (MCT) in the north (Raju et al., 2007). $ais activity in the Sikkim Himalaya is confined
between the MBT and MCT (De, 2000). The seismiaify the Sikkim region including
earthquakes between 1973 to 2011 is shown in Flg. The most significant earthquake that
occurred in its neighbourhood is the 1934 Bihar-ddyrder earthquake of magnitude 8.3,{M
that caused high damage in Sikkim Himalaya (Dunralet 1939). Earlier, an earthquake of
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magnitude 8.0 (M) was reported in 1833 (U.S. Geological Surveylogtae). More recently an
earthquake of magnitude6 (M,) was reported in Gangtok in 1988 (Raju et al.,7200
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Figure 7.1. Seismicity map of the eastern Himalaya region iafilig seismicity around the Sikkim.
Location of historical earthquakes occurred dudfg3 to 2011. The tectonic of the region is aftatiNet
al. (2000).

7.3 Data

An earthquake of magnitude 6.9 (Mvisited the Sikkim region of eastern Himalayaléh
September, 2011. This earthquake was recorded atations of strong motion network installed
in the Kumaon array that lies at epicentral distaot about 887 to 944 km. The Kumaon array
consists of network of fourteen stations havinge¢ghcomponent force balance short period

accelerometer. This network has recorded severall sarthquakes occurred in the vicinity of the
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recording stations. Location of recording statiomkich have recorded this earthquake and
epicenter of this earthquake is shown in Fig. TRis network has first time recorded strong

ground motion due to an earthquake originatingiahdarge epicentral distance.

China

0 T [ [ T T T T T T T 1

300

@ Tethyan Sedimentary Series

] High Himalayan Crystalline Series
Lesser Himalayan Series |3k | Location of epicenter

Molasse | A | Location of strong motion stations

Bangladesh

|
80° 89.59

Figure 7.2: Location of strong motion recording stations af #umaon array that has recorded the Sikkim
earthquake. The strong motion stations of localvagk and epicenter of the event are denoted bpdha
and star, respectively. ITSZ, STDS, MCT and MBTresgnts Indus—Tsangpo suture zone, South Tibetan
Detachment System, Main Central Thrust and Mainr8lany Thrust, respectively (Figure modified after
Harris, 2007).

This strong motion network lies in Lesser Himalaysich comprising various thrust sheets
and nappes being sandwiched between the Main Boypitiaust (MBT) and Main Central Thrust
(MCT) at the base of great Himalaya. In generad, ltesser Himalayan Precambrian sedimentary
succession is covered by vast low to medium gradeamorphic thrust sheets of Ramgarh and
Almora groups (Paul et al., 2003). Epicenter of$fikkkim earthquake lies in the Sikkim Himalaya.
Geologically this region exhibit a vast terrainpsbterozoic continental crust on the Indian plate,
which is remobilized into vast slab-like Higher Hitayan crystallines (HHC) due to Himalayan
collision tectonics. This unit is (occurring as aublly plunging dome) bounded by the Main
Central Thrust (MCT) at the base and the Southtaib®etachment System (STDS) at the top.
The Lesser Himalayan Sedimentary Zone (Buxa, PeriRanjit Pebble Slate/Damuda Formation)

occurs in the Ranjit window and the Outer Lessandlayan Belt, as well. The whole sequence
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overrides the outermost Sub-Himalayan siwalik Bating the MBT (Neogi et al., 1998 and
Dasgupta et al., 2004).

The Sikkim earthquake of 18 September, 2011 waaliled using the arrival time of
primary and secondary phases from six records usMgO71 program originally developed by
Lee and Lahr (1972). The obtained hypocentral patars of this event are given in Table 7.1.
The records collected from the accelerograph haes Iprocessed using the procedure suggested
by Boore and Bommer (2005). The processing stepelia baseline correction, instrument
scaling, padding and frequency filtering as diseds& detail in Chapter 4. In the present work
processed records that are used for estimationwts parameters at different stations are shown
in Fig. 7.3.

Table 7.1: Hypocentral parameters of event obtained from radEmb data at six stations of the Kumaon
array. ERH and ERZ define the error of epicenterfagal depth, respectively.

Date | Origintime Epicenter Depth No.of | RMS | ERH | ERZ
(km) | Stations | error | (km) | (km)
18/09/11| 12:41:00.56 27°45.16',88° 12.00' 30 06 20541 3.2
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earthquake of 18 September, 2011 recorded at eliffestations. Triangle shows the location of reicgrd
station. The tectonics of the region is taken a&st (2000).

7.4 M ethodology

The acceleration spectra of shear waves recordadatance R due to an earthquake of seismic

moment M can be given as (Boore, 1983 and Atkinson and &dk998):

A(f) = S(f) D(H)

(7.1)

where, the S(f) represents the source acceleragieatra and D(f) denotes a frequency-dependent

diminution function which takes into account theelastic attenuation and attenuation due to

geometrical spreading and is given as (Boore akthgan, 1987):

D(f) = [e™*DPG(R)IP(f, )
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In the above equation P@)fis a high-cut filter that accounts for the obsgion that
acceleration spectra often show a sharp decreabeingreasing frequency, above some cutoff
frequency £, that cannot be attributed to whole path attepunatBoore 1983). Due to rapid fall of
acceleration spectra after 25 Hz in most of theslecation records used in the present wagkisf
used as 25 Hz in the analytical form of R{f,5uggested by Boore (1983). The function G(R)

represent geometrical attenuation term and is tékée equal to 1/R for R < 100 km and equal to
]/(10\/§) for R > 100 km (Singh et al., 1999). The terf&OP represent anelastic attenuation

term and in this term £ff) is the frequency-dependent shear wave quadityof. Using equation

(7.1) the source acceleration spectzéf)an be calculated as:
S(f) = A(f)/D(f) (7.3)

The source displacement spectrg(fp can be calculated from source acceleratiorcspe

‘S(f)’ by using differential property of Fourieransform. This gives following equation:
So(f) = S(f)/ (2nf)? (7.4)

The seismic moment (1 which determines the source strength is calcdlatgng long
term flat level ;) and corner frequency f from source displacement spectra. Source
displacement spectra obtained from equation 7.4 gilea about & and ‘Q,. The source
displacement spectra p8)’ can be theoretically computed from followingpression given by
Brune (1970):

So(f) = 1/(1+(f/f)?) (7.5)

In the above expression“fis corner frequency. Seismic momenthind radius of rupture gjr

are related by following relations (Brune 1970, 197
M, = 4rpp® Qo R/ FS.R, (7.6)

where,p andf are the density and the S-wave velocity of the nmadirespectively, FS is the free
surface effect(), is the long term flat level of the source displaeat spectrum at a hypocentral
distance of R and Ris the radiation-pattern coefficient. The valuedesity andshear wave
velocity as 2.7 gm/cthand 3.5 km/sec, respectively have been used. @timtion pattern

coefficient ‘R,,” was approximately taken as 0.63 for S wave (Agkim and Boore, 1995). The
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corner frequency ¢ of the source spectra is related to the radisisofr the equivalent circular
crack, which is used to model the earthquake. Elaion between & and the corner frequency
‘f¢ is given as (Brune 1970, 1971):

ro =2.348/2nfc (7.7)

Stress dropAo) is one of the important parameters of an eartkejgsaurce and it is the difference
between the average shear stress on the faultmfore and after the earthquake (Ruff, 1999). For

a circular crack of radiusgrthe stress dropAe’ is given as (Papageorgiou and Aki, 1983):
Ac = TM, /16 ,° (7.8)

The strong motion data of the Sikkim earthquaked®rded at various stations of Kumaon
network which are nearly 900 km away from the seutn order to determine source parameters
of this earthquake using records at a distanceé0fl@n, the effect of anelastic attenuation in the
source as well as recording station needs to bevedhfrom spectra of shear wave recorded at
various stations. It is seen that the source regiahthe region of recording station have different
attenuation property. In order to include thesded#nt attenuation properties the shear wave
quality factor for the source region as well asioegf recording station has been included in
present work. The frequency dependent diminutioretion has been modified to include the shear
wave quality factor of the source region and tlate region of the recording station. Following

modifications has been made in the frequency-deg@rdiminution function:

R-100, 100
D(f)=exp —7f 7.9
( ) exp[ i [Qﬂz-ﬁz +Q51-131J] ( )

where, Qi, B1 and @y, B, are the quality factors and shear wave velociifesource and
site regions, respectively. In this equation therse zone is defined upto hypocentral distance less
than 100 km and for the distance more than 100 kefaatic attenuation of the site zone is used
for anelastic attenuation. This is shown in Fig.. Bince the energy reaching at recording stations
is travelling mostly through lesser Himalaya seaeethe shear wave quality factor estimated at
the recording station which lies in the lesser Haya is used for correcting anelastic attenuation
for far field distances given in equation (7.9)eTdhear wave quality factor at the source region is
used as @f)=167f **’which is given by Nath and Thingbaijam (2009) foe Sikkim region. The
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spectral acceleration data need to be correcttamplification terms. The site effects and shear
wave quality factor at different stations of Kumawetwork has been calculated in Chapter 5 using
inversion algorithm defined in Chapter 3. The sp@dcceleration of shear wave is corrected for

site amplification term at each station for deteramion of source spectra.

100

.5 10 Site amplification
5
E 0.1
L I I L I L R
12 2 4 & 8 ¥ 2 910
f F requency
Recording station —je . Local site conditions

% Qﬁz %m mmj: = :j:j: :-:5:i;i'§’f

Figure 7.4: Geometry of ray path between source and recorstiaipn. The shear wave quality factor at
source and the site of recording station is shoyv@dhand Q,, respectively.

7.5 Results
The horizontal component of accelerograms recoedesix stations of the Kumaon array

has been used in present work for estimation ofsthece parameters of the Sikkim earthquake.
The first step in this process is the identificataf S-phase in the available records. The records
used in the present work are mostly far field rdsawith epicentral distance more than 800 km.
The S-phase is clearly visible in the records bseani the low threshold set in the recorders. The
S-phase from the record has been identified orb#sés of visual inspection. A time window of
length which covers entire S-phase has been apid¢ide corrected accelerogram. The sampled
window is cosine tapered with 10% taper at both @tthrma and Wason 1994). The spectrum of
this time series is calculated using FFT algoritAinis spectrum has been corrected for anelastic
attenuation as well as site amplification. All rediag stations are located in the mountainous
terrain of Himalaya which consists of mostly seditaey and metamorphic rocks. Site
amplification plays the important role in shapinggoound motion recorded at stations having
prominent site effects. Since stations are locatny far away from the source the shear wave
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quality factor in the earth medium surrounding tégion of recording station have also important
role in shaping the record together with shear wuadity factor surrounding the source region.

The value of quality factor used for source reg®rx(f)=167f 947 given by Nath and
Thingbaijam (2009). The values of quality factars different recording stations are determined in
Chapter 5 using the inversion scheme discussedchapi€r 3 and given in Table 7.2. Shear wave
quality factor of the source region has been extehsstudied by many workers (Nath et al., 2005
and Nath and Thingbaijam, 2009). However, limitedimation about gff) at recording station is
available. Therefore, in the present workfQestimated at the recording stations using theng
motion data of Kumaon network has been used. Sarge difference is obtained betweep(f)
values at source and recording station; so baith) @alues are used to correct the path effect
between source and receiver. The travel path afirseiwave is comparatively large and the
medium characteristics are totally different atrseuand at recording stations. The various study
in the source and receiver region regarding thalQes revealed that source region is having high
Qg(f) values as comparison to the receiver area.

A numerical experiment has been performed to clieeldependency of source spectra on
shear wave quality factor of source and receivea.arhis numerical experiment has been used to
check the effect of variable shear wave qualitytdia@nd site amplification term in the source
spectra of the NS component of acceleration reamrdhe Sikkim earthquake recorded at
Pithoragarh station. The recorded NS componentcoélaration record at Pithoragarh station is
shown in Fig. 7.5. The rectangular block in thisorel shows portion of S-phase used for obtaining
source spectra. Source acceleration spectra frenretord at Pithoragarh is calculated using
correction of the shear wave quality factor at sewegion give by Nath and Thingbaijam (2009)
and is shown in Fig. 7.5. This has been comparéu theoretical source spectrum given by Brune
(1970). The comparison shows that low frequencthesource spectra does not match correctly
with theoretical spectra. This may be due to lagieentral distance of the recording station and
use of anelastic attenuation of the source regiomamputation. In other experiment Source
acceleration spectrum is calculated after corrgctire effect of the shear wave quality factor at
Pithoragarh station. The obtained source spectsishaown in Fig. 7.6.
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Table 7.2: The average ) relation and RMS error obtained at differerdtisins from the inversion of
spectral acceleration data of the NS and EW compmfeacceleration records of different events.

L ocation (Degree) For NS component For EW component
Stations Lat. Long. Q() RMS Qu() RMS
error error
Pithoragarh 29.58 80.21 (40+5.6)F01° 0.0134 (3348.3)f**% | 0.0478
Bhageshwar 29.83 79.77 (34+4.HFT° 0.0328 (41+5.1)f*%2 | 0.0212
Berinag 29.77 80.05 (15+2.15F0 0.0566 (23+2.2)f**%% | 0.0360
Baluakot 29.79 80.42 (16+2.65° 1 0.0697 (13£2.8)f>0%° 0.0881
Jauljibi 29.75 80.38 (10+0.8§F3012 0.0425 (8+1.1)f %0+ 0.0597
Muavani 29.74 80.13 (17£2.95F=01 0.1946 (24459 | 0.3576
Pithoragarh(NS) 10 <
2 7 Correcting only % =
Qg(f) at 3 N
source region % 1=
—>» 3 =
> N Q=90
£ 01— f. =0.10
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Figure 7.5: (a) North South component of acceleration recembrded at Pithoragarh station rectangular
box indicate the S-phase of the record and (b) Goisgn of theoretical source spectra and obtaipedtsga
from NS component of acceleration record at Pitharia station using correction for anelastic attéiona
using Q(f) at source region given by Nath and ThingbaijanD@0The parameters §WL2, and { describe
the seismic moment, long term flat level and cofreguency, respectively.
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Figure 7.6: (a) North South component of acceleration receabrded at Pithoragarh station rectangular
box indicate the S-phase of the record and (b) Gaisgn of theoretical source spectra and obtaipedtsa
from NS component of acceleration record at Pithara station using correction for anelastic attéiona
using Q(f) at Pithoragarh station obtained from inversion mégphe. The parameters M2, and { describe
the seismic moment, long term flat level and cofreguency, respectively.

In a next attempt acceleration spectrum of Pithantags corrected for shear wave quality
factor at source as well as recording site withomitrecting site amplification term. The near
source region is defined as the region which liea distance less than 100 km and for this near
source zone the shear wave quality factor give éthdnd Thingbaijam (2009) has been used. It is
seen that correction for anelastic attenuation t@simg variable shear wave quality factor tends to
make source acceleration spectra closer to thedtieal Brune’s spectra in low frequencies as
shown in Fig. 7.7. Numerical experiment is alsofgrened to check the effect of correction of
variable shear wave quality factor and site angdifon term. The source acceleration spectrum is
computed by correcting effect of variable shear evawality factor and site amplification at
Pithoragarh station. The obtained source spectrurig. 7.8 shows that the obtained source
spectrum gives better match with theoretical spectivhen corrections for site amplifications

together with variable shear wave quality facteriacluded in the calculation.
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Figure 7.7 (a) North South component of acceleration recembrded at Pithoragarh station rectangular
box indicate the S-phase of the record and (b) Goisgn of theoretical source spectra and obtaipedtsa
from NS component of acceleration record at Pithara station using correction for shear wave qualit
factor at source and receiver. The parameteystM and f describe the seismic moment, long term flat
level and corner frequency, respectively.
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Figure 7.8: (a) North South component of acceleration recembrded at Pithoragarh station rectangular
box indicate the S-phase of the record and (b) Goisgn of theoretical source spectra and obtaipedtsa
from NS component of acceleration record at Pitfpara station using both shear wave quality factor a
source and site as well as site amplification tefitme parameters MQ, and £ describe the seismic
moment, long term flat level and corner frequemegpectively.

Source acceleration spectra from NS and EW comparfetifferent accelerograms of the
Sikkim earthquake recorded at six stations afterection for variable shear wave quality factor
and site amplification term is shown in Fig. 7.91ah10, respectively. The obtained acceleration
spectra are compared with theoretical spectra ésative forward modeling technique. The
iterative forward modeling is done by considerimeyeral possibilities of long term flat level and
corner frequency in the theoretical Brune’s (193p¢ctra. The obtained value of long term flat

level ) and corner frequencycffis further used to calculate seismic moment, uadius and
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stress drop by using the formula given by Brune7(194971) and Papageorgiou and Aki (1983),
respectively. The shear wave velocity and dendith@® medium for this calculation is used as 3.5
km/s (Hazarika et al., 201@nd 2.7 g/crh(De, 2000), respectively which are the values dsed
the Sikkim region. Estimation of seismic momentirse radius and stress drop from obtained
long term flat level and corner frequency at défar stations is given in Table 7.3. The average
value of seismic moment, stress drop and sourdegddr the Sikkim earthquake from all six
stations using both components is obtained as#@8) x 13° dyne-cm, 59.2 +8.8 bars and 13.3

0.8 km, respectively.
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Figure 7.9: The NS component of the acceleration record andcecacceleration spectra computed from
the S-phase identified by the rectangular bloctagBaluakot, (b) Bhageshwar, (c) Jouljibi, (d) Maai,
(e) Berinag and (f) Pithoragarh stations, respebtiv
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Figure 7.10: The EW component of the acceleration record andceoacceleration spectra computed from
the S-phase identified by the rectangular bloctaaBaluakot, (b) Bhageshwar, (c) Jouljibi, (d) Maai,
(e) Berinag and (f) Pithoragarh stations, respebtiv
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Table 7.3: Strong motion parameters determined from the sospectra computed from both NS and EW
component of horizontal record at six stations.

Corner freq | Longterm | Seismic moment | Stressdrop | Source

Station (H2) flat level (dyne-cm) (bars) radius
(km)

Baluakot EW 110 2.30 2.35xfH 62.15 11.8
NS .099 2.50 2.56x%h 49.24 13.1

Berinag EW .097 2.60 2.75x%0 49.80 13.4
NS .098 2.70 2.85x%H 53.33 13.3
Bhageshwarl EW .093 4.40 4.79%10 76.46 14.0
NS .10 2.80 3.05xtH 60.49 13.0

Jauljibi EW .096 4.00 4.10x1H 71.92 13.5
NS .110 2.10 2.15x6 56.80 11.8

Muavani EW .090 4.00 4.19x10 60.66 14.5
NS .093 3.00 3.14xth 50.20 14.0

Pithoragarh | EW .100 3.20 3.30x%H 65.47 13.0
NS .095 3.10 3.14xth 54.38 13.7

The estimated values of seismic moment, stressatdgsource radius obtained at different
stations for both NS and EW component is shownign F11. It shows that most of the values are
within the limit u + o obtained at different stations. The value of stréop calculated for this
earthquake by Joshi et al. (2012b) is 61.5 barstl@isd/alue of stress drop is comparable with the
stress strop calculated in the present work. Theegeof stress drop in the Himalaya region for the
Uttarkashi earthquake of Y00ctober 1991 (M= 7.0) are 77 and 53 bars calculated by Joshi
(2006¢) and Kumar et al. (2005a), respectivelyfandthe Chamoli earthquake of 2&larch 1999
(Ms = 6.6) 98 and 65 bars calculated by Joshi (2006d) Kumar et al. (2005a), respectively.
Hence the value of stress drop calculated in tligkvies within the range of observed values of
stress drop of earthquakes occurring in the Hinaaaggion. The calculated rupture area for this
earthquake using the source radius 13.3 +0.8 kesndetween 489 to 626 sq km. The empirical
relation of Wells and Coppersmith (1994) givesringture area as 616.6 sq km for this earthquake
of magnitude 6.9 (\). The comparison has been made and given in TABleThis matches

closely with estimation of rupture area of sourc@resent work.
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Figure 7.11: (a) Seismic moment, (b) stress drop and (c) sotadieis obtained at different stations.The
shaded area denote the region betweer)(and (i-c). The parametersu® and ‘s’ denote mean and
standard deviation, respectively. Solid circle andss indicate source parameters obtained from idiS a
EW component, respectively.

Table 7.4: Parameters determined from the empirical relataonbsource spectra.

Parameters Estimated from Empirical relations Estimated from Sour ce spectra

in the present work

Rupture area 616.6 Sq km 489 to 626 Sq km
[Relation after Wells and Coppersmith (1994)]
Seismic moment 2.6 x 10dyne-cm (3.2 £0.8) x 16 dyne-cm

[Relation after Wells and Coppersmith (1994)
and Hanks and Kanamori (1979)]

Following relation of calculating moment magnitugeren by Wells and Coppersmith
(1994) has been used in present work. The obtaiakst of moment magnitude calculated using
the empirical relations of Wells and CoppersmitB94) for the Sikkim earthquake is 6.9 (M
The seismic moment (M can be estimated using the following formula givey Hanks and
Kanamori (1979):

Mo :lo3/z[lv|w+1o.71] (7.10)

The value of moment magnitude obtained from retaiven by Wells and Coppersmith
(1994) is used to calculate seismic moment of daghquake. The value of seismic moment

obtained from equation (7.10) is 2.6 x*3@yne-cm. A comparison of computed values of the
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parameters from source spectra with the values atedgrom empirical relations has been made
and given in Table 7.4. The values of seismic mdnfien this earthquake obtained by CMT

Harvard and USGS are 2.78 x*3@yne-cm and 2.7 x ®dyne-cm, respectively. These values of
seismic moment match closely with estimation ofs#t moment made in this present work.
Therefore establishing the utility of correctionsquality factor at source and receiver and site

amplification term.

7.6 Conclusion

This chapter explains utility of obtained shear eawality factor and site amplification
terms of the stations of Kumaon network determime@hapter 5. Various source parameters of
the Sikkim earthquake of magnitude 6.9,)Mhat occurred on 18 September, 2011 has been
estimated in this chapter. The source spectra bega calculated using six far field strong motion
acceleration records of station of Kumaon netwdre corrections for anelastic attenuation at
near site and source region have been made togeiiesite amplification terms at each station
for estimation of source spectra at different steti Present studies give estimation of seismic
moment, stress drop and source radius for the Bilddarthquake as (3.2 +0.8) x*3@yne-cm,
59.2 £8.8 bars and 13.3 +0.8 km, respectively winetiches closely with values obtained by other
studies. This confirms utility of applying corremtis of anelastic attenuation at source and receiver

and site amplification term.
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Chapter - 8

Summery and Conclusions

8.1 Summery

Propagation of seismic wave through a medium iscééfd by the three factors viz., source
characteristics, travel path and local site effébe amplitude of seismic wave at observing site is
strongly dependent on the attenuation charactergdtimedium present between the source and
receiver. Different types of propagation materide differently the amplitude of seismic wave.
The effects of the propagation material on eartkguground motion are associated with the
attenuation property of medium. The damage digtiobuduring earthquake is strongly controlled
by local site conditions of the observing sites #mel attenuation characteristics of the medium.
Therefore estimation of attenuation property amel sifect is an important task for hazard analysis
and subsurface studies. Present research work igffart to understand and quantify the
attenuation property of earthquake ground motiasiagustrong motion data. Main objectives of

this study are:

» Development of an algorithm and software for ini@rsof strong motion data for
determination of frequency dependent shear wavsty@actor and site effect simultaneously

at given site.

» Use of determined site effect for understanding dbarce characteristics of strong motion

earthquakes in the region.

* Development of an algorithm and software for ini@rf strong motion data to determine the

three dimensional attenuation tomography of a regio

» Application of developed algorithm for determinaticof three dimensional attenuation
structure of well studied region and comparisomlatained results with the available tectonic

features of the region.

* Application of algorithm developed in the presentrkv for determination of attenuation
structure of the Kumaon Himalaya using strong mmotata from a dense network installed in

this region.
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Strong motion data includes valuable high-frequemesr-field data which is considered to be
suitable for engineering use. Strong motion datanis of the most useful data which is directly
used in the practice of designing earthquake sedistructures. Hence strong motion data having
major advantages regarding the engineering pointest. In the present work strong motion data
has been used to fulfill the objectives of reseavork presented in this thesis.

In the present work, attenuation properties hawen luketermined for two regions viz., Kumaon
Himalaya, India and the Central Honshu region, dapgaailability of sufficient strong motion
data in this region is main reason for choosingehivo study area. In the Kumaon Himalaya
region very few studies have been done regardiagattenuation properties. The strong motion
data recorded on the Kumaon network consistingooftéen stations, installed in the highly
mountainous terrain of Kumaon Himalaya, India h&meen used for study related to Kumaon
Himalaya. The average interspacing distance oibst&#t Kumaon Himalaya region is 11 km. The
strong motion data from 27 stations of KiK-net (KB kyoshin network) network installed in
Central Honshu region have been used in presedy.sithe average interspacing distance of
station in Central Honshu region is 18 km.

First part of the present study is to determinettitee dimensional attenuation structures
using the strong motion data. Determination of éhdimensional attenuation structure of any
region using the algorithm developed in presentkwdepends strongly on availability of strong
motion data free from site effect. The strong mmotieetwork operating in the Honshu region
managed by KiK net provide an opportunity to obtstirong motion data recorded at rock site in
borehole. The method of inversion of strong motiata to obtain three dimensional distributions
of attenuation coefficients is discussed in detailsthe Chapter 2. Twenty one earthquakes
recorded on 27 strong motion stations at rocklsitee been used in this work. The magnitude of
these earthquake ranges from 3.1 to 4.2 and deptiing from 5 km to 20 km, respectively. The
borehole data having high signal to noise ratio amadimum site effect have been used in the
present work. The attenuation structure is detezthioy dividing the entire area into twenty-five
three-dimensional blocks of uniform thickness &n® having different frequency-dependent shear
wave quality factor. Shear wave quality factor esluhave been determined at different
frequencies from record in a rectangular grid defiby 35.4N to 36.4 N and 137.2E to 138.2
E. The observed attenuation structure gives corbpmteends with the geological structure of the
region. The obtained attenuation structure has héssncompared with the available Probabilistic

seismic hazard map of the region and shows somarkaile similarity.
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The frequency dependent Shear-wave quality fad@p(f)] has been computed for the
Pithoragarh region of the Kumaon Himalaya, India.this study, forty local events recorded
during 2006 to 2012 at sixteen stations have bsed.urhe inversion algorithm works iteratively
and final result is determined on the basis of murh root mean square error between obtained
and observed data. The final() at each station is calculated by using bothNbeth South (NS)
and East West (EW) component of the acceleratioords as input to the developed inversion
algorithm. The final @f) values is calculated using both North South Xld68d East West (EW)
component at each station. The computed fin@l) @t each station is given in Table 8.1. Thelfina
Qp(f) values obtained at different stations have hesed to compute a regional relationship for the
Pithoragarh region of Kumaon Himalaya of form(fp= (28+2.1)f “#*which represent the
shear wave attenuating property of rocks presetitignregion. The developed inversion algorithm
used for calculation of shear wave quality factlmoadetermined site effects simultaneously at

each of 16 stations.

Table 8.1: The Q(f) relationship at different stations using NS aE&/ component data. Finalp@
relation at each station is developed by usingwdlae of Q(f) obtained from NS and EW component
separately.

Stations Final Qg(f) relation using value of Stations Final Qg(f) relation using value of
Qg(f) obtained from NS and EW Qg(f) obtained from NS and EW
component separ ately component separ ately
Dharctula (2145.0)f% 0% Jeuljibi (10£2.9)f%0 2
Didihat (3527.0)fH 01 Muavan (19+3.5)f3=007
Pithoragar (39+3.5){4 10 Knalichhing (22+3.0){+ 0%
Thal (35+8.0)f" " Kamedidev (25+5.4){09006
Tejar (20£2.6)f 104 Askof (2515.3){* %09
Bhageshwe (3924.7)f+ =01 Munsyar (4445.6)f307
Berinag (2115.7)f+=0H Soblz (27+2.4) {1005
Baluako (16x3.0)f+=01 Mangt (333.7)f- 107

The three dimensional distribution of shear wavaligy factor for Kumaon region, India
have been estimated using the modified algorithwergin Chapter 2. The obtained site effects at
sixteen stations from inversion algorithm given Giapter 3 have been used in this part of
inversion to correct the spectral amplitude of seregion record for site effect at all sixteen

stations. Inversion algorithm described in Chaptehas been used for determination of three
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dimensional attenuation structures. Eighteen evertsrded on strong motion Kumaon network at
sixteen stations have been used for this work. ISivase quality factor at different frequencies

have been estimated for two different rectangulacks of surface dimension 85x55 km and
90x30 km, respectively in this region. Both bloeks divided into twenty-five three-dimensional

blocks of uniform thickness of 5 km having diffete@;(f) values. The three dimensional

distributions of frequency dependent shear wavditguactor in two different blocks expose the

attenuation property of the region. The observedtaas of attenuation coefficient present
comparable trends with the geological structuréhefregion. It is seen that the contour of quality
factor value at deeper depth are remarkably patalldhe main central thrust present in the study
region. This shows the strong relation of attermmproperty with the available tectonic of the

region.

The site amplification and frequency dependentisive@e quality factor determined at 16
stations have been used to compute the source etmamf Sikkim earthquake. The Sikkim
earthquake (\=6.9) occurred on 18 September, 2011 in Sikkimargindia. This earthquake
has been recorded at six stations of strong mat&iwork installed in Uttarakhand Himalaya. In
the present work the spectrum of S-phase recordese far field stations has been corrected for
anelastic attenuation using shear wave qualityofaat source and site. Site amplifications at
different stations and near site shear wave attemugactor determined in Chapter 5 by using the
technique discussed in Chapter 3 have been usmdrerct the spectra. The obtain source spectrum
from six acceleration records is compared withttieoretical source spectrum defined by Brune
(1970) at each station for both horizontal compométhe records. Iterative forward modeling of
the theoretical source spectrum give an averagmast of seismic moment (§)] source radius
(ro) and stress dropA6) as (3.2 +0.8) x18 dyne-cm, 13.3 +0.8 km and 59.2 +8.8 bars,
respectively for the Sikkim earthquake of 18 Sejtem2011.
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8.2 Conclusions

The research work carried out in this thesis reagk@ihat the inversion technique used in

this work provide a basic tool to determine deth#dear wave quality factor of the region using

strong motion data. The objectives recognizedHergdresent research work have been fulfilled by

determining the frequency dependent shear wavetygdattor in the Kumaon Himalaya and

Central Honshu, Japan region. Major conclusiont@iresent thesis are listed below:

1.

Madification in the method of inversion given bysbo (2006a, 2007) and Joshi et al. (2010)
has been made in the present work to determine thireensional attenuation structures using
strong motion data. Earlier method of inversionegi\by Joshi (2006a, 2007) and Joshi et al.
(2010) considers limited number of events. Theriagin of limited number of events has

been removed in the modified algorithm.

The inversion algorithm developed for three dimenal attenuation structures is numerically
tested for its dependency on number of input ev&his experiment clearly shows that
obtained attenuation structure is strongly dependemumber of input events and root mean
square error increases as number of input evemieakes provided the data set has similar

depth range.

The inversion algorithm developed for three dimenal attenuation structures is numerically
tested for its dependency on depth range of inpents. It is observed that due to difference in
the ray path of energy released from earthquakbembservation point with different depth
range, different attenuation structures can be ildda for different input data set. The
attenuation structure corresponding to minimum roeain square error is obtained for the data
set having large depth range. This experiment sit&ws that present algorithm tend to give

similar attenuation structure for input data havévgnts of similar depth range.

Numerical experiment on the inversion algorithmareigng data from earthquakes of similar
depth range shows that obtained attenuation steickoes not depends on order of input data

and is a stable algorithm.

Shear wave quality factor are strongly influencgdbterogeneity of the medium and tectonic
activity in the region. The obtained three dimenaidistribution of shear wave quality factor
is expected to provide important information regagdooth heterogeneity and tectonic of the

region. The obtained three dimensional distribigidrom strong motion data have been
181



compared in this work with available tectonicslo# study region. The comparison of obtained
structure with tectonic of the region shows rembl&asimilarity of distribution of attenuation

coefficient with the tectonic of the region.

6. Three dimensional attenuation structures have bb&ined by using the modified inversion
algorithm in the central Honshu region, Japan. Tiwene earthquakes digitally recorded at 27
stations of KiK-net network have been used for tinsk. The obtained attenuation structure is
compared with the available tectonic features @f thgion and comparison shows that the
obtained attenuation structure is capable of r@sglimportant tectonic features present in the

area.

7. Another algorithm based on the least-square ineeriachnique modified by Joshi (2006b) is
used to determine the frequency dependent sheae waality factor (Q(f)) using seismic
moment as an input parameter from independent esunfdodifications in this inversion
algorithm have been made to compute seismic moritent input record in an iterative

manner.

8. Developed algorithm has been tested for its depenyden input data sets. Results from
inversion of different input data indicate that #anshear wave quality factor can be obtained
for different data sets from same region. Theredig@ishing the fact that inversion results are
independent of input data set and clearly refléotssubsurface property as long as the travel

path of input events is similar.

9. Strong motion data are rich in high frequenciespddelency of maximum frequency data on
inversion algorithm has been tested in the presamk. It is seen that minimum root mean

square error is obtained at cut off frequency oH2mt various stations.

10.Developed algorithm has been tested for both N&tuth (NS) and East West (EW)
component of acceleration records separately. # bhaen seen that similar frequency
dependent attenuation relation and site effecbiained by using either NS or EW component.
Thereby confirming the fact that same frequencyeddpnt quality factor is sufficient to

describe the attenuating property in NS and EW aomapt of acceleration records.
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11.Frequency dependent S-wave quality factog(fiand site amplification have been obtained
in the Kumaon Himalaya, India using the modifieddrsion algorithm. Total forty events
recorded at sixteen stations located in this reg@ve been used in this work. The fing(fp
relation is determined by using all values qf(fQobtained from inversion of NS and EW
component of acceleration record at each statiaregfonal regression relation of formfQ is
obtained as gff) = (28+2.1)f *?*%%9in this study. This relation defines the attenuatio
property of the Kumaon Himalaya. Low value of,"@nd high value of ‘n’ obtained in the
present @) relation shows that the region is seismicaltyivee and characterized by local
heterogeneities. Comparison of the obtained relatiith the other relation in the seismically

active worldwide area revealed that Kumaon is t@ctily active region.

12.The three dimensional attenuation structures haem lestimated for two different blocks in
the Kumaon region using the strong motion datarcemb by the Kumaon network at different
stations. Attenuation structures have been obtaaedifferent frequencies. These two blocks
are overlapping at certain region. The obtainednatition structures from two different data
sets for these two blocks also show similar stmestun overlapped section. The study shows
that the complete picture of attenuation tomograiphthe long stretch can be obtained in a
region having limited data.

13.The comparison of obtained attenuation structureKumaon region is made with the
available geological and tectonic units of the oagand it is seen that attenuation structures are
capable of explaining major tectonic structurethefregion.

14.Very few studies have been carried out in the KumBlamalaya regarding the attenuation
properties of this region. Hence, the present wgivks the essential information required for

determination of the earthquake source parametersianulation of strong ground motions.

15.Source parameters of the Sikkim earthquake of madmi6.9 (M) that occurred on 18
September, 2011 have been computed using the diat $trong motion data recorded by
Kumaon network. The present study gives seismic emyjystress drop and source radius of
the Sikkim earthquake as (3.2 +0.8) x?%@yne-cm, 59.2 +8.8 bars and 13.3 +0.8 km,

respectively.
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