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ABSTRACT

Strong ground motion prediction is one of the indispensable prerequaitearthquake
resistant design of structures. Safe design of any steuatua seismically active environment
require various engineering parameters which are obtained eitbetlydirom strong motion time
histories or from simulated strong motion records. Strong motionadataot easily available at all
construction sites therefore simulation techniques are requiregef@rating useful strong motion
data for such sites. Simulation techniques require several paranoétearthquake and other
seismic information prior to the modeling of any earthquake ground miotiany tectonic setup.
Estimation of such parameters is practically difficult tasipeeially in a region where we have
limited information in hand. This has motivated a need for a techniqggenoflation of strong
ground motion which should depend on the easily available parameters at any new site.

The semi-empirical method was used for strong motion simulatiomagbr to large
earthquake in a broad frequency range by Kumar et al. (1999), Joahi (2001), Joshi and
Midorikawa (2004) and Joshi and Mohan (2008). This technique has never besh ftest
simulating ground motions due to great earthquakes. Modifications iremtieesnpirical method
have been made in the present thesis to incorporate the effediation pattern and seismic
moment of the target earthquake. These modifications have removedptredelecy of semi-
empirical method on attenuation relation. The semi-empirical metasdéen also modified to
resolve the obtained record into two horizontal components. The modified ieehimas been
studied in detail to check the presence of various strong motion pespkke directivity effect
and variation of peak ground acceleration with respect to surfacectmnjef rupture plane.
Strong motion records have been simulated for the well recordedtdNegrthquakeW,, = 6.6) of
October 23, 2004 to validate the modified technique. Iterative modsliggests that rupture
propagate bilaterally in northwestern direction at a depth of 13 km with ruplagty 3.1 km/sec
which is similar with the findings of Honda et al. (2005). Basedatisfactory results obtained
from present simulation technique of this well recorded and welied earthquake, two
earthquakes in Indian subcontinent viz., the Sikkim earthqudke=(6.9) of September 18, 2011

and the Sumatra earthquakd,( = 9.0) of December 26, 2004 have been studied to test the

applicability of the modified technique. The technique is further appgbegresent a ground

motion scenario due to a great hypothetical earthquake in the Andslayaah, India. The rupture
[



plane is placed in the Andaman region for this hypothetical gagthioqeiake and records have been
simulated using both the modified semi-empirical and empirical Greem$ida technique.

The rupture responsible for the Sikkim earthquake has been placed @thaofid4 km
between Tista and Gangtok lineaments. The length and width of theergbdne for the Sikkim
earthquake are assumed to be 51 and 13 km, respectively. The stiike mipture plane is
assumed to be parallel to the Tista lineament and is 328°N véhibse to that obtained from
fault plane solution of this earthquake given by Global CMT. Acattsn records have been
simulated for near-field as well as far-field stationsve®al simulations from different source
models and its comparison with observed records in the frequencya@@d—-20.0 Hz indicate
that the Sikkim earthquake was generated by a rupture originatiagdepth of 47 km and
propagating in southward direction with rupture velocity of 2.9 km/sec.

The source of the Sumatra earthquake has been modeled using both neefhified
empirical and empirical Green’s function techniques. The fiopture model of the Sumatra
earthquake obtained after iterative modeling using modified sepiHeal and empirical Green’s
function techniques has further been used to simulate both horizontal compiogienind motion
at PSI and MDRS stations which lies at an epicentral distarfc@s5 and 2060 km, respectively.
It has been further observed that due to dependency of empiricat’&fanction technique on
aftershock record, simulations at a far-field station has beeparenh in the frequency range of
0.3 to 2.0 Hz; whereas modified semi-empirical technique simulatioreslieen compared in the
frequency range of 0.3 to 4.0 Hz for the great Sumatra earthdtexiagive modeling of the source
of the Sumatra earthquake with several possibilities of rupturemeders indicate that this
earthquake was originated at 38 km depth and started propagating in stethwbrection with
rupture velocity of 3.0 km/sec. The simulation technique developed iwdhisis further used to
model a hypothetical earthquake of magnitude 8/4&)(in the Andaman region of Indian
subcontinent. This region lies close to the epicenter of the Samreatthquake. The causative
rupture for this hypothetical earthquake is placed in the Source @bmearked by Bhatia et al.
(1999). This source zone has potential of generating 8.5 magnitudeue&gl{&hatia et al. 1999).
The Andaman region itself has experienced earthquakes of both rewmerseblique strike-slip
fault mechanism (Ortiz and Bilham 2003; Chatherine et al. 2009). Bo#inNE&W component of
horizontal record has been simulated for reverse and oblique slipkigpe of earthquake source

mechanism in this region. It has been observed that peak ground acceleratimeddibban several



records using both methods with different possibility of nucleationtpieis within a range of 0.3
to 2.0 g for reverse source mechanism at POR station. Thisahpgeak ground acceleration from
simulated records for oblique strike-slip source mechanism is between 0.1 to 20R) staRon.
Several strong motion parameters are required for the estimaftiseismic hazard in any
region which is sometimes not easily available at all sitegs thesis presents modified semi-
empirical method which has advantage of using easily availablenptmas. The technique can be
applied to a region having scarcity of observed strong motion dataaarueceffectively used for

estimating earthquake resistant design parameters.
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Chapter — 1

INTRODUCTION

1.1 Synthetic Strong Ground Motion- Introduction

Strong ground motion prediction is one of the indispensable prerequisiteartbguake
resistant design of structures. Many sites of construction setdoain any past strong motion
records that pose a major constraint in earthquake resistaninsleSgveral engineering
parameters are required for safe design of any structursaismically active environment. These
parameters are obtained either directly from strong motionHisteries or from simulated strong
motion records. In addition to some of the empirically predicted gronation procedures,
simulation is the only options left for evaluation of safe engingaldesign parameters in a region
of limited, or no strong motion data. Simulation techniques requiraaevarameters of target
earthquake and other seismic information prior to simulation. Estimaf these parameters is a
difficult task especially in a region where there is limited informationand.

Prediction of strong ground motion parameter using attenuatiomoreaip is one of the
simplest ways for estimation of strong motion parameters rebigresafe engineering design. It is
a regression relation between design parameter and paraneédted to earthquake size, distance
of observation point from earthquake source and other tectonic andpsitdic information.
Several such ground motion prediction equations are available for difiegions worldwide
(McGuire 1977; Boore et al. 1980; Campbell 1981, 1985, 2001; Hanks and McGuire d@&dr; J
and Boore 1981; Abrahamson and Litehiser 1989; Sharma 1998; Sharma et ahrada9gt al.
2010). The comprehensive list of such relations is given by CamaB88rY and Douglas (2011).
Major advantages of using such relations are that these relat®fsmsed on a real database, are
easy to use, however, it has been observed that these equatitergelyedata dependent and
work only for a specific environment (Joshi 2001). The ray path omseisnergy from source
reaching the observation point is assumed as a straight lile iattenuation relation (McGuire
1977; Campbell 1981; Abrahamson and Litehiser 1989). This assumption isowdjidfor
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homogeneous earth model. However this assumption fails to explairgatiopmeof seismic energy
in the layered earth model. The earthquake source is treated as a point st ckevwelopment of
attenuation relation. This assumption also fails to explain finiter@af earthquake source in the
near-source region. It has been observed that as long as theetdmtasisnilar to that used for
generating ground motion prediction equation, the normality and model ageqaae broadly
satisfied in the attenuation relation, however, clear deviation fromnaiidy is observed when
using ground motion prediction equations for predicting different dasa(3eshi et al. 2012a).
Failure of attenuation relation for predicting important engineerangrpeters for finite earthquake
source in the layered earth model has motivated both engaregiseismologist a strong need for

development of techniques of simulation of strong ground motion.

1.2 Generation of Ground Motion- Review

Simulation techniques can be classified into four broad categoriese ®rne (i) Stochastic
simulation technique, (ii) Empirical Green’s function technique) Giomposite source modeling
technique and (iv) Semi-empirical technique. This section desdhbse techniques in detail and
possible identified gaps in the research.

1.2.1 Stochastic Simulation Technique

Stochastic nature of high-frequency strong ground motion was reedgiiy both
seismologists and engineers in late seventies. Simulatiomooigsground motion by engineers
(Housner and Jennings 1964; lyengar and lyengar 1969; Nau et al. 1982) usingtistocha
simulation technique is based on purely empirical approach. Strong grantiweh ms simulated by
engineers in such a way that it agree with existing da#dl iessential ways in terms of frequency
content, amplitude and duration of real data (lyengar and lyengar 1969etNad. 1982). The
actual methods for simulation of high-frequency ground motion make usdtesing and
windowing of Gaussian noise and adding together to suitably scaletdedcaccelerograms
(Boore 1983). The stochastic simulation technique is one of thestagldhniques that are used to
simulate strong ground motion. Housner and Jennings (1964) simulated straog reobrds
having pertinent properties of recorded strong motion earthquakes. Tet asoelerogram in this
case is a stationary, Gaussian, random process with a powerakplectsity found from the

average of undamped velocity spectra of recorded ground acceleragbh pEeudo earthquake
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records of thirty seconds durations were simulated by Housner emungs (1964) which
concluded that synthetic earthquake records are satisfactory nuaidstsong ground motion
records for the purpose of structural analysis and it can be arsdddign of structures. The major
limitation of this technique of modeling is that it does not include &gto@l model of earthquake
source and the passage of the energy released by the source through the medium.

The simulation techniques developed by seismologists make use dfysiegb model of
earthquake sources. The stochastic simulation technique develope$rglegist borrowed the
idea of stochastic nature of high-frequency ground motion from engia@er combined it with
physical model of earthquake source defined by seismologistecimastic simulation technique a
band limited random white Gaussian noise is passed through numbdters fepresenting
earthquake process to get a synthetic ground motion (Hanks and McGuireBb@sé; 1983;
McGuire et al. 1984; Boore and Joyner 1991; Shinozuka and Sato 1967; Lai 1982jpcHastic
model is a widely used tool to simulate acceleration timeesemd to develop ground motion
prediction equations (Hanks and McGuire 1981; Boore 1983; Atkinson and Boore 1995, 199’
Atkinson and Silva 2000; Boore 2003; Motazedian and Atkinson 2005). Stochastic raethosl
with the specification of the Fourier spectrum of a ground motiam fasiction of magnitude and
hypocentral distance. The source acceleration spectrum isltyprcadeled by a spectrum with a
w? shape (Aki 1967; Brunel970, 1971; Boore 1983, 2003). Hanks and McGuire (1981) hav
studied approximately 300 horizontal components of ground motion and sugyestatiese
acceleration records are in band limited white Gaussian noisgmmiithin the S-wave arrival
window. These band limited records are defined by the spectralr doegeencies and estimated
root mean square acceleration in terms of stress drop, hypoadisteaice, shear-wave velocity
and the spectral frequencies. It has been concluded by Hanks é\dr#¢1981) that acceleration
time histories of finite duration can be obtained by assumingerefe root mean square
acceleration at a site. Stochastic model does not take into a¢heuimite-fault effects and the
directivity effects and is based on a point source assumption (B®8®). In case of large
earthquake, finite-fault effects are an important effect to be considevede(8983).

Peak ground acceleration and response spectra for the Taipawaseaalculated by
Sokolov et al. (2001) using stochastic simulation technique on the dfaslstained empirical
model that was given by Boore (1983). Large collection of ground motiondiag obtained since

1991 in the Taiwan area was used to characterize source, path eaedfexits (Sokolov et al.
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2001). It was observed thaf® point source model compared with regional anelastic attenuation
and duration model provide a satisfactory estimation of ground motion parameter foteock si

Atkinson and Boore (2006) have developed ground motion prediction equationskfor ro
and soil sites in Eastern North America (ENA) using stochastialation technique. Atkinson and
Boore (2006) have suggested that ground motion prediction equations using stadmasation
technique provide a basis for estimating peak ground motions and respecisa for earthquakes
of magnitudesNl,) ranging from 4 to 8, at hypocentral distances between 1 tki@0for the
frequency range of 0.2—20 Hz. Boore et al. (2010) determined the paemweter for eight
earthquakes studied by Atkinson and Boore (2006) using a revised point-sourceistoubi.

Beresnev and Atkinson (1997) proposed finite-fault source model, in whichutiglanes
are discretized into equal rectangular elements and eachnofatigetreated as a point source. The
rupture propagates radially from the hypocenter with the speécifigture velocity. This stochastic
finite-fault modeling was used by Beresnev and Atkinson (1997, 1998) fdrO8v Northridge,
California earthquake of magnitude 6M,(). A large uncertainty was associated with the relation
given by Beresnev and Atkinson (2001) due to paucity of large earthqeakedings. To
overcome this limitation, Motazedian and Atkinson (2005) enhanced thetlatgday introducing
dynamic corner frequencies and the method was tested on California earthquake.

Ghasemi et al. (2010) simulated strong ground motions recorded durin@Oo®
Wenchuan, China earthquakié,{= 7.9) using the stochastic simulation technique proposed by
Beresnev and Atkinson (1997). Simulations were made for two source nBoisnodels were
based on the fault geometry that was proposed by Koketsu &08B)(through inversion of
teleseismic body wave data. The slip distribution obtained Byitkiersion was used for the first
type of source model, while a random slip distribution was usechéosécond type of source
model. The performance of each source model was quantified byei@has al. (2010) by
calculating the bias and standard deviation of response speatdiatpd by each model. Although
strong motion simulations using stochastic simulation technique ggliable estimation of strong
ground motion, it fails to model earthquake having finite-fault afgme® and complex rupture

geometry.



1.2.2 Empirical Green’s Function Technique

The finite-fault nature of earthquake source has been modeled byrihkation technique
known as Empirical Green’s Function (EGF) technique. This technigseinially started by
Hartzell (1978) and in this technique the records of the aftersludtke main event were used as
empirical Green’s function to simulate ground motion of the targehguake at an observation
point (Hartzell 1978, 1982; Kanamori 1979; Hadley and Helmberger 1980; Miletirab 1981,
Irikura and Muramatu 1982; Hadley et al. 1982; Coats et al. 1984; ¢toasd Kanamori 1984,
Imagawa et al. 1984; Munguia and Brune 1984; Hutchings 1985; Irikura 1986; Hmadon
Hartzell 1989). This technique simulates strong ground motion due ® daithquake source in a
layered earth model. It was observed that simulation of syntleeticds using earth model involve
two major problems. The first one was associated with the desoript source and second one
with the estimation of earth response (Hartzell 1978). Summation wof paurces was in media
ranging from full space (Aki 1968) to layered half space (Heaton and Helenld&g7). A method
was presented by Hartzell (1978) for modeling strong ground motion whesh aftershocks
associated with large earthquake as Green'’s function. A major earthquiakargatsurface area is
modeled by a collection of point sources distributed over a fault ptarézell 1978). The method
was used to model the El Centro displacement record for the 1940@idirpalley earthquake
(Hartzell 1978).

Irikura (1986) proposed the method of EGF technique which is consisiénspectral
scaling at high-frequencies. The total number of small eveets$ log Irikura (1986) in the EGF
technique is consistent with the scaling laws given by KanaanariAnderson (1975). The method
of EGF technique used by Irikura (1986) uses records of both the targetmall events having
spectral characteristics that can be predictedoBymodel (Irikura 1986). Irikura (1986) have
modeled the strong motion records of the 1983 Japan Sea earthigyake: (7.7) using records of
the aftershock of magnitude 6 Mfua) as EGF. The original idea of EGF technique makes use of
small earthquake as an empirical Green'’s function to simialaje earthquake. The distribution of
small earthquake within the fault plane of large earthquake elb@s the scaling laws of source
parameters studied by Kanamori and Anderson (1975). The fault areagefearthquake is
divided into large number of small event fault area to simulad@gtmotion records of very large
earthquake using the records of small earthquake (Irikura and Kb@9d@. It is observed that

some deficiencies of synthetic spectra are inevitably produeed & small event records are
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accurate enough in broad frequency range (Irikura and Kamae 1994vold such spectral
deficiencies, Irikura and Kamae (1994) introduced a fractal disoibwf a set of sub-faults with
different sizes in fault area for simulating large earthquakdion. Irikura and Kamae (1994)
modeled 1983 Akita-Oki earthquake using records of smaller aftdsifdgya = 3.9 and 5.0) as
an empirical Green’s function. The records of earthquiskgA = 5.1) occurred in the near source
region of the 1946 Nankai earthquaké;ga = 8.2) were used as an empirical Green’s function to
model the Nankai, Japan earthquake by Irikura and Kamae (1994).

A technique of simulating strong ground motion was developed by Soraezi/éil. (1991)
by summing contributions from sub-faults to simulate the propagatipture over the fault
surface. The radiation from the fault elements are representezmpirical source functions
derived from near-source strong motion records of magnitudeVij,0aftershock (Somerville et
al. 1991). The aspects of wave propagation were modeled by calcuateen’'s functions
(Somerville et al. 1991). The method was used to simulate strongnm@cords of 1985
Michoacan, Mexico earthquakél§ = 8.0) and Valparaiso, Chile earthquaké,(= 8.0). The
comparison of simulated and actual records for the model of hetecugesigp explain the high-
frequency recorded strong ground motion. The strong motion paramiderpeak ground
acceleration, duration and shape of envelope of the time historresinvgood agreement with
time series (Somerville et al. 1991). The comparison also showedntertainty associated with
misfit between response spectra of the recorded and simulated dependency on period and
site condition.

Kamae and Irikura (1998) estimated strong ground motion of the 1995 Hyagdakdbu,
Japan earthquake using EGF technique by considering an initial soadsd with the asperities
based on the rupture process by inversion of strong ground motion redoeds. asperities were
considered as subevents with uniform stress drop. The assumednmaitial was improved by
Kamae and Irikura (1998) by matching the synthetic and observed gratiahs using a trial and
error procedure. A method for simulating strong ground motion forge learthquake based on
synthetic Green's function was presented by Pitarka et al. (1PRB8&8)ka et al. (1998) used the
synthetic motions of a small event as Green's functions instead of obseved fcsmall events.
Both deterministic and stochastic methods were used for simutdtgnound motions from small
events by Pitarka et al. (1998). The long-period motions from the sewvahts were

deterministically calculated using the 3D finite-differencetmod, whereas the high-frequency
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motions were simulated using Boore's (1983) stochastic simulatidmodheThis method was
termed as hybrid Green’s function method by Pitarka et al. (199®).small event motions are
synthesized by summing the long-period and short-period motions aftangottssm through a
pair of matched filters to follow the omega-squared source modelin@rmotions from a large
earthquake were simulated by using EGF technique given by Ir{f@&6). This method was
applied to simulate the ground motion from the 1995 Hyogo-ken Nanbu, Japajuake M., =
6.9). The hybrid Green’s function method as well as the EGF methéormped a very good
agreement between the synthetics and observed records in regiores tivrer was enough
information about the deep and shallow geological structure. The omégramed in this method
was the detail requirement of the geophysical and geological informationrefibe.

Strong motion records in near-source area from March 2011 Tohokuuedh@l,, = 9.0)
showed several isolated wave-packets arriving from diffesagins on the source fault (Irikura
and Kurahashi 2012). The source model was estimated by Irikurawaatidshi (2012) from the
forward modeling by simulating high-frequency ground motions using E€gRnique. The
forward modeling showed that the final model has five strong motiorrajereareas located west
of the hypocenter and along the down-dip edge of the source fault (Irikura and Kuggisy.

Singh et al. (2002) have simulated strong ground motion in Delhi, Indeadoenario great
earthquake with the possibility of earthquake occurring in the alesgismic gap region of the
Himalayan arc. Two methods were used to synthesize the expectaadgmotions. In first
method, recordings in Delhi (three on soft sites and one on a hardfsiiee 1999 Chamoli
earthquake M, 6.5; epicentral distancey300 km) were used as empirical Green’s functions
(Singh et al. 2002). Ground motion during the target earthquake was syathégizandom
summation of the empirical Green’s functions. In second method, groumohsetere estimated
from the expected Fourier spectrum of the ground motion in Delhi thrdwgtagplication of
Parseval’'s theorem and results from random vibration theory (Singh €002). The largest
ground motions were predicted in Delhi for rupture occurring betweeiMain Boundary Thrust
(MBT) and Main Central Thrust (MCT) and the hypocenter located at the edtlye faiult.

It has been observed that simulations from EGF technique are codsedemne of the
most reliable one; however the most difficult requirement in #grtique is the availability of
aftershock record at the site of simulation. This is rare§iregd for new construction sites where

limited information is available.



1.2.3 Composite Source Model

Simulation of strong ground motion for a site having limited or nor gtimng motion data
require a technique which should be based purely on theoretical assenpghe technique of
composite source modeling is based on the principle that an earthquakdeasup of numerous
subevents that are arranged at the passage of the ruptureRuintef al. 2011). Each of the
subevent is defined by size, seismic moment, stress drop, slip and source-time.f@oetwright
(1982) was one of the first to propose a source composite model with a fractalitisstriinspired
by the pioneer self-similar concepts of earthquake model sugdestéanks (1979) and Andrews
(1980). Boatwright (1982) made the assumption that the total surfabe stibevents should be
equal to the surface of the target event and that the subeventsanaserlap. Boatwright (1982)
was able to model the high-frequency characteristics of therapacceleration in the far-field
region using this model.

Several composite source models are proposed in literature to thededterogeneities of
the seismic rupture such as the specific barrier model (Papgame@nd Aki 1983), the fractal
composite model (Boatwright 1982, 1988; Frankel 1991; Zeng et al. 1994) amanfiecal
Green's functions models (Hartzell 1978; Irikura and Kamae 1994kélrd995). The main
differences between these models arise from the hypothedesanahe subevent size distribution,
either assuming an equal-size distribution (Hartzell 1978; Papagecagd Aki 1983; Frankel
1995; Beresnev and Atkinson 1997), or a heterogeneous-size distributinoke{fFt891; Zeng et
al. 1994) and on the overlapping (Zeng et al. 1994) or non-overlapping (Frankech8gddter of
the subevents. Most commonly used technique to correct the mismatebebetarget and
modeled spectrum is to apply appropriate filtering technique. FrgaR6[) proposed a more
general composite source model in which the size of the subevesitdeseribed by a fractal
distribution. Frankel (1991) showed that the resulting high-frequenfffali the displacement
spectrum follows the spectral source model given by Aki (1967), providechtfractal dimension
of 2 and a constant stress drop are used in simulations.

Zeng et al. (1994) presented a composite source model for convolutiorsymitinetic
Green’s function to simulate strong ground motion due to a complex ruptaoess of an
earthquake. Subevents with power law distribution located within the euptane radiates a
displacement pulse with a shape of Brune’s pulse in the far-tieldime determined by a constant

rupture velocity propagating from hypocenter (Zeng et al. 1994). slimelations using this
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technique were made for event-station pairs recorded by Gueweelerograph network, Mexico.
The study showed that the simulated records bear realistictateplduration and Fourier spectra.
It has been observed that the composite source model given by FZehg(£994) failed to
demonstrate that a single model can give accelerograms eomhswgith a large number of
observations (Yu et al. 1995). Yu et al. (1995) have simulated 1991 Wtiadarthquake of 7.0
magnitude §s) by using composite source model defined by Zeng et al. (1994)slagproach,
Yu et al. (1995) have used two velocity models for near and fardtalibns rather than using
single velocity model as Zeng et al. (1994) had used. These taatyahodel were further used
to predict strong ground motions at the same stations from a potantiadjuake of magnitude 8.5
in the seismic gap region along the Himalayan frontal faults.sTitess drop was assumed to be
constant in the composite source models whereas it was sedmnshrameter can fluctuate very
strongly on the fault plane due to heterogeneous slip (Ruiz et al. 2011).

The composite source model was used by Ruiz et al. (2011) to wnread-band
accelerograms with spectral amplitudes proportional to a fraction of tletivdisecoefficient. This
approach was based on a composite source description. Each elenmmzeyas described as a
crack-type slip model growing circularly from a nucleation poihemthe rupture front reaches it.
In order to control the directivity effect, the location of the matibn point for an elementary
source was assumed to be scale-dependent (Ruiz et al. 2011). Traiogeint was located
near the intercept of the crack for the large sources, whereasfdler sources it is randomly
chosen within the crack (Ruiz et al. 2011). Rupture front propagatmstant rupture velocity
from the hypocenter location (Ruiz et al. 2011). Each subevent veasgad with scale-dependent
rise-time, assuming a boxcar source-time function; henceirfiteout its own high-frequency
radiation from rupture front propagating at constant rupture vel&aty the hypocenter location
(Ruiz et al. 2011). Ground motion synthetics were computed by convolvingligigelocity
functions with the Green's functions.

Kumar et al. (2011) presented a hybrid method for simulation of strang@rmotion.
This procedure is the combination of the techniques of envelope funktidarkkawa 1993) and
composite source model (Zeng et al. 1994). This technique is based con#taiction of the
envelope function of the large earthquake by superposition of envaloptohs of smaller
earthquakes. The smaller earthquakes (subevents) of varyirgy aieedistributed randomly,

instead of uniform distribution of same size on the fault plane @uet al. 2011). The
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accelerogram of target earthquake is obtained by combining théopevenction with a band-
limited white noise. This technique requires parameters likeé &gagh, orientation of the fault,
hypocenter, size of the subevents, stress drop, rupture velocity, duratiorg-site distance and
attenuation parameter (Kumar et al. 2011). The applicabilityi@technique was demonstrated by
modeling of the 1991 Uttarkashi, Himalaya earthquaWle £ 7.0) by Kumar et al. (2011).
Although the method of composite source modeling technique give eabstrds it require
detail velocity andQ structure of the region as well as the fault plane solution anstréns drop
parameter of the target earthquake (Kumar et al. 1999). It iefiséen that the calculation of the

complete Green'’s functions is quite time-intensive (Kumar et al. 1999).

1.2.4 Semi-Empirical Technique

Midorikawa (1993) proposed a simplified method for simulating stromgirgt motion
from a target earthquake for engineering use. This method was drasemi-empirical method of
Irikura (1986) in which the rupture plane of the target earthquakevidediinto small elements.
Midorikawa (1993) has determined the resultant acceleration envebpdosms, instead of the
time histories using this method. The envelope waveforms from #meats are summed to
synthesize the resultant envelope waveform of the target earthquils method is applied to
simulate peak ground accelerations of the Central Chile earthqidke= (7.8) of 1985
(Midorikawa 1993).

Joshi and Patel (1997) have modeled rupture along identified activenénésain the Doon
valley using semi-empirical method given by Midorikawa (1993). &éfyc of this modeling
technique for its applicability in modeling earthquakes in the Kiyaa region was established
after simulating peak ground accelerations of the Uttarkashcestke of October 20, 1991 and
comparing it with observed values. It is observed that the semreatpnethod is dependent on
the attenuation relation and the relation given by Abrahamson andskit¢hP89) are used in this
technique by Joshi and Patel (1997), Kumar et al. (1999), Joshi (2001), Jakh2601), Joshi
and Midorikawa (2004). Kumar et al. (1999) have used semi-empiriclochdor calculating
synthetic accelerograms for a wide range of earthquake mdgsaitbased on semi-empirical
method of Midorikawa (1993). The fidelity of this method was demonstiayechodeling the
strong motion records of the 1986 Dharmsdla € 5.3) and the 1991 Uttarkashivi{ = 7.0)

earthquakes.
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The final output of the semi-empirical technique (Midorikawal1993; JarsthiPatel 1997)
was the envelope of accelerogram which only gives the idea abakiigpsund acceleration at a
particular site and the total duration of the record. The reaéstithquake time series using semi-
empirical method was simulated from the rupture plane buried yeeeld earth model by Joshi et
al. (1999). In this technique filtered white noise was multipliedh wite resultant envelope of
accelerogram obtained at an observation point. Several filtes wged to include the effect of
geometrical spreading, anelastic attenuation and near steuatibn of high-frequencies. The
method was applied to simulate the records of the Uttarkashgaeakte and comparison is made
with the observed records (Joshi et al.1999). The semi-empgidatiue was modified by Joshi
et al. (2001) to include the effect of layered earth model. Inafipsoach the resultant envelope of
acceleration record take into account the transmission of enedgyaavel time taken by energy at
various boundaries within the layered earth model. The simulatedargsativelope is used as
window function to simulate accelerograms by multiplyingefiétd white noise at a particular site.
The applicability of this technique was tested to simulate theng motion records of the
Uttarkashi earthquake of October 20, 1991.

Joshi and Midorikawa (2004) presented a simplified method to simulategsground
motion for a realistic representation of a finite earthquake sdurded in a layered earth medium.
Joshi and Midorikawa (2004) have simulated ground motion data of the Gaparn darthquake
(M, = 6.8) of March 24, 2001 using stochastic method of Boore (1983) withetheof shaping
window based on the kinetic source model of the rupture plane. This shapdwwis depended
on the geometry of the earthquake source and the propagation chdiesfrihe energy released
by various sub-faults. The shaping window was modified by Joshi and kheai(2004) to take
into account the effect of the transmission of energy released the finite fault at various
boundaries of the layered earth model above the source. Strong mobasrbave simulated at
eight near-field stations and compared with the observed datdn@nddord simulated by using
empirical Green’s function method of Irikura (1986). The comparisablksties the efficacy of
this method.

Joshi and Mohan (2008) have modified semi-empirical technique inititdiged by
Midorikawa (1993) for simulation of strong ground motion due to a rupture coumiesarth
medium consisting of several layers of different velocities tmtknesses. Simulations in the

semi-empirical technique was made by considering, transmissioanefgy at each layer,
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frequency filtering properties of medium, earthquake source, tiomedactor for slip of large and
small magnitude earthquakes and site amplifications at variatisnst (Joshi and Mohan 2008).
Calculation of site amplification is based on H/V spectrabratethod of Nakamura (1989).
Several workers have used H/V spectral ratio method for d&iimaf site characterization (Rosa-
Cintas et al. 2011; Parolai and Galiana-Merino 2006; Field and Jacob L8 and Chavez-
Garcia 1994; Mucciarelli 1998; Bard 1999; Parolia et al. 2001). Strongpmmaogcords were
simulated by Joshi and Mohan (2008) at different stations that hadledcithre 2004 Niigata-ken
Chuetsu, Japan earthquaké,(= 6.6) using H/V spectral ratio in the semi-empirical technique.
The comparison of synthetic with the observed records over wide oafigeuencies showed that
this technique is an effective tool to predict various strong motemanpeters from simple
deterministic model which is based on simple regression relaimhsnodeling parameters (Joshi
and Mohan 2008). Simulation from this technique is based on estimidt¥ spectral ratio which
requires sufficient data at the site of simulation, which isdalitianal constrain in this study. Also
an open debate exists within the seismological community albactigal and theoretical aspect of
the H/V spectral ratio method (Bard 1998, Bonnefoy-Claudet et al. 20@6¢et and Bard 1994,
Parolai et al. 2001).

1.3 Research Gaps

The literature review of various techniques for simulation of stgpagnd motion gives an
extensive idea about the advantages and disadvantages of those techiguesethod of
stochastic simulation lacks complete representation of finite rupture plasta Gnd Mohan 2010).
The method of EGF technique has an advantage that there is no need to remove propiegtgion ef
(Fukuyama and Irikura 1986) and this technique is suitable to mode& finpture source.
However, the small earthquakes needed in this method are requiretbtateel ideally near the
source and recorded at a site at which simulation is deswgdeiJand Boore 1988). This is the
most difficult condition to be met when applying this method in praand hence it is of limited
use. In the composite fault modeling technique (Zeng et al. 1994; Yu Y9t al. 1995) fault
plane solution, detailed velocity ar@ structure is required for successful prediction. This is
among the most difficult part of this method for those regions, whale very few earthquake
records and limited seismic data. Recently a semi-empinehod has used for simulating

earthquake ground motion due to rupture process (Midorikawa 1993; Joshi 1997, 2000, 2001,
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2003, 2004; Joshi and Midorikawa 2004, 2005; Kumar et al. 1999; Joshi and Patel 1997). Tk
method has an advantage of both empirical Green’s function techniqueoghedstic simulation
technique and is dependent on simple attenuation laws applicable indpeusea. However, these
simple laws are always not available at the site of inya&istin and the users are compelled to use
worldwide attenuation laws like that used by Joshi and Patel (1997 aikatral. (1999), Joshi and
Mohan (2008). Although recent studies by Joshi and Patel (1997), Kumalar(®99), Joshi and
Mohan (2008) have shown that worldwide laws are useful for computatjperameters of strong
ground motion simulated using semi-empirical approach, however gpicability in new region

is still questionable. Direct dependency of semi-empirical metinosimple parameter like energy
released during an earthquake has not been considered in all prewioletiens using semi-
empirical methods given by Joshi and Patel (1997), Kumar et al. (188 and Mohan (2008).
Based on extensive literature survey following research gaps been identified in the semi-

empirical simulation technique:

* The size of earthquake is an important parameter in the siowulechnique. Various
workers starting from Midorikawa (1993), Joshi and Patel (1997), Kwnhat. (1999),
Joshi (2001), Joshi et al. (2001), Joshi and Midorikawa (2004), Joshi and Mohan (200€
have simulated strong ground motion and compared it with observed ground cheitm
earthquakes of magnitude ranging from 6.6 to 7.8. The applicabilithi®fmethod for
modeling of the great earthquake is still questionable.

» The faulting mechanism of an earthquake controls the shape ofagchidtrong motion
records. Theoretically, source mechanism of an earthquakefiredidy the radiation
pattern which depends on fault plane solution. So far, no modification in the semi-eimpirica
technique has been made to incorporate the use of the radiation patteermodeling of
finite rupture sources.

* The semi-empirical method of simulation gives only single rewdrnidh can be compared
either with maximum of two horizontal components or resultant recatdsadependent on
the use of attenuation relation. The method of semi-empirical mgdstill requires
modifications for component-wise simulations of strong ground motion andvieg its

dependency on empirical relations.
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1.4 Research Objectives

Literature survey reveals that the Empirical Green’s Ronctand Semi-empirical
simulation techniques are two methods of simulation of strong ground mwdtich are based on
deterministic modeling of the rupture plane of an earthquake sourbelimited and easily
available parameters. Both the methods have their own advantagesbkerved that though
empirical Green’s function technique gives reliable resulstaquirement of aftershocks at the
site of simulation is a condition which is rarely satisfieddionulation of strong ground motion at
a new site. This condition is not a hurdle in the semi-empiricainique where the envelope of
accelerogram is basic input for strong motion simulation. It has lobserved from literature
survey, regarding the semi-empirical simulation technique thaheiurtefinements in this
technique may add our confidence in this method and reliability on ¢edulacords. A strong
need has been felt to add concept of earthquake source mechanism and sbmisendivision of
energy in the semi-empirical simulation technique which can ateutomponents of strong
motion records with a confidence shown by the empirical Green’sidnntechnique. Following
objectives have been identified for this Ph.D. work on the basis dtlitersurvey and identified
research gaps in this area:

1. Component-wise simulation of strong ground motion using semi-empincaleling
technique in a broad frequency range.

2. Use of simple and easily accessible parameters in the-esepifical technique of
simulation of strong ground motion from earthquakes of wide ranging magnitude.

3. Validation of developed technique with case studies of known earthsjaakiewith well-
established technique of simulation of strong ground motion.

4. Generation of scenario earthquake for various techno economicallytamptorcations in
Indian subcontinent using modified technique and comparing its obtamdtsreith well-

established simulation technique.

1.5 Thesis Layout
This thesis comprises of six chapters. Chapter 1 presents ardwiefv of literature
regarding different simulation techniques used for generation dietyeiground motion. Various

aspects related to ground motion synthesis adopted by differeatabers, different procedures to
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obtained source parameters are described in this chapter. Irchidyier research gaps are
identified on the basis of literature review. Based on these identifiedrg#ps field, objectives of
this thesis have been defined in this chapter.

In Chapter 2 the methodologies for generating synthetic grountdbmasing semi-
empirical techniqgue and empirical Green’s function technique aeflybexplained. The chapter
also explains the numerical tests applied for checking the sititatfilmodified semi-empirical
method in defining various strong motion properties.

Synthetic ground motions have been generated for the Niigata-ken sGhuketpan
earthquake N, = 6.6) in Chapter 3 using both modified semi-empirical and empi@caén’s
function technique described in Chapter 2. The simulations obtained forgpmee model using
two different techniques are compared with the observed recordsria tdrroot mean square
error for several strong motion parameters. This well recoateldwell-studied earthquake has
been used to confirm the efficacy of modified technique.

Applicability of the modified technique for simulation of strong gmbunotion due to
earthquakes in the Indian subcontinent has been considered in the presesntGhepter 4
presents the simulation of strong ground motions of the Sikkim earthqidke= 6.9) of
September 18, 2011. The rupture plane of this earthquake has beeredi@emtifiis chapter on the
basis of seismicity and seismotectonics of region and the pamsnoétthe modeled rupture plane
have been calculated using various available information and relafibassource spectra of the
mainshock and aftershock have been calculated in this chapter to eomngudus source
parameters such as seismic moment, corner frequency anddstes3 he ratio of stress drop of
the mainshock and aftershock and other parameters are used for canpittiie parameters of
sub-faults modeled within the rupture plane of the target evexcbrBs of the Sikkim earthquake
have been simulated at near-field as well as far-fieldosttand compared with the observed
records to check the efficacy of the proposed method for componensiwigkation of ground
motion.

Chapter 5 describes the ground motion simulation of the Sumatrajesiéhusing the
simulation techniques described in Chapter 2. Various parameteng obigture model of this
earthquake have been finalized using iterative forward modelingcAdqaer includes simulation
of time histories and response spectra at several recordiignstahat have recorded this

earthquake and its comparison with the observed records. This chapt@redents the seismic
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hazard potential of the Andaman region due to a scenario earthquakgrufude 8.5N1,,) in this
region.

Chapter 6 summarizes all the research done in the presentGhapter also highlighted
the important conclusions drawn from the present study.
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Chapter — 2

TECHNIQUES USED FOR SIMULATION OF STRONG GROUND MOT ION

Strong ground motion is an essential part of any engineering sfustyucture. Various
techniques of simulation of strong ground motion and their limitations bhaea discussed in
Chapter 1. In the present work empirical Green’s function and empirical technique have been
used for simulation of strong ground motion. This chapter discussesmasitted formulation and

numerical experiments regarding these techniques.

2.1 Empirical Green’s Function (EGF) Technique

Empirical Green’s function approach suggested by Hartzell (197@&)dsof the popular
and widely used methods of simulating acceleration time histgmording to this method the
fault is divided into segments which are assumed to representeamhitjuakes (subevents). The
source time function of each subevent has its spectral shape, ¢t@mmaeency and seismic
moment. Contributions of subevents are summed in a specific way psoger seismic moment
and spectral shape of the source function corresponding to the wholelrfaihiis approach an
aftershock is considered as the record of the small earthquaken Wi¢ghscope of linear system
theory, Green’s function or impulse response function is used for forward modediagloimodel.
This function is the surface level response of the region underdeoaton to a buried impulsive
double couple applied at an arbitrary point. The small magnitudageakes with point like
sources provide an important clue to the regional Green’s function.

In the elastodynamic wave theory, Green’s function means the dis@at at an
observation point due to a point force. In EGF simulation method the resfosdsall earthquake
that share the source area and observation station with the maknakocalled as empirical
Green’s function. Empirical Green’s function shares the pathtladocal amplification effects
with the mainshock but has significant difference in the sourfexte{Hartzell 1978). This

difference has defined by the relation of small and taegethquakes. The spectral scaling laws
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(Aki 1967) and the scaling law of the fault parameters (KanaamatiAnderson 1975) gives the

way to estimate this relation for earthquakes up to intermediate-size (Xukdiikura 1991).

2.1.1 Self-Similarity

In the EGF technique the earthquake source is consideredaaraytgar plane. This plane
is divided into several small rectangles known as sub-faultsealsnor elementary earthquakes.
Division of rupture plane into sub-faults is based on self-simyldaitvs between the target and
elementary earthquake. The record of earthquake representmgumatault is called as empirical
Green’s function. Figure 2.1 shows the division of the rectangular euptane of siz&xW into

several sub-faults of sizexW.

% Site Earth Surface
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Figure 2.1 Schematic illustrations of fault areas of target and sall earthquakes are defined
to be LxW and LexWe, respectively. Star indicates the rupture initiating pointat
distance r, km from site and at & km distance from the ijth sub-fault. The
parameter rj denotes the distance ofjth sub-fault from site (Figure modified
after Irikura 1986)

Division of rupture plane of target earthquake into sub-faults is laséuake self-similarity
law of the source parameter given by Kanamori and Anderson (1978)easdlf-similarity law of
source spectra given by Aki (1967). Scaling relationship for soun@emgters such as rupture
length, rupture width, slip, slip duration and magnitude are defined bgdifisimilarity laws

given by Kanamori and Anderson (1975) as follows:
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UL =W = Tr= 0 d=( M/ M) = N 2.1)

where,
L andL. = length of the rupture plane of the target and small earthqualsedb-daults,
respectively;

W andW, = width of the rupture plane of the target and small earthquakes, respectively;
T andrt = slip duration of the target and small earthquakes, respectively;
D andd = slip of the target and small earthquakes, respectively;

M, andM,’ = seismic moment of the target and small earthquakes, respectidely a
N = total number of sub-faults along the length or the width of the rddepture

plane.

Above relation has modified by using the following empirical relatgm between seismic
moment and the earthquake magnitude by Kanamori (1977):

log,,M, =1.9M,+ 16.. (2.2)

where,M, andM,, are the seismic moment and moment magnitude of an earthqualeztinedy.
Following relation of self-similarity is obtained by using equation (2.1) and §2:2)

N = 10" 4] (2.3)

where,M,, andM,,’ are the moment magnitude of the target and small earthquakssctresly.
The scaling laws mentioned above are required for defining the parawoferupture plane
responsible for causing target earthquake. The other scalingomelhich is used in the
simulation technique is the spectral scaling model given by 2867) and Brune (1970) and is
called as Omega square) spectral scaling model. The? source model is considered as a
reference model even for study of great earthquakes (Houston anth&ai®86) as well as of
intermediate-sized earthquakes (Hanks and McGuire 1981). Accordiag tnodel (Aki 1967;

Brune 1970) the theoretical shapes of source spectrum is given as:
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M, (2.4)

O

The source displacements spectra of both the target and smihfiuekes can be defined as

follows:

Ul(f)=——>—— 2.5
, M’

U, (f)=em-">>—= 2.6
(f) 1+(f/fc)2 (2.6)

where,F. andf; are corner frequency of the target and small earthquakes, respectively.

According tow™?model, Irikura (1986) proposed following approximation:
U(f -0)=cf U(f - o)=w? (2.7)

The self-similarity law for spectral properties between thmget and small earthquakes is

formulated as follows:

=0 =N? (2.8)

where, U and UO' are the constant levels of the displacement spectra of thd trgesmall

earthquakes, respectively. This scaling relation is calledaspectral scaling model (Aki 1967;
Brune, 1970). If the average stress drop is independeit,o$elf-similarity exists among these
earthquakes (Aki 1967). Under such cases high-frequency accelerati@vél A, is proportional
to M, which gives the following form of the spectral relationship betwtbe target and small
earthquakes (Irikura 1986):

(A)/Ab’)=(|\/|o/|\/|;)]/3= N 2.9)
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where, A and A’ are the high-frequency flat level of the acceleration spedtthe target and

small earthquakes, respectively. The constant stress drop modeffaligesng scaling relation
between the corner frequency of the target and small earthquakes (Boore 1983):

F./f. =(Mo'/M o)l/3=1/N (2.10)

where,F; andf; are the corner frequency of the target and small ealtequaespectively. The
condition of constant stress drop does not always hold in wide magnmande (Joshi and
Midorikawa 2004). Therefore, Irikura (1986) has introduced a flexible dondior w2 model,
having shape ab™ source spectrum but not constant stress. In such cases thim#eiftg law of

source spectra for including stress drop rd@imf the target and small earthquakes is given as
(Irikura 1986):

° =_° =C'N’° (2.11)

(a/A)

where,C' is the stress drop ratio between the target and small earth§uakd,C' can be derived
from constant levels of the source displacement and acceleratjgiuae spectra of the target

and small earthquakes with equations (2.10) and (2.11), respectivelys loat@ other scaling

paramentes are given as:

(MO/MO')]/SZ CN (2.12)

L/L, =W/W,= T/ = Of dz( M/ C M;)m: N (2.13)

D/dz(A,/A,')zc:N (2.14)

where, C' is the ratio of stress drop of the target and the small earthquake.
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2.1.2 Method of Simulation

The strong ground motion due to finite rupture can be modeled by usingcirels of
small earthquake recorded at a hypocentral distanesing the formulation of EGF method
described by Irikura (1986). Mathematical development of this methioasisd on double couple
dislocation theory given by Aki and Richards (1980). According to double ealiplocation
theory, the displacement at an observation point at the surfaearth is given as (Joshi et al.
2012b):

U (xt)=|f i (¢S’5N'A’i“’¢) G*(x )0AU(&, ) & (2.15)

f

where, each function described above is defindda@shi et al. 2012b):
U (xt) = displacement at the observation point at théasarof earth due to
target earthquake;
R (¢S,5,/1,i{,¢) = radiation pattern of the target earthquake, wsittke ), dip ©), rake
(1), takeoff angleif) and azimuthg);
G®(x t) = Green’s function which control the medium pradjess;
Au({ , t) = time derivative of source displacement pulstheftarget earthquake;

rj = distance ofjth sub-fault from the observation point;

2 = area of rupture plane.
The displacement at the same observation pointalaesmall earthquake occurring nearby

the target earthquake can also be defined accotdidguble couple dislocation theory (Aki and
Richards 1980). This modifies the equation (2.b5)Mmall earthqauke as:

G(x)0au( %) daz) (2.16)

where,

u™(xt) = displacement at the observation point at théasarof earth due to

small earthquake;
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RS(¢S,5,)I,i5,¢) = radiation pattern of the small earthquake, sttike s), dip ©), rake

(1), takeoff angleif) and azimuthg);

Aug (% 1) = time derivative of source displacement pulsthefsmall earthquake;

r = hypocentral distance of the small earthquakeairding site;
AX = area of small earthquake.

Amplitude of source pulse of target earthquake banbuildup by adding all small
earthquakes, but if all small earthquakes occiih@same time, we get high amplitude with same
duration. The records at the observation point carbe directly added, due to appropriate
difference of the slip function of the target amdadl earthquakes. In order to compensate the slip
duration of target and small earthquake, a funck@p is convolved with each record of small
earthquake before addition. This functieft) is called as correction function and is useddjoist
the difference in the slip time function betweerafirand target earthquake. The functief) has
asymptotic spectral level of unity at high-frequesc(Joshi and Midorikawa 2004). The spectral
amplitude of the small earthquake in low-frequelimyt being amplifiedN® times while the high-
frequency spectral level of the subevent, being ldiegh N times (Irikura and Kamae 1994),
respectively, wher®l denotes the number of sub-faults along lengthommavard extension of the
rupture plane. Direct summation of synthetic resamithout considering correction facteft) can
give match in high-frequencies, however it will enelstimate low-frequency simulation in the
synthetic record (Joshi and Midorikawa 2004). Tfaree the correction factor has been used to
get the synthetic record having basic spectral shudp™ source model in the broad frequency
range (Joshi and Midorikawa 2004). This functiordédined as (Irikura et al. 1997; Irikura and
Kamae 1994):

F(t)=a(t)+[ (N -1)/T. (1~ exe(~ 3) | Dexip-¥/ T.) (2.17)

where,d(t) is the delta function\ is the total number of sub-faults along the lergtlthe width of

the rupture plane, ankk is the rise time of the target earthquake. Thatia between source time
function of small earthquake(5) and target earthquaké( ) is calculated by using correction

functionF(t) and is given as:
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pu(E,t) =Y [ F(r) By (£, t-7) or (2.18)
Au(é,t)= TF(t—r)mus(f,r) dr (2.19)
Au(&,t)=>" F(t)0aus (&, 1) (2.20)

The displacement record at an observation pointalt&rget earthquake is given as:

(xt)= |3 (45,041, .9)

f

G°(x 0Au(&, o) d= (2.21)

Substituting the relation (2.19) between sourcestiomction of targetu(&,t) and small

earthquakdus (£,t), the following modified form of expression for thésplacement record due

to target earthquake is obtained:

HR, 5,0, A, , ¢)

0

@ (x)] TH(YBY (6| & 222

[ﬂ ¢S’“|‘”¢) (Xt)m%(f)oz}m(r) (2.23)

By introducing the radiation patteR?(¢s,5,/1,i5,¢) and hypocentral distanceof small

earthquake in above equation (2.23), following rfiediform of equation is obtained:

UiSH(X't): 2[“RJ (¢s,f,/],igv¢)DRS(¢ dr_/]i ¢){RS(¢S’f’A’L‘m}@(m)mg(f,t)dz DF(t) (2_24)

U931 {Rj _— DR3(¢S,§,A,%,¢)HH R0 00 s ey (g e oy @25)
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Substituting the expression of displacement aistiréace of earth due to small earthquake

given in equation (2.16), the following modifiedrio of equation (2.25) is obtained:

R(#0Ai8)
r R®(4s. 97,1, ¢

U (xt) :z{ )u,s”(x,t)DF(t)} (2.26)

NZ
This equation serves as a basis for EGF technifjue.expression does not require either
source time function or the theoretical Green’sctiom. Equation (2.26) can be modified into

following form as:

A1) :ii{%jF(t—ﬂj)Da(t) (2.27)

where,

r, rj = the distances from the hypocenter of small gake and from thgth sub-fault to the

site, respectively;
tj = the sum of time delay from the rupture starinppeia ijth sub-faults to the site;

F(t) = the filtering function (correction function) tadjust the difference in the slip-time
function between the target and small earthquakes;

a(t) = the ground motion time history of the smalltequake;

A(t) = the ground motion time history of the targetieguake.

Following form of equation using self-similaritywa given by Irikura (1986) has been

used for the case when the stress drop ratio datiget and small earthquakes are not equal:

i=1 j=1 Rs(¢s’5’A’i{’¢)

]

At) = ciZN:ELj [ #.040) F() Oa(t- 1) (2.28)

where, C' is the stress drop ratio of the target and smaithgquake. The entire process of

simulation using EGF technique is shown in Figug 2
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Figure 2.2 lllustration of Empirical Green’s Function (EGF) simulation technique. Large and
small star denotes the location of the hypocenter of target ehquake and the
aftershock used as EGF. The parameter§; denotes the distance traveled by the
rupture within the rupture plane of 6x6 sub-faults from nucleation point to the
center ofijth sub-fault and rj is the distance traveled by energy from center afth
sub-fault to the observation point. Subscripti and j denotes the location of sub-
fault within the rupture plane and 1, f» and f; are the shear wave velocities in the
layered medium. Summation of all accelerograms from various sufaults at the
observation point is convolved with the correction factorF(t) gives the final
simulated record, which has been compared with observed one
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2.2 Modified Semi-Empirical Technique

The Empirical Green’s Function (EGF) technique e @f the most reliable techniques
used for simulation of strong motion but has lirdiggpplicability due to its major requirement of
aftershock or foreshock of target earthquake tmbdeled. In an attempt to remove dependency of
EGF technique on aftershocks, Midorikawa (1993)ppsed a semi-empirical Green’s function
approach in which the aftershocks are replacedngirecally generated Green’s function. The
theoretical development was made in such a waythistmethod satisfies the property of
source model given by Brune (1970). In recent yetlms method of modified semi-empirical
simulation of strong ground motion has evolved aseéfective tool for simulation of strong
ground motion. This method has advantages of bmrempirical Green’s function technique and
the stochastic simulation technique. The simplifiechnique is based on modifications made in
the semi-empirical technique given by Midorikawe®492) and later modified by Joshi and
Midorikawa (2004). In this technique synthetic netofrom different sub-faults within the rupture
plane are used in place of aftershock records aer( function. The advantage of the semi-
empirical technique given by Midorikawa (1993)hsitit require less time for computations and is
based on simple attenuation relations and variauanpeters which are easy to predict. However,
the dependency of semi-empirical method on thenadtion relationship itself poses strong
constraint on its applicability, especially for tlmse of modeling great earthquake using
empirically generated attenuation relationshipse Bemi-empirical method has been used for
strong motion simulation of small to large eartHquan a broad frequency range (Joshi 2004,
Joshi and Midorikawa 2004; Joshi et al. 2010),tbatmethod has never been tested for simulating
records due to great earthquakes.

In the semi-empirical technique, the rupture plahéhe target earthquake is divided into
several sub-faults. The concept of dividing thetuup plane of the target earthquake into sub-fault
is same as followed in EGF technique. The modieahi-empirical method proposed by Joshi and
Midorikawa (2004) uses the concept of stochasticuiation technique together with the semi-
empirical technique for simulation of strong motittme series. In first part of this technique a
time series having basic spectral shape of acaglam has been simulated while in second part
deterministic model of the rupture plane has besaduo simulate the envelope of accelerogram.
The modified semi-empirical method uses the timeeseobtained from stochastic simulation

technique and the envelope function obtained from demi-empirical technique. In stochastic
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simulation technique, white Gaussian noise of eaqgected mean and variance chosen to give unit
spectral amplitude (Figure 2.3a and Figure 2.3lpassed through number of filters representing
the earthquake processes. In this process thetadwkpectrum of white noise is replaced by the
acceleration spectra of the target earthquake. alceleration spectra can be defined as (Boore
1983):

A(f)=cs(f)a(f) R(t R (2.29)
where,C is a constant scaling factor given by:
C=M,R; EFS]PRTITI)A47;D,83 (2.30)

The terms used in equation (2.30) are defined by &¢1983). In this expressioM, is the
seismic momentRy, is the radiation patterr:S is the amplification due to the free surface,
PRTITNis the reduction factor that accounts for theipaning of total shear-wave energy into
two horizontal componentp, is the density of the medium apfids the shear wave velocity. The
radiation pattermRy, is dependent on type of faulting mechanism andydwmetry of earthquake
source. In the present work following expressiornhaf radiation pattern coefficient for SH wave
given by Aki and Richards (2002) has been used:

Ry =c0s1.cop .cds .sf-@ +) cds .8n isin .ogszf

, . o (2.31)
+sinA.cos? .cas .caB¢, —% sin .s2 igin .spr2h,

where, g5, J, 4, ic and ¢ are strike, dip, rake, takeoff angle and sourceiver azimuth of the
rupture plane, respectively. The filt&f) in equation (2.29) is the source acceleratiorctspm
and is defined by Brune (1970) as follows:

S( )= (2 1) /[1+( 1/ 1)°] (2.32)

In Equation (2.29), filteDg(f) is the near-site attenuation of high-frequencidsch is
defined as (Boore 1983):

D, (1) =3[ 2+( f/fm)st (2.33)
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The parametef,, in the above equation represents the high-frequentoff range of the
high-cut filter. The filterFr(f, R) represents the effect of anelastic attenuatiah iangiven as
(Boore 1983):

Fz(f.R) :(é"WQ”( f))/ R (2.34)

where,R denotes the hypocentral distance in kilometer @@ is the shear wave quality factor
which defines the frequency-dependent attenuationngl the shear wave propagation. The
spectrum of white noise (Figure 2.3b) after muiti@ion with theoretical filters (Figure 2.3c)
given in equation (2.29) represents basic spesirabe of acceleration spectra (Figure 2.3d). Time
domain representation of acceleration spectra (EiguBe) gives an acceleration record which has
basic spectral properties of acceleration spekloavever, it is observed that the obtained records
overestimate the high-frequency strong ground mo#od underestimate low-frequency in the
synthetic strong ground motion. This is due to difeerence in the duration of slip of target and
the small earthquake considered as sub-faults. rfeciion functionF(t) is convolved with the
obtained acceleration records for correcting daratf the slip of target and element earthquake.
Convolution ofF(t) with obtained acceleration recoag(t) gives acceleration reco®(t) (Figure
2.3f) as:

A (t)=F(t)0g (1) (2.35)

where, subscript andj are position of the sub-fault along length andtlwidf the rupture plane,
respectively. The accelerogram;(t) from different sub-faults reaches observationnpaat
different time lags. The obtained accelerogranurther windowed by the envelope functiejt)
defined in equation (2.37) as follows (Figure 2aBtl Figure 2.3i):

ag (t)=¢ (90A(Y 2.36)

Boore (1983) pointed that although stochastic sathuh technique give reliable simulation
it require proper windowing of the obtained rectimbugh a function which is based on kinematic
representation of model of finite rupture. Suchedwinistic time window can be obtained by the
semi-empirical technique of Midorikawa (1993) ire ttorm of resultant envelope of accelerogram

obtained from a model of finite rupture plane deddinto several sub-faults. The acceleration
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envelope waveforng;(t) is computed from the following functional formvgn by Kameda and
Sugito (1978) and further modified by Joshi (2004):

& (1)=T.(VT)Exp(1- ¥ T) (237

In this expressionTy represents the duration parameter andepresent the transmission
coefficient of the incident shear waves. This deedht is given by the following formula after Lay
and Wallace (1995, p. 102) and was used by Joslail.e2001) for modeling the effect of
transmission of energy in the shape of accelera&imelope as:

Tsszzﬂﬂﬁz/(ﬂﬂﬁl+ﬂz’752) 33)

where,u; andu, are modulus of rigidity in the top and bottom lesyerespectively, angh and s,
are shear wave velocities in the top and bottorargyespectively. The parametgssands, are

given as:
n =(1-p282)" /.
N, = (1— pzﬂf)w/ﬁz (2.39)
p=sin(i,)/B,

where,p andi, are ray parameter and angle of incidence, resfgdgtiThe transmission coefficient
contributes significantly to shaping the attenuatiate of the peak ground acceleration with
respect to the distance from the source. JoshiMiddrikawa (2004) have observed that for the
shallow focus earthquakes, the transmission coefias ~1.0; however, for the intermediate to
deep focus earthquake, this coefficientis0. This means that this coefficient should bemakto
consideration when modeling an intermediate to deeps earthquake. The duration param@&ger
used in equation (2.37) can be calculated usirigviahg relation given by Midorikawa (1989):

T, =0.0015¢ 16 +aR (2.40)

where,M,, andR are the moment magnitude of the target earthqgaakethe hypocentral distance
in km, respectively. The coefficienssandb in above expression depends on the study aresand
derived from regression analysis. The parametepsined to define the model of the rupture plane
are its lengthl(), width W), length and width of the sub-faultlse( W), nucleation point, strike
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and dip of the rupture planes( 0), rupture velocity Y;) and shear wave velocity in the medium. In
the semi-empirical method the rectangular ruptuene of the target earthquake of seismic
momentM, is divided intoNxN sub-faults of seismic momeM,. Once the rupture plane of
target earthquake is divided into several sub4$aunhe of the sub-faults is fixed from which the
rupture initiates. The centre of this sub-faulc@led the nucleation point, which may coincide
with the focus of the earthquake. The rupture sthkdm the nucleation point, and propagates
radially within the rupture plane. Each sub-faukteases energy whenever the rupture front
approaches its centre. The energy is releaseckifotin of acceleration recort;(t) obtained in
equation (2.36). The recost;(t), released from different sub-faults reaches theeovation point

at different time. The arrival time at the obseimatpointt; depends on the time taken by rupture
from the nucleation point to thgh sub-fault with rupture velocity, and time taken by energy
released fronijth sub-fault to reach the observation point wita telocitys of propagation. The

timet; is calculated using the following relation givenJoshi and Midorikawa (2004):

t =t /B+EN (2.41)

where, r; is the distance from the observation point to iftie sub-fault and; is the distance
travelled by the rupture from the nucleation pdimtthe particular sub-fault. Summation of all
records ag;(t)’ reaching the observation point at different tinag t; (Figure 2.3i) gives the
resultant recordAc(t)’ at the observation point which is expressed=agufe 2.3)):

Ac(t) =3 ag (- 1) )

In this expressionNxN are the total number of sub-faults within the wmptplane. The
methodology for simulating acceleration recét) by using finite fault model is shown in Figure
2.3. Various parameters of the modelled ruptureelare selected on the basis of iterative
modeling of the rupture plane and comparison ofiated record with observed record. Procedure
of selection of various parameters of rupture plasiag iterative modeling has been given in a
flow graph shown in Figure 2.4.
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Figure 2.3 (a) White Gaussian noise, (b) its spectrum, (c) Themeoretical spectrum of

acceleration record including all filters, (d) Multiplication of theoretical
spectrum of acceleration record with the spectrum of wite Gaussian noise, (e)
Filtered white Gaussian noise, (f) Convolution of the filteed accelerogram with
the correction function F(t) where L is the convolution operator, (g) Obtained
accelerogram after convolve with the correction function, (h) Miltiplication of
shaping window e(t) with obtained accelerogram A;(t), where x is the
multiplication sign, (i) Obtained finite duration accelerogam ac;(t) for ijth sub-
fault, (j) Rupture model in a layered earth medium for radial rupture geometry.
Star denotes nucleation point. Summation of accelerograms obtaithérom each
sub-faults to simulate the acceleration recordic(t) of the target earthquake, (k)
Simulated accelerogram
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Figure 2.4 Flow graph for iterative selection of various modeling parameters

2.2.1 Numerical Experiments
Modified semi-empirical method has been extengiviglsted for its applicability in
simulating strong ground motion by Midorikawa (199%nd Joshi and Midorikawa (2004).

Directivity effects are considered to be one of thest important properties of strong motion
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records. The approach of semi-empirical modelingrieque given by Midorikawa (1993) clearly
follows directivity effect. The modifications inersemi-empirical approach suggested by Joshi and
Midorikawa (2004) for layering and correction fuct also confirm the presence of directivity
effects in simulated records. In the present thesismic moment has been used for scaling the
amplitude of accelerogram together with the radmapattern. These modifications require an
investigation regarding applicability of directiyieffects in strong motion records. In order to
check the effect of directivity in the modified keeque, strong motion records are simulated on
both sides of the rupture plane for both bilateaatl unilateral rupture propagations. In this
numerical experiment vertical rupture plane of tangs0 km and downward extension of 150 km
has been considered for modeling an earthquakeaghitude 9.0Nl,). The rake of this rupture
has been considered to be similar to the pure tthmeshanism. This rupture plane is further
divided into 100 sub-faults, each of which correggoto 7.0 ¥,,) magnitude earthquake and is
placed in a three layered velocity model. The tHager velocity model given by Sorensen et al.
(2007) used for modeling of the rupture plane om&8wa earthquake has been used in this
experiment. Variation of peak ground acceleratiBGA) on both sides of the rupture plane in
strike direction for unilateral rupture propagatemd bilateral rupture propagation has been shown
in Figure 2.5, which reveals that, in case of uaiia rupture propagation, PGA values are higher
in the direction of rupture propagation as compaocBGA values in opposite direction of rupture
propagation. In case of bilateral rupture propagatsymmetry has been observed in the contour
around both side of rupture propagation. This cordithe presence of directivity effect in the
modified semi-empirical technique which has beesdu®r modeling of strong ground motion in
the present thesis.

The stability of the modified technique of simuteati of strong ground motion and its
dependency on modeling parameter has been chegkdigtithing rupture plane of same modeling
parameters into different number of sub-faults.if)on of sub-fault is based on the self-similarity
laws discussed in section 2.1.1. To check the digey of number of sub-faults on the obtained
simulated record at a selected site, the ruptuaeepbf length and width of 750 and 150 km,
respectively has been divided into 10x10, 14x7,818xd 19x5 sub-faults. In all models location
of nucleation point is almost same. Using self-&nty laws the magnitude of sub-faults needed
to model the rupture of target earthquake into D0xUx7, 12x8 and 19%x5 sub-faults has been
obtained as 7.0M,), 6.8 M,), 6.8 M,) and 6.9 ), respectively. Strong motions records at
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same station have been simulated using these fodels and are shown in Figure 2.6. It is
observed that as long as self-similarity is obeylére is no drastic change in the shape of record

and the PGA parameter also remains almost samadl feimulations maintaining the applicability
of self-similarity laws.
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Figure 2.5 Contour of peak ground acceleration (PGA in gal) value icase of (a) bilateral
and (b) unilateral rupture propagation. The rupture plane of dmension 750
kmx150 km has been shown by thick gray line which placed in vigcal direction.
Thick arrow shows the rupture propagation direction
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Figure 2.6 (a) Division of rupture plane into 10x10 sub-faults eachf which represent 7.0
(M) magnitude, (b) simulated acceleration record and its (o)elocity record; (d)
Division of rupture plane into 14x7 sub-faults each of whichrepresent 6.8 M)
magnitude, (e) simulated acceleration record and its (f) vetity record; (g)
Division of rupture plane into 12x8 sub-faults each of whichrepresent 6.8 M)
magnitude, (h) acceleration record and its (i) velocity record; (j) Division of
rupture plane into 19x5 sub-faults each of which represen$.9 (M,,) magnitude,
(k) acceleration record and its (I) velocity record. In all moels the location of
starting point of rupture is same
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2.3 Component-wise Simulation using Modified Semi-Empirical Techque

The method of semi-empirical simulation techniqueeg by Midorikawa (1993) and
further modified by Joshi and Midorikawa (2004) deg@s heavily on attenuation relation. This
method has been modified to remove its dependenattenuation relation. In the present work
the seismic moment and radiation pattern are usquaice of attenuation relation for scaling of
envelope of accelerogram. Various numerical expamnisihave been performed to check presence
of the directivity effects in the simulated recordad stability of simulated technique. The
modified method still require component-wise siniola of strong ground motion which is
required for the effective comparison of simulatecbrds with the observed records. In the present
thesis the maodification in semi-empirical methode anade to obtain simulated horizontal

components of strong motion record.

ac,®)

ac(t)coss;

Figure 2.7 lllustration of method for simulation of NS and EW compnent of earthquake
ground motion from ijth sub-fault. Triangle shows the recording stationg; and
p;j are represents angle made by resultant ground acceleration thithe vertical
and the angle made by horizontal projection of resultant ground rmtion
acceleration fromijth sub-fault with the direction of strike of the modeled fault.
X- and Y- axes follows the strike and dip direction of therupture plane,
respectively
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Component-wise simulation of strong ground motian be obtained by including simple
vector notation in modified semi-empirical approaghich has been explained in the earlier
section. The acceleration record simulated usingon (2.35) is a resultant record. The direction
of resultant component from each sub-fault witlpees to the strike of fault is defined by an angle
between a line joining centre of sub-fault to thearding station and strike of fault. This direntio
is different for different sub-faults and for obsteig contribution of horizontal component along
strike and dip direction from each sub-fault, reisofrom each sub-fault need separate treatment.
Figure 2.7 shows the division of resultant accélenarecordac;(t) released fromjth sub-fault
into components along strike and dip directionslloMong formula is used for obtaining the
horizontal component of records along the directbstrike (X- axis) and the direction of dip (Y-

axis) of the modelled fault, respectively, fromukant componendg;(t) released bjjth sub-fault:
aq’ (t) = ag () [Gosq [cog (@)4
aq (f) = ag (9 [tosq [king @4

In equations (2.43) and (2.443G° (f) and ag () are the acceleration records along X-

and Y- axis, respectively. The paramepgrin equations (2.43) and (2.44), represents théeang
made by horizontal projection of resultant grourstederation fromijth sub-fault with the
direction of strike of the modelled fault, adgl represents the angle made by resultant ground
acceleration with the vertical. The anglgsandg;; are different for different sub-faults and depend
on the position of sub-fault within the rupturenea Once the components of acceleration records

are obtained along X- and Y- axes, it has beemduntotated by angle using following matrix

rotation formula to obtain components along NS B direction:
ag®°(t) | _[cosp - sinp]| ag (1Y
¢(t)| [sing cowp | aq (1)

where, ag'®(t)and ag " (t)are the components of acceleration record along aNg EW

direction, respectively, ang is the strike of the modelled rupture plane measwvith respect to

the geographic North. Summation of all NS and EMWhjpgonent of acceleration record released
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from different sub-faults reaching the observagpomt at different time lag; gives the final NS
and EW component of acceleration record as follows:

AC*S (1) = ii ag*(t-1) (2.46)

Ac™ (1) = ii ag(t-1) (2.47)

where, Ac*®(t) and Ac™ (t) represent the north-south and east-west comparfieticeleration

records, respectively. A FORTRAN code, named MSETKI&dified Semi Empirical Technique
for Component-wise Simulation) has been develomgdcbmponent-wise simulation of strong
ground motion using modified semi-empirical techugig Various parameters of the modelled
rupture plane are selected on the basis of iterahedeling of rupture plane and comparison of
simulated record with observed record. The flowpgrahowing procedure of iterative modeling
and selection of final modeling parameters has lseewn in Figure 2.8.
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Figure 2.8 Flow graph of methodology for simulation of strong motion reords of horizontal
components

2.3.1 Numerical Experiments

It has been observed that modifications in the sampirical method favor directivity
effects. The method modified for component-wise wation of strong ground motion also
requires an investigation regarding applicability directivity effects in the simulated strong
motion records. In order to check the effect oédivity in the modified technique, strong motion
records are simulated on both sides of the ruppla@e for bilateral and unilateral rupture

propagations. In this numerical experiment, a samyartical rupture plane of length 750 km and
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downward extension 150 km has been considereddiphand rake of this rupture is assumed to
be 90° and 0° to consider pure strike-slip mechmanibhis rupture plane is divided into 81 sub-

faults, each of which corresponds to M, magnitudes and placed in a layered velocity model
defined by Cotte et al. (1999).
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Figure 2.9 Contour of peak ground acceleration (PGA in gal) value ircase of (a) bilateral
and (b) unilateral rupture propagation. The rupture plane of dmension 750
kmx150 km is shown by thick gray line which placed in verticadirection. Arrow
shows the rupture propagation direction. Points A and B markedn the figure lies
at equal distance from the vertical projection of fault plane
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Figure 2.10 (a) Division of rupture plane into 7x7 sub-faults edcof which represent 5.2 )
magnitude, (b) simulated NS acceleration record and (c) EW aeleration
record; (d) Division of rupture plane into 8x6 sub-faults @ach of which represent
5.2 My,) magnitude, (e) simulated NS acceleration record and (f) W&
acceleration record; (g) Division of rupture plane into 9x5 subaults each of
which represent 5.3 M,,) magnitude, (h) NS acceleration record and (i) EW
acceleration record; (j) Division of rupture plane into 12x4sub-faults each of
which represent 5.2 #,) magnitude (k) NS acceleration record and (I) EW
acceleration record. In all models the location of starting poinhof rupture is

same
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Variation of PGA on both sides of the rupture plamstrike direction for bilateral rupture
propagation and unilateral rupture propagationldeesn shown in Figure 2.9. It has been observed
that due to inclusion of radiation pattern, trarsswn effect, and component-wise simulation,
absolute symmetry is not obtained as in case afdvdl rupture propagation. However, it has been
observed that two points equidistant from the cooferupture plane have nearly same PGA for
bilateral propagation. The PGA values are highghédirection of rupture propagation in case of
unilateral rupture propagation as compared to t Rn the opposite direction of rupture
propagation. This confirms the presence of dirggtieffect in the technique modified for
component-wise simulation of strong ground motion.

Stability of modified technique and its dependermry modeling parameter has been
checked by dividing rupture plane of target eartéhkguinto different number of sub-faults. The
parameters of target earthquake are consideree saime for all cases. Division of sub-fault is
based on self-similarity laws. To check the depangeof number of sub-faults on the obtained
simulated record, the rupture plane of target gahke has been divided into 7x7, 8x6, 9x5 and
12x4 sub-faults. Location of nucleation point imabkt same in all models. The magnitude of sub-
faults needed to model rupture of target earthquatke7x7, 8x6, 9x5 and 12x4 sub-faults have
been calculated as 5.®1(), 5.2 M), 5.3 My) and 5.2 K,,), respectively using self-similarity
laws. Strong motions records at same station haea bimulated using these four models and are
shown in Figure 2.10. It has been observed thdbrasg as self-similarity is obeyed, there is no
drastic change in the shape of record and the P&anpeter also remains same for all simulations

maintaining the applicability of self-similarityvs in the modified technique.

2.4 Conclusion

This chapter discussed the well-known empiricale@i® function technique in detail and
modified semi-empirical technique for the simulatiaf strong ground motion at a site of interest.
Modifications in the semi-empirical method have rbeeade to remove its dependency on
attenuation relation for scaling of envelope ofederation in earlier method. Seismic moment and
radiation pattern has been used to replace attenuglationship. Modifications in this method
have been made to simulate both horizontal comgerarstrong ground motion by using simple
vector law. Numerical tests have been performeathéxk the applicability of directivity effect and
stability, in each modification introduced in seempirical technique.
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Chapter — 3

SYNTHETIC GROUND MOTION FOR THE NIIGATA EARTHQUAKE OF
OCTOBER 23, 2004 1y = 6.6)

The Niigata-ken Chuetsu, Japan earthquake wasdetan a dense network of strong
motion recorders installed within entire Japan.sTtihapter presents the simulations of strong
ground motion data of the Niigata-ken Chuetsu eardke using modified semi-empirical
approach presented in Chapter 2. The simulatiotsr@a using developed techniques have been
compared with the simulations obtained from thel-esiablished EGF technique using the same
rupture model.

3.1 Niigata Earthquake

Mid Niigata prefecture located at 80 km south afjblia city on the West Coast of Honshu,
Japan (Bardet 2004) was stuck by a strong eartleqg@ua = 6.8) on October 23, 2004 at 17:56
(JST). This earthquake is popularly named as Niigah Chuetsu, earthquake. Parameters of this
earthquake are given in Table 3.1. Location ofgpieenter of this earthquake and stations that had

recorded this earthquake is shown in Figure 3.1.

Table 3.1 Parameters of the Niigata-ken Chuetsu, Japan earthquake of Octob28, 2004

Hypocenter Size Fault Plane Solution Reference
08:56:4.8s GMT M, =8.6x16°dyne-cm NP1 ¢ =23°,6=239°, 1=86° Global CMT
37.31°N, 138.83°E M,, = 6.6 NP2 ¢ =209° 6 =51° 1=93°
13 km Mjmva = 6.8

m, = 6.4
17:56:00 s JST M, = 7.5x16° dyne-cm NP1 ¢ =27°, 6 =43°,1=87° Kamae et al. (2005)
37.29°N, 138.86°E M,, = 6.6 NP2 ¢ =212° 6=47° 1=93°
13.1 km Mjua = 6.8
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Figure 3.1 Map showing epicenter of the 2004 Niigata-ken Chuetsdapan earthquake and
286 sites of KiK-net network that has recorded this earthgake. Coordinates are
taken from www.kyoshin.bosai.go.jp

3.2 Geology of the Region
Niigata Prefecture in Japan is located on the astzirHonshu on the West Coast of the Sea

of Japan. Niigata Prefecture stretches about 24@lkmg the Sea of Japan, from the southwest to
the northeast, with a coastal plain between themains and the sea (Joshi and Mohan 2008). The
epicentral area of the 2004 Niigata-ken Chuetsthgaake consists of Neogenic and Quaternary
deposits (Sato et al. 2003) and is shown in Fi@u2e These Neogenic and Quaternary deposits
overlay the pyroclastic volcanic basement rocke Quaternary deposits generally consist of clay,

silt, sand and gravel. The Neogenic formationshe@vily folded (Sato et al. 2003). The Shinano

River flows through the syncline axis, and Tokama€djiya and Nagaoka are situated in the
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Shinano valley. Another syncline, which has similands, is located in the east where Sumon,
Koide, Yamato and Muikamachi towns are locatedlos $yncline along which Uono Stream of
Shinano River flows. The anticline and synclinessaare tilted to NE. Uono stream changes its
flow direction from NE to NW at Koide town and jairShinano River nearby Kawaguchi town.
This segment of the stream seems to follow a sati$ault segment, which starts from Yuno
valley and extends to Kashiwazaki (Sato et al. 2003

; 7
|} ; / /

“Hugashiya
Hill

Maruyama
Hills

37.30

Kawaguchi
Ken-etsu Expresswa

Uono River
0

JR liyama Line

Geologic Age] | Sediment Landform|
2| Holocene Alluvium i Plain iclinal axi
< Holocene Terrace Deposits 7L’ Anticlinal axis
I Lower Terrace Deposits Terrace
S| Pleistocene Middle Terrace Deposits ‘7‘, Synclinal axis
o Uonuma Formation
2 Sshigakubt Formaton 7 Fau
3 Pliocene 98 Hills .
S i Andesite _ %  Epicentre
2 | | Kawaguchi Formation

Miocene |—— Araya Formation

Figure 3.2 Geology around the epicentral region of the 2004 Niigata-kébhuetsu earthquake
(Figure modified after Sato et al. 2003)
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3.3 Data

Niigata-ken Chuetsu earthquake of October 23, 2084 recorded at 286 strong motion
stations of Kiban-Kyoshin network (KiK-net) and 3&fations of Kyoshin network (K-NET). KiK-
net and K-NET consists of total 660 and 1034 strgraund motion seismographs, respectively
spreading all over Japan. Seismographs of the KiKaetwork are deployed at surface as well as
borehole at all stations whereas seismographsedKtNET network are deployed at surface only.
The average station-to-station distance for K-NETabout 20 km. Each station has a digital
strong-motion seismograph with a wide frequency dbaand dynamic range required for
measurable acceleration of 2000 gal. The maximueak ggound acceleration (PGA) recorded
during this earthquake was 840 gal at Nagaokaostafi KiK-net and was 1750 gal at Tohkamachi
station of K-NET. Acceleration data recorded aeéhstations (NIGHO1, NIGH13 and NIGH19) of
KiK-net of the National Research Institute for BaBcience and Disaster Prevention (NIED) has
been used in the present study. Details of thegmiss are given in Table 3.2. The records from
the borehole sensor have been used for the pugiasemparison with synthetic records to avoid
site amplifications which may present in sensdhatsurface. The records downloaded from KiK-
net site have been processed using basic processing given by Boore and Bommer (2005). The
processing steps involves baseline correctionunegnt correction and band pass filtering.

The modified semi-empirical method requires knogkeaf the duration parameter. This
parameter is needed in scaling the envelope fumatio accelerogram. The relation between
duration parameter, magnitude and hypocentral riistas empirical in nature and was given by
Midorikawa (1989). This relation was modified byferent workers (Joshi and Patel 1997; Joshi
and Midorikawa 2004; Joshi and Mohan 2008) for wtofl different earthquakes in different
regions. The duration parameter given by JoshiMaldan (2008) has been used in simulation of
strong ground motion for the Niigata earthquake.

Table 3.2 Detail of observation stations used for simulation

. Latitude Longitude Hypocentral Epicentral :

Station Code (in degree) (in degree)  Distance (km) Distance (km) Station Name
NIGHO1 37.43 138.89 20.41 15 NAGAOKA
NIGH13 37.05 138.40 51.14 49 MAKI
NIGH19 36.81 138.78 55.50 54 YUZAWA

Source: www.kyoshin.bosai.go.jp
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3.4 Simulation of Strong Ground Motion using Modified Semi-Empirical Techique

The Niigata earthquake was modeled by Joshi andaMd®008) with modified semi-
empirical approach using attenuation relation ofradamson and Litehiser (1989). Several
modifications in this technique have been made dmave its dependency on attenuation
relationship. The semi-empirical technique has beedlified for simulation of strong ground
motion by using seismic moment in place of regiaténuation relation for scaling the envelope
function. Another modification has been made tooiporate effect of radiation pattern in the
simulation technique. Further, the semi-empirieahhique has been modified for component-wise
simulation of strong ground motion by using simpketor theory. The rupture model given by
Honda et al. (2005) and tested by Joshi and MoB@688) has been used in the present work for
simulation of strong ground motion. The parametdrthe rupture plane are given in Table 3.3.
The geometrical parameter of sub-faults has belenlated using the self-similarity laws given by
Kanamori and Anderson (1975). Based on seismic moofethe mainshock, the rupture plane of
dimension 42 kmx24 km has been divided into 12faulis of moment magnitude 5.51(). The

velocity model given by Honda et al. (2005) hasnbesed for simulation is given in Table 3.4.

Table 3.3 Parameters of the responsible rupture plane for the Niigata eantjuake used for

simulation
Modeling Parameter Source
Length = 42 km Honda et al. (2005)
Width = 24 km Honda et al. (2005)
Dip = 39° Global CMT
Strike = 211° Honda et al. (2005)
NL=4,Ny=3 Based on scaling relation by Kanamori and Anderson (1975)
V; = 3.1 km/sec Joshi and Mohan (2008)
S = 2.8 km/sec
Qu(f) = 158.48" Kiyono (1992)

M, = 1.2x16°dyne-cm  Honda et al. (2005)

Table 3.4 Velocity model in source region of the Niigata earthquake (after Hondzt al. 2005)

Thickness (km) S-wave Velocity (km/sec) Density (g/cnT)

7.4 1.9 1.8
4.4 3.1 3.0
1.4 3.6 3.5
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A software named MSETCS has been developed in R2RITfor simulation of records
using modified semi-empirical technique. This saitey is capable of simulating acceleration
waveform caused by an earthquake generated byta fiult. As discussed in earlier chapter this
program requires coordinates of recording statioa Cartesian system in which the X- and the Y-
axes follows the strike and dip direction of thepttwe plane, respectively. In this section,
acceleration records have been simulated for thgatdi earthquake at three rock site stations of
KiK-net. Location of modeled rupture plane and reangy stations used for simulation of strong
ground motion has been shown in Figure 3.3. Finplure model used for simulating records of

the Niigata earthquake has been shown in Figure 3.4

38.0°
LEGEND
37.5°
* Mainshock
A sie
37.0°

138.0° 138.5° 139.0°

Figure 3.3 Location of rupture plane and stations at which simlations has been made for the
Niigata earthquake
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Figure 3.4 Final rupture model of the Niigata-ken Chuetsu eahliquake consisting of 4x3 sub-
faults in a layered medium with 211°N strike direction. Star bows the starting
position of rupture

Present method requires knowledge of frequencyrakgre quality factor@g(f) relation)
for region under study. In this wo@g(f) relation given by Kiyono (1992) has been usedcivhs
an average relation for Japan. Same relation wad by Joshi and Midorikawa (2004) for
simulation of strong ground motion of the Geiyotlequake using semi-empirical technique. The
rupture plane of the Niigata earthquake has beeidetl into 12 sub-faults and the location of
nucleation point is assumed at sub-fault numbesg@.a3). The NS and EW components of strong
motion records have been simulated at three diffestations. Simulated records have been
compared with the observed records and shown iur&i@.5. It has been observed that
acceleration records show almost similar trendsalinsimulated records. Pseudo-acceleration
response spectra have been calculated from bo#rwaas and simulated acceleration records at
these stations and are compared in Figure 3.6. @osam of response spectra from both NS and
EW component shows similar trend. This confirmsapplicability of the modified semi-empirical
technique for this earthquake.
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Figure 3.5 Comparison of observed (in blue) and simulated ni black) NS and EW
components of acceleration record at NIGHO1, NIGH13 and NIGH19tations
of rock site using modified semi-empirical technique
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determined from NS and EW components of observed and simulateaecords at



3.5 Discussion

Empirical Green’s function technique is one of thest reliable technique for simulation
of strong ground motion. This technique has adwgntaf not requiring the computation of the
propagation and the local site effects (Joshi amtbikawa 2004). Its main limitation is that it can
be applied in cases only where appropriate recoirdmall events considered as Green’s function
in the area of study are available (Joshi and Mkd@va 2004). Unfortunately, it is rare to have
good records of such small events, especially & dburce area of a future large earthquake
(Kamae et al. 1998). It is observed that the Nagearthquake was one of the well recorded
earthquake and has sufficient strong motion dajaire for EGF simulations. Several aftershocks
of the Niigata earthquake were also recorded byKiKenet at same stations that has recorded the
mainshock of the Niigata earthquake. Among sevaf@rshocks the aftershock record of the
Niigata-ken Chuetsu, Japan earthquake which oatuwre October 23, 2004 of magnitude 5.5
(My) has been used as empirical Green’s functionigwiork. Parameters of this aftershock are
given in Table 3.5. This aftershock was recorded 2 sites of KiK-net. This aftershock was
recorded at all three stations that have been derexi for strong motion simulation using
modified semi-empirical approach in earlier sectibncation of this aftershock with recorded
strong motion data at these stations are showiguré-3.7.

Table 3.5 Parameter of an aftershock of the 2004 Niigata-ken Chuetsu, Japan earthqeak

Hypocenter Size Fault Plane Solution Reference
23/10/2004 M, = 2.47x18*dyne-cm NP1 ¢ =221° 6=41°, 1=98°  Global CMT
09:57:29.2s GMT M, =5.5 NP2 ¢ =30° 6 =50° 1=283°
37.25°N, 138.91°E  Mjwa =5.7
13.6 km m,=5.2

One of the major requirements in the EGF simufaisothe source parameters of both the
target earthquake and the aftershock used as ealpBreen’s function. Source parameters which
are required for EGF simulation are corner freqyeseismic moment and stress drop of the
mainshock and the aftershock that used as empi@oaén’s function. In the present work the
source parameters of the mainshock and aftersh@sk deen estimated from the source
displacement spectrum calculated from the borehateeleration records recorded by

seismographs installed by KiK-net network. Caldolabf source displacement spectra is based on
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the concept of source spectra given by Brune (19¥YBg calculation of source spectra from
acceleration record requires corrections for pragiag and high-cut filters. The propagation filter
is dependent on frequency dependent quality fadtothe present work frequency dependent
quality factor given by Kiyono (1992) has been usethe propagation filter.
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* Aftershock
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37.5°

37.0°

138.0° 138.5° 139.0°

Figure 3.7 Location of rupture plane and stations at which simlations has been made for the
Niigata earthquake using an aftershock of magnitude 5.5My). Aftershock

records of NS and EW components used as empirical Greerfisnction are shown
along with their recording sites

The source displacement spectra has been calcutat@edthe horizontal components of
acceleration records of the aftershock and mainslaicthe Niigata-ken Chuetsu earthquake

recorded at NIGHO1 station from a time window carnitegy prominent S-phase. The corner
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frequency and long term flat level have been esgéthdrom the computed source spectrum by
comparing it with theoretical spectrum given by B#u(1970). Estimated corner frequency and
long term flat level calculated from source displaent spectra are further used for calculation of
seismic moment, source radius and stress drop asingtions defined in following section.

3.5.1 Estimation of Source Parameters

In computing source displacement spectrum the bota& component of acceleration
record at NIGHOL1 station has been used. The cdraguency and the long-term spectral level are
estimated from the source displacement spectruncdoyparing it with the theoretical source
spectrum given by Brune (1970). These parametersuaed further to compute the seismic

moment and the stress drop parameters.

3.5.1.1 Seismic Moment
Seismic moment is related to the long term flaeleabserved in the source displacement

spectrum by the following expression (Keilis-Borth59):

3
v = APRAQ,

0 R, 1B

where,M, is seismic moment in dyne-cm,is the density in g/ch s is mean S-wave velocity of

the crust,R,, is radiation pattern for the S-wave,s hypocentral distance aw is long-period

spectral level of the S-wave.

3.5.1.2 Stress Radius

The corner frequency is related to the radius oégunvalent circular crack that is used to
model an earthquake source. The relation betwesing@f circular crack and corner frequency
given by Brune (1970) is given as:

rg = 2.34 (3.2)
27tf,

where, andf; are the S-wave velocity and corner frequency,aetdgely.
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3.5.1.3 Stress Drop
The stress drop is defined in a given point ofwdtfas the difference between in stress state
before and after the rupture. Stress drop can loellated by the knowledge of seismic moment
and source radius. The average stress drop isededis) (Brune 1970):
M

o= 16rg (3.3

where,M, is the seismic moment anglis the source radius.

The plot of the observed and the theoretical degpteent spectrum of the Niigata-ken
Chuetsu earthquake and its aftershock have beemnsio Figure 3.8. The values of source
parameters of the aftershock and mainshock comgrgedthe source displacement spectra have
been given in Table 3.6.
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Figure 3.8 Displacement spectra of the mainshock and its afshock of the Niigata-ken
Chuetsu earthquake computed from the S-phase of NS and E\@Wbmponent of
accelerogram recorded at NIGHO1 borehole station of KiK-net. Theretical
Brune spectrum are represented by dashed line
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Table 3.6 Ground motion parameters of the Niigata earthquake estimated from diacement

spectra
Events Q, f. (H2) Ac (bars) M, (dyne-cm)
Mainshock 150.0 0.1 119 4.24x16°
Aftershock 4.0 0.3 105 1.01x16°

3.6 Simulation of Strong Ground Motion using Empirical Green’s FunctionTechnique

The empirical Green’s function technique has bessduo simulate strong ground motion
due to Niigata earthquake at three sites which weresidered for simulations using modified
semi-empirical approach. The parameters and ruphodel are assumed to be same as that used
for simulation of strong ground motion using moelifisemi-empirical approach in earlier section.
Based on the self-similarity laws of fault paranet@nd source spectra the entire rupture plane has
been divided into 12 sub-faults. Location of thetame model is same as defined in Figure 3.3.
Parameters of the rupture model are same as ddfin€dble 3.3, however the division of this
rupture plane is based on the self-similarity latvseismic moment of aftershock and the
mainshock. The velocity model used for simulatiérstoong ground motion using EGF technique
is same as used in the modified semi-empiricalriecie and is given in Table 3.4. The stress drop
ratio of the mainshock and the aftershock is 1.8 #ns value has been used as input for
simulation of strong ground motion using EGF tegei The north-south (NS) and east-west
(EW) component of strong motion aftershock recoet®rded at NIGHO1, NIGH13 and NIGH19
stations at the borehole have been used as EGFsnfatating NS and EW components of the
target earthquake. The NS and EW component ofdbeleration records have been simulated at
NIGHO1, NIGH13 and NIGH19 stations, respectively, iising EGF technique and has been
shown in Figure 3.9. Comparison shows that the Isited records bear realistic appearance and
the value of PGA from both actual and simulateadrds are comparable.

The pseudo-acceleration response spectrums hanechkeelated from both simulated and
observed records. The comparison of pseudo-actieterasponse spectrum determined from NS
and EW components of the simulated record usingiffaddsemi-empirical and EGF technique
with the observed records at these stations hasdtemvn in Figure 3.10. It has been observed that
the simulations obtained using modified semi-ergplritechnique presented here bear realistic

appearance with that obtained from EGF technique.
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Figure 3.9 Comparison of observed (in blue) and simulated ni black) NS and EW

components of acceleration record at NIGHO1, NIGH13 and NIGH19tations
of rock site using empirical Green’s function technique
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Figure 3.10 Comparison of pseudo-acceleration (PSA) responsgestra with 5% damping
determined from NS and EW components of observed and simated records at
NIGHO1, NIGH13 and NIGH19 stations
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The response spectra obtained from simulated reasirdy modified semi-empirical and
EGF technique have been compared in terms of reanmsquare error (RMSE) defined as:

_rd(a()-a())
RMSE= \/ﬁz(as—(i)J (3.4)

i=1

where in this relation, RMSE is root mean squamreof N samples of observed(i) and

simulated af(i) pseudo-acceleration response spectra obtained fibserved and simulated
acceleration records. The comparison of RMSE betweseudo-acceleration response spectra
calculated from observed and simulated acceleragoards for the NS and EW components have
been listed in Table 3.7. It has been observedahiawugh RMSE is less in the simulations by

EGF technique, the simulation by modified semi-aiogi technique also gives comparable match
at some stations.

Table 3.7 Comparison of RMSE calculated from pseudo-acceleration respongeestra
obtained from observed and simulated NS and EW components of acceleratiorcoeds of the
Niigata-ken Chuetsu earthquake using modified semi-empirical and EGtechnique

Station RMSE (MSETCS) RMSE (EGFT)
NS EW NS EW
NIGHO1 0.6 0.7 0.4 0.4
NIGH13 0.6 0.6 0.4 0.6
NIGH19 0.4 0.4 0.4 0.4

The quantitative comparison of observed and siradlatrong motion record has been
made in terms of various strong motion paramedasious strong motion parameters that have
been used for quantitative comparison in this varekdefined as:

I. Peak Ground Acceleration (PGA):

This parameter defines maximum contribution in deeleration record and is calculated
as follows:

PGA= max| a( 1) (3.5)
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where,a(t) is the acceleration record.

Peak Ground Velocity (PGV):
This parameter defines maximum contribution inYk&city record that is obtained after

integration of acceleration record and is calculas follows:
PGV = max| \( 1) (3.6)

where V(1) is the velocity record.

Peak Ground Displacement (PGD):
This parameter defines maximum contribution in digplacement record obtained after

integration of velocity record and is calculatedakws:
PGD = max| d(t) (3.7)

where,d(t) is the displacement record.

Ratio of peak velocity and peak acceleration\(,,./a,.,):

The velocity record is prepared from acceleratiecord after numerical integration. It is
observed that peak velocity and peak acceleratrenugually associated with different
frequencies (Newmark 1973; Seed et al. 1976; M&&GLA78). The ratio of peak velocity and
peak acceleration is defined as:

_ maxjv(t)|

Vmax/amax - (38)

maxfa(t)|
where,\v(t) is the velocity record obtained after integratadracceleration recoraft).
Arias Intensity (15):

It is a parameter which is closely related torbet mean square acceleration (Arias 1970).

This parameter is calculated by using followingniata (Kramer 1996):
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VI.

VII.

VIII.

T Ty 2
[, =—1 (a(t)) dt 3.9

a zg 0 ( ()) ( )
where,a(t) is the acceleration time-historjy is the duration of the ground motion. The unit
of Arias intensity is same as that of velocity asdusually expressed in meter per second
(Kramer 1996).

Effective Design Acceleration (EDA):

It is seen that, pulses of high acceleration ah fiigquencies induce little response in most
structures Kramer (1996). This parameter correspaodhe peak acceleration value found
after low-pass filtering the acceleration time tigt with a cutoff frequency of 9 Hz
(Benjamin and Associates 1988).

Predominant Period (Tp):
The predominant period, is the period at which the maximum spectral acaéten occurs

in an acceleration response spectrum calculaté®hatamping. It is calculated as:

T, =max| A(T)] (3.10)

where,Arg(T) is acceleration response spectrum at 5% damping.

Bracketed Duration:

The duration is defined as the time between thst &nd last exceedance of a threshold
value (Bolt 1969). In the present work the thredhehlue taken for computing duration
parameter is 0.05 g.

Significant Duration:

This definition of duration was given by TrifunandaBrady (1975) and is based on the
time interval between the points at which 5% an% 38 total energy has recorded (Kramer
1996).
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These nine strong motion parameters have beerceedrrom both horizontal components
of simulated and observed records at differentostatand are listed in Table 3.8, Table 3.9 and
Table 3.10. Extensive comparison of several strangon parameters of the observed record and
simulated record with that from EGF technique aondi that the simulated records using modified
semi-empirical technique bear realistic appearaano@ give various parameters which closely
match with observed record. The comparison of satiaris with EGF technique shows that the
modified semi-empirical technique is capable ofidating realistic records for cases where direct

use of aftershock record is not possible.

Table 3.8 Comparison of ground motion parameters at NIGHO1 station calculated from
observed and simulated NS and EW components of acceleration records of thiggata-ken
Chuetsu, Japan earthquake

Simulated Using

, Ob d
S. No. Strong Motion Parameters serve MSETCS EGFT

NS EW NS EW NS EW

1. Peak Ground Acceleration (PGA) (gal) 385.8 326.9 488.7 359.3 3448 3151
2. Peak Ground Velocity (PGV) (cm/sec) 574 543 498 36.6 452 428
3. Peak Ground Displacement (PGD) (cm) 405 341 261 174 222 198
4, Vimax/@max (S€C) 0.14 0.16 0.10 0.10 0.13 0.13

5. Arias Intensity I) (m/sec) 208 268 529 267 335 385

6. Effective Design Acceleration (EDA) (gal) 388.6 332.9 486.2 357.5 323.1 3195
7. Predominant Period) (sec) 032 086 022 022 044 0.74

8. Bracketed Duration (sec) 1706 170.7 799 796 528 51.2
9. Significant Duration (sec) 160 144 198 183 231 259
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Table 3.9 Comparison of ground motion parameters at NIGH13 station calculated from
observed and simulated NS and EW components of acceleration records of thiggata-ken

Chuetsu, Japan earthquake

Simulated Using

S. No. Strong Motion Parameters Observed MSETCS EGET
NS EW NS EW NS EW

1. Peak Ground Acceleration (PGA) (gal) 204 245 275 226 236 235
2. Peak Ground Velocity (PGV) (cm/sec) 5.8 8.6 3.9 4.3 3.1 2.8
3. Peak Ground Displacement (PGD) (cm) 54 565 23 2.5 1.9 1.9
4, Vimax/@max (SEC) 0.28 035 014 019 013 0.12
5. Arias Intensity i) (m/sec) 0.02 003 0.02 002 001 0.01
6. Effective Design Acceleration (EDA) (gal) 205 246 273 225 235 237
7. Predominant Period) (sec) 030 030 026 026 030 0.32
8. Bracketed Duration (sec) 172.7 170.7 796 79.7 549 594
9. Significant Duration (sec) 1120 922 259 290 37.7 370

Table 3.10 Comparison of ground motion parameters at NIGH19 station calculated from
observed and simulated NS and EW components of acceleration records of thiggata-ken

Chuetsu, Japan earthquake

Simulated Using
Observed

S. No. Strong Motion Parameters MSETCS EGFT

NS EW NS EW NS EW
1. Peak Ground Acceleration (PGA) (gal) 16.8 185 214 177 16.7 149
2. Peak Ground Velocity (PGV) (cm/sec) 3.2 2.8 3.3 2.6 1.4 1.7
3. Peak Ground Displacement (PGD) (cm) 2.1 15 2.0 15 0.9 0.8
4. Vmal/@max (S€C) 0.19 015 0.15 0.5 0.08 0.11
5. Arias Intensity I§) (m/sec) 001 001 001 001 001 0.01
6. Effective Design Acceleration (EDA) (gal) 169 179 213 174 16.1 150
7. Predominant Period) (sec) 044 032 026 038 0.22 0.18
8. Bracketed Duration (sec) 172.4 1722 796 79.7 785 76.9
9. Significant Duration (sec) 40.1 311 284 31.99.84 48.6
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Figure 3.11 Comparison of root mean square error (RMSE) for nie parameters, estimated
between observed and simulated strong motion parameters usingoth the
modified semi-empirical and empirical Green’s functiontechnique from NS and
EW components of observed and simulated records at NIGHO1l (impper
panel), NIGH13 (in middle panel) and NIGH19 (in lower panel) stations

Root mean square error has been calculated foe these strong motion parameters
between the observed and simulated acceleratiandeobtained using modified semi-empirical
technique and EGF technique. These errors have flettad with respect to nine strong motion
parameters in Figure 3.11 for both NS and EW coraptsof three KiK-net stations. It has been
observed that almost similar trends in RMSE obthibg using simulated records from EGF and

modified semi-empirical technique.
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3.7 Conclusion

The modified semi-empirical technique and empiriGaeen’s function technique have
been used for simulation of strong motion datéhefNliigata-ken Chuetsu earthquake using similar
rupture model. The parametric comparison of sineglahnd observed records confirms the
efficacy of the developed modified semi-empiricathnique and its utility for cases where direct
use of empirical Green’s function technique is pasgsible.
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Chapter — 4

SYNTHETIC GROUND MOTION FOR THE SIKKIM EARTHQUAKE O F
SEPTEMBER 18, 2011 i = 6.9)

Recently the northeastern part of India was shdike®ikkim earthquakeM,, = 6.9) on
September 18, 2011. This earthquake was recordedraius near-field and far-field strong
motion stations. The modified semi-empirical tecjua has been used to simulate near-field and
far-field strong motion records due to an identifreipture plane responsible for this earthquake.
Strong motion record obtained from the iterativedelng of the rupture plane has been compared
with available strong motion records at both neavell as far-field stations in terms of RMSE

between the observed and simulated records.

4.1 Seismotectonics of Region

Sikkim Himalaya lies in the eastern region of Imdiaubcontinent with well-mapped
geological and tectonic units (Figure 4.1) havirlgssic inverted Himalayan metamorphism.
Sikkim lies in zone IV of the Indian Seismic Cod8& (1893: 2002). Geologically, the Sikkim
Himalaya exhibits a vast terrain of proterozoic tawental crust on the Indian plate, which is
remobilized into vast slab-like Higher Himalayany§tallines (HHC) due to Himalayan collision
tectonics. This unit is bounded by the Main Cenfratust (MCT) at the base and the South
Tibetan Detachment Zone (STDZ) at the top (Figu®.4The Lesser Himalayan Sedimentary
Zone (Buxa, Permian Ranjit Pebble Slate/Damuda &tbom) occurs in the Ranjit window and the
Outer Lesser Himalayan Belt, as well. The wholeusege overrides the outermost Sub-
Himalayan Siwalik Belt along the Main Boundary Tr(IdBT).

The state of Sikkim in north-eastern part of Indias struck by a strong earthquake of
magnitude 6.9 Nl,,) near the boundary between the Indian and Eurasetonic plates on
September 18, 2011. Parameters of this earthquakgien in Table 4.1. Sikkim Himalaya is
surrounded by three countries namely Nepal, Chith Bhutan. The shaking effects were more
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severe in eastern Nepal, which is closer to theegper. The earthquake was felt most strongly in
northern Bangladesh. In this region, the Indiartepl@onverges with Eurasian plate at a rate of
approximately 5 cm/year toward the north-north€astpponnier and Molnar 1977). There are
many transverse faults in the Sikkim region andniyaivo thrust faults in the south of the Sikkim
region. Kayal (2001) has found the seismic actiuityhis area is mostly clustered in the north of
the MBT, where earthquake occurs at a depth rah@e-%0 km. Although the regional tectonic
framework of the Sikkim region indicates compresaiothrust tectonic regime, the CMT fault
plane solution of this earthquake indicate predamily strike-slip motion on a steep fault
(Mahajan et al. 2012).

28.00°

27.75°

LEGEND

27.50° — — — — Lineaments

— — — - Isograd boundary

\ Ductile thrust

Tethyan Sedimentary Sequence

- Lesser Himalayan Rocks
[::] MCT Zone

27.25°

27,00 -
87.75° 88.00 88.25° 88.50° 88.75° 89.00°

Figure 4.1 Geological map of Sikkim Himalaya. MCTZ: Main Central Thrust Zone, LH:
Lesser Himalaya, STDS: South Tibetan Detachment System (Teciic is taken
from Nath et al. 2005 and Geology is taken from Dasgupta et al. 2004)
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Table 4.1 Parameters of the Sikkim, India earthquake of September 18, 2011

Hypocenter Size Fault Plane Solution Reference
12:41:02 s UTC  M,=2.78x16%dyne-cm NP1 ¢ =313°,6=73°, 1=-163° Global CMT
27.43°N, 88.33°E My =6.9 NP2 ¢ =217° 6=74° 1 =-18°
47.4 km
12:41:18 sUTC M, = 2.7x16° dyne-cm NP1 ¢ = 220° 6= 78° 1=0° USGS

27.74°N, 88.11°E M,,=6.9
35 km

NP2 ¢ =130° 0 =90° 4= 168°

28.00°

27.75°

27.50°

27.25°

27.00°

26.75°0
87.75° 88.00°

Figure 4.2 Seismotectonic map of the Sikkim Himalaya includindocation of epicenters of
earthquakes during 1973 to 2011 of magnitude 44,<7 from USGS catalog.
Epicenter of the September 18, 2011 earthquake is denoted btar with its fault
plane solution. MCT: Main Central Thrust, MBT: Main Boundary T hrust

M., 6.9
18/09/2011

88.25°

*

LEGEND

Epicenter
4<M,<5
5<M,,<6
6<M,<7

88.50° 88.75° 89.00°

(Figure modified after Nath et al 2005)
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In this region, entire Himalayan front is generatlyaracterized by shallow-angle thrust
faulting. Most of the earthquakes in this regioa predominantly strike-slip type and occur along
north-west trending Tista and Gangtok lineamentizétika et al2010). Figure 4.2 shows that the
epicenter of the Sikkim earthquake lays betweemaTasmd Gangtok lineaments. Distribution of
past earthquakes in this region have been shoviigure 4.2, suggests that it has experienced
relatively moderate seismicity over past 38 yedrmagnitude > 4 within 140 km radius of the
epicenter of the Sikkim earthquake.

4.2 Data

The Sikkim earthquake was recorded by several gtroation near-field as well as far-
field stations. This event was recorded at nedd-fetations by the network installed by the
Department of Earthquake Engineering, Indian laitof Technology Roorkee, Uttarakhand.
These stations were installed in states of Himadh@desh, Punjab, Haryana, Rajasthan,
Uttarakhand, Uttar Pradesh, Bihar, Sikkim, West d&n Meghalaya, Arunachal Pradesh,
Mizoram, Assam and Andaman and Nicobar Islands. Sik&im earthquake of magnitude 6.9
(M,y) was recorded at nine station of this networkna¢picentral distance between 66 and 903 km.
A very dense network of fourteen stations has beamtained by the Department of Earth
Sciences, Indian Institute of Technology Roorkeethe Uttarakhand state of India. This
earthquake was recorded at six stations of thiwar&t Acceleration records have been simulated
at three near-field source stations from networkrdire Himalaya within the range of 200 km and
at twelve far-field stations within the epicentrdistance of 900 km from the network of
Uttarakhand Himalaya. Generation of synthetic arogiram for Sikkim earthquake using
modified semi-empirical approach requires varioaalisg laws. The modified semi-empirical
technique of simulation of the envelope of accegJeam is dependent on the duration parameter.
The regression relation for duration parameter usedhe present work is that given by
Midorikawa (1989) in equation (2.40). In this eqoat the coefficientsa and b for distance
parameter have been derived from the actual dargéoameter estimated from 13 ground motion
records of the Sikkim earthquake. Following relatfor duration parameter has been obtained for
the study of Sikkim earthquake:

T, =0.0015¢< 16" + 1.08* (4.1)
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In this expressionil, andR, are the moment magnitude and hypocentral distarspectively.
The residual sum of square for this relation i$0.4

Table 4.2 Parameters of the aftershock of September 18, 2011 Sikkim, India earthake

Hypocenter Size Reference
18/09/2011 at 13:11:59 s UTC m,=4.8 USGS
27.48°N, 88.50°E

35 km
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Figure 4.3 Displacement spectra of S-phase of recorded mahock and aftershock
acceleration record along with their theoretical spectra (indashed line) for NS
and EW component of Sikkim earthquake at GTK and COB stations
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Table 4.3 Ground motion parameters of the Sikkim earthquake estimated fromidplacement

spectra
Events Q, f. (H2) Ac (bars)
Mainshock 25.0 0.1 61.5
Aftershock 0.03 0.8 41.2

The modified semi-empirical technique for generaid strong ground motion is based on
w™? source model given by Brune (1970). In order teiddi the finite rupture plane of target
earthquake, self-similarity laws given by Kanamard Anderson (1975) and explained in Chapter
2 has been used. The scaling of source spectrargéttand elementary earthquake requires
estimate of stress drop ratio of target and eleangrearthquake. According to Kanamori and
Anderson (1975), the seismic moment of target gagkeM, and seismic moment of elementary

earthquakeM,' are related asl\/IO/MO' =C'N?; where, C' is stress drop ratio of target and

elementary earthquake. The stress drop of targesain-fault earthquake has been calculated from
the data of mainshock and aftershock, respectivebgrded at Gangtok and Cooch Bihar stations.
The parameters of aftershock used as sub-faulivengn Table 4.2. The source displacement
spectrum of the target and sub-fault earthquakebeasn shown in Figure 4.3. Parameters of
mainshock and aftershock estimated from sourcdatisment spectra have been given in Table
4.3. The stress drop ratio calculated from disptear@ spectra is obtained as 1.5. This ratio has

been used for scaling of Brune’s source pulse setkay different sub-faults.

4.3 Rupture Model of the Sikkim Earthquake

The causative fault of the Sikkim earthquake hamnlaecided on the basis of location of
epicenter of this earthquake and seismic activtyhie region. Most of the earthquakes in this
region are predominantly strike-slip type and ocalmng north-west trending Tista and Gangtok
lineaments (Hazarika et al. 2010). The ruptureassible for this earthquake has been placed at a
depth of 44 km between Tista and Gangtok lineamditts length and width of the rupture plane
responsible for the Sikkim earthquake has beeruledérl using the relation given by Wells and
Coppersmith (1994). This gives the length and widthrupture plane as 51 and 13 km,
respectively. The strike of the rupture plane suased to be parallel to the Tista lineament and is
328°N which is close to that obtained from fauldin® solution of this earthquake given by Global
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CMT. The seismic moment of the aftershock of thikig earthquake used as sub-fault has been
calculated from source displacement spectra is108xlyne-cm. This value has been used for
dividing the rupture plane of the target earthquiake several sub-faults. The rupture plane of the
target earthquake has been divided into 7x7 subsfatimagnitude 5.2M,,) on the basis of self-
similarity laws given by Kanamori and Anderson (&R7Parameters of the rupture plane
responsible for the Sikkim earthquake used for &itman are listed in Table 4.4. The velocity
model used for simulation of ground motion at dif& sites is that given by Cotte et al. (1999)
and given in Table 4.5. Density value used in thlecity model has been decided on the basis of
relation between P-wave velocity and density otheanedium given by Brocher (2005). The
rupture plane of the target earthquake has beaglm second layer of the velocity model at a
depth of 44 km.

Table 4.4 Parameters of the rupture plane for the Sikkim earthquake uskfor simulation

Modeling Parameter Source

Length = 51 km Wells and Coppersmith (1994) relation

Width = 13 km Wells and Coppersmith (1994) relation

Dip = 76°

Strike = 328°

NL=7,Ny=7 Based on scaling relation by Kanamori and Anderson (1975)
V, = 2.9 km/sec

S = 3.6 km/sec

Qu(f) = 167 Nath and Thingbaijam (2009)

My =5.2

Table 4.5 Velocity model (after Cotte et al1999)

Depth (km) S-wave Velocity (km/sec) Density (g/cth

0-40 3.5 2.7
40-70 3.8 2.8

The parameters of final rupture model have beendddcon the basis of quantitative
comparison of observed and simulated acceleratiaveferm in terms of RMSE of waveform
comparison. The calculation of RMSE between obskeraed simulated record is based on

following formula given by Joshi and Midorikawa (20):
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=0 ali)

where in this relation, RMSE is root mean squamreof N samples of observed(i) and

RMSE= \/ﬁi[wf 4.2)

simulatedag(i) records.

Table 4.6 Details of the near-field strong motion recording stations whichas recorded the
Sikkim earthquake

Station Code 'Latitude ITongitude Hypocentral Distance Station Name
(in degree) (in degree) (km)
GTK 27.352 88.627 81.84 Gangtok
SLG 26.712 88.428 127.59 Siliguri
COB 26.319 89.440 210.98 Cooch Bihar

28.00°

27.75°

LEGEND

A Strong Motion Station

27.50°

27.25°

27.00°

26.75°

26.50°

coBA

26.25°

87.75° 88.00° 88.25° 88.50° 88.75° 89.00" 89.25° 89.50°

Figure 4.4 Location of the fault rupture plane responsible dr the Sikkim earthquake of
magnitude 6.9 M,,) has been shown by rectangle region. MCT: Main Central
Thrust, MBT: Main Boundary Thrust (Figure modified after Nath et al . 2005)
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Simulations have been made at GTK, SIL and COBostsithat lie within an epicentral
distance of 206 km. Details of these stations arengn Table 4.6 and its location has been shown
in Figure 4.4. Location of nucleation point is amportant parameter in strong motion simulation;
therefore final selection of nucleation point is based on panson of observed and simulated NS
component of acceleration records obtained fromouarmodels at GTK station. In order to
compare the simulated record with the observedle@at®n record, the simulated acceleration
records have been band-passed through a filterfiagaency range of 0.01-20.0 Hz which has
been used for the processing of observed acceleragicord at different stations. Root mean

square error between observed and simulated wamdfas been calculated for each cases.

200 _
PGA= 62 PGA= 62 PGA= 65 l PGA= 158
. A—— —— 0
RMSE= 0.56 RMSE= 0.57 RMSE= 0.54 -200 [ ' ‘ i ‘
0 45 90
PGA= 59 PGA= 62 PGA= 82 PGA= 158
RMSE=0.61 RMSE= 0.56 RMSE= 0.52 RMSE= 0.48
\ T 0 /
T | —
PGA= 59 | PGA= 156
oo - ==
RMSE=0.61 I’ RMSE= 0.49
/ / |
PGA= 59 PGA= 63 PGA= 157
RMSE=0.61 RMSE= 0.56 RMSE=0.49
PGA=61 PGA=61
RMSE= 0.56 RMSE= 0.57 RMSE= 0.52

Figure 4.5 Filtered observed (in blue) and simulated NS adegation record at GTK station
for different possibility of nucleation points. Nucleation wints have been shown
by arrows. Both observed and simulated record has been filtedein a frequency
range of 0.01-20.0 Hz
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Figure 4.6 Filtered NS component of (a) observed acceleratioacord; simulated acceleration
record for different rupture velocity (b) 2.9 km/sec, (c) 3.&km/sec, (d) 2.8 km/sec
and (e) 2.5 km/sec at GTK station. Both observed and simulategcord has been
filtered in a frequency range of 0.01-20.0 Hz

Various simulated records and its comparison wWithdbserved record in terms of RMSE
for different possibilities of nucleation point lebeen shown in Figure 4.5. The comparison in
terms of RMSE suggests location of the nucleatiomtpin the extreme north-west corner of
rupture plane at a depth of 47 km and has beemeetdor further use. In all models considered
for selecting nucleation point, the rupture velpend dip angle have been assumed as 2.9 km/sec
and 76°, respectively. The effect of rupture velpend the dip angle in the rupture model has
been checked for their validation through simulated ground motion. Various rupture velocity
ranging from 2.5 to 3.0 km/sec have been consideresimulating NS component of acceleration
record at GTK station. Figure 4.6 shows the conspariof observed and simulated acceleration
record obtained after considering rupture veloagy?.5, 2.8, 2.9 and 3.0 km/sec.
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Figure 4.7 Filtered NS component of (a) observed acceleratioacord; simulated acceleration
record for different dip angle (b) 76°, (c) 75°, (d) 74°, (e) 73° and) 72° at GTK
station. Both observed and simulated record has been filtereth a frequency
range of 0.01-20.0 Hz

Based on minimum RMSE, rupture velocity 2.9 km/bas been used as final rupture
velocity for further simulations. In order to chetike dependency of dip angle in the entire
simulation procedure, rupture model has been tdstedip angles ranging from 72° to 76°. It has
been observed from Figure 4.7 that there is notidraBange in the PGA parameter and in the
RMSE due to change in dip of rupture plane withiis range. Among all obtained simulations
minimum RMSE has been obtained for dip angle 7&fis Tip angle has been selected as final
parameter for simulation of ground motion of th&k8n earthquake. Several simulations from
different source models and their comparisons wiikerved records indicate that this earthquake

was generated by a rupture originating at a dep#Y &km and propagating in southward direction
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with rupture velocity of 2.9 km/sec. Final rupturedel of the Sikkim earthquake obtained after

several iterative comparisons has been shown uré&i4.8.

Surface
Projection

N\l 328°

3,= 3.5 km/sec

,= 3.8 km/sec

Figure 4.8 Source model of the Sikkim earthquake consisting of 7x7 suladlts in a layered
medium with 328°N strike direction. Solid circle shows thestarting position of
rupture

4.4 Near-field Simulation of Strong Motion Record

Acceleration records have been simulated at these-ireld stations using final rupture
model shown in Figure 4.8. These stations lie withpicentral distance of 206 km and their details
are given in Table 4.6. Location of these statisnshown in Figure 4.4. Comparison of observed
and simulated acceleration record at these thiermss have been shown in Figure 4.9 and it
shows that simulated record bears realistic shapéha of observed record and the PGA of
observed and simulated record is also comparalsieud®-acceleration response spectra at 5%
damping determined from NS and EW component of mieseand simulated acceleration record

and have been compared in Figure 4.10.
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Figure 4.9 Comparisons of observed (in blue) and simulated (inlack) acceleration record of
NS and EW component for the Sikkim earthquake of magnitude 6.9My,) at near-
field stations
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Figure 4.10 Comparisons of pseudo-acceleration response spectwath 5% damping
determined from NS and EW component of observed and simulade
acceleration record for the Sikkim earthquake of magnitude 6.9M,,) at GTK,
SLG and COB stations
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Table 4.7 Comparison of ground motion parameters at GTK station calculated from
observed and simulated NS and EW components of acceleration records of tikkim

earthquake
S. No. Strong Motion Parameters Observed Simulated
NS EW NS EW
1. Peak Ground Acceleration (PGA) (gal) 158.0 149.1 158.4 136.6
2. Peak Ground Velocity (PGV) (cm/sec) 12.4 11.3 16.2 14.0
3. Peak Ground Displacement (PGD) (cm) 7.1 4.9 40.0 33.2
4. Vimax/@max (S€C) 0.07 0.07 0.10 0.10
5. Arias Intensity I) (m/sec) 0.61 2.63 0.78 0.58
6. Effective Design Acceleration (EDA) (gal) 151.1 138.3 106.2 91.7
7. Predominant Period) (sec) 0.18 0.14 0.08 0.08
8. Bracketed Duration (sec) 39.6 39.7 38.8 38.4
9. Significant Duration (sec) 23.4 25.4 21.0 20.9

Table 4.8 Comparison of ground motion parameters at SLG station calculated from obsred
and simulated NS and EW components of acceleration records of the Sikkiearthquake

S. No. Strong Motion Parameters Observed Simulated
NS EW NS EW

1. Peak Ground Acceleration (PGA) (gal) 201.6 155.7 246.2 169.5
2. Peak Ground Velocity (PGV) (cm/sec) 10.3 10.4 26.6 18.8
3. Peak Ground Displacement (PGD) (cm) 28.3 61.6 81.2 53.3
4, Viax/ 8max (SEC) 0.05 0.06 0.10 0.11
5. Arias IntensityIi) (m/sec) 1.16 0.77 2.11 1.0
6. Effective Design Acceleration (EDA) (gal) 192.5 160.0 173.7 120.9
7. Predominant Period ) (sec) 0.20 0.16 0.08 0.08
8. Bracketed Duration (sec) 39.9 39.8 38.9 38.3
9. Significant Duration (sec) 18.1 21.4 23.0 22.9
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Table 4.9 Comparison of ground motion parameters at COB station calculated from
observed and simulated NS and EW components of acceleration records of tikkim

earthquake
S. No. Strong Motion Parameters Observed Simulated
NS EW NS EW

1. Peak Ground Acceleration (PGA) (gal) 57.9 44.2 129.9 99.5
2. Peak Ground Velocity (PGV) (cm/sec) 6.3 3.6 13.9 10.6
3. Peak Ground Displacement (PGD) (cm) 45.0 17.5 60.5 47.1
4. Vimax/@max (S€C) 0.11 0.08 0.10 0.10

5. Arias Intensity I) (m/sec) 0.08 0.05 0.69 0.40

6. Effective Design Acceleration (EDA) (gal) 58.1 40.3 92.8 71.2

7. Predominant Period) (sec) 0.38 0.30 0.08 0.08

8. Bracketed Duration (sec) 39.9 39.9 38.2 37.8

9. Significant Duration (sec) 22.0 27.7 25.9 25.9

Nine Strong motion parameters explained in Chaptérave been extracted from both
horizontal components of observed and simulatedlation records at these near-field stations.
The comparison of strong motion parameters at réiffiestations have been listed in Table 4.7,
Table 4.8 and Table 4.9. Parametric comparisonxtfaeted parameters from observed and
simulated records indicate that simulation at rieda- stations like GTK and SLG gives
comparable match in many extracted parameters. twat COB, medium heterogeneity played
an important role in reducing PGA and other enerjgited parameters in the observed record.
Comparisons of response spectrum and strong mpaoameters suggest that both simulated and
observed response spectra give a comparable matdh reear-field stations. This confirms the
suitability of the final model and its selectedgraeters for generation of strong ground motion for
both NS and EW components.
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4.5 Far-field Simulation of Acceleration Record

Simulations at twelve far-field stations have beeade using the same rupture model.
These includes six stations managed by the Depattok Earthquake Engineering, Indian
Institute of Technology Roorkee and six in the Komaetwork managed by the Department of
Earth Sciences, Indian Institute of Technology Reer Stations managed by Department of Earth
Sciences lies at an epicentral distance rangingdsgt 886 and 944 km of the Sikkim earthquake.
Information of these far-field stations is givenTiable 4.10 at which ground motion records have
been simulated by using the technique describé&thapter 2. Location of these stations is shown
in Figure 4.11. Simulations at twelve far-fieldtgias have been made from final rupture model of
the Sikkim earthquake. The simulated NS and EW @orapt of acceleration record has been
compared in Figure 4.12 with the observed acceteraécord in the same frequency range as used
for its processing. Pseudo-acceleration resporesgrsins have been computed from the simulated

and observed records and their comparison havedbeswm in Figure 4.13.

Table 4.10 Information of far-field strong motion stations at which simulation
accelerogram of the Sikkim earthquake have been made. Data has been takeonfirDEQ
network and from the network of Kumaon region

Latitude Longitude Hypocentral

(in degree) (in degree) Distance (km) Station Name

S. No. Station Code

1. KOK 26.40 90.26 264 Kokhrajhar
2. MLD 25.00 88.14 307 Malda

3. RAX 26.98 84.84 336 Raxaul

4. CHP 29.33 80.09 803 Champawat
5. UDH 28.99 79.40 863 Udham Singh Nagar
6. CMO 30.41 79.32 904 Chamoli

7. BAL 29.79 80.42 887 Baluakot

8. JAUL 29.75 80.38 888 Jauljibi

9. PITH 29.58 80.21 894 Pithoragarh
10. MUAV 29.74 80.13 909 Muavani
11. BERI 29.77 80.05 917 Berinag
12. BHAG 29.83 79.77 944 Bhageshwar
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Figure 4.13 Comparison of pseudo-acceleration response spectaculated from NS and EW
component of observed and simulated acceleration record at &fent strong
motion stations in a frequency range of 0.01-20.0 Hz. Station codes al®wn
with each plot. Thick blue line shows the pseudo-accekdion response spectra
calculated from observed acceleration record

88



Root mean square error of waveform comparison kas lestimated at each station using
acceleration record and its response spectra. Sthmated RMSE between observed and simulated
records and its response spectra have been givEabie 4.11. Root mean square error between
observed and simulated accelerograms varies frdgt0.0.56 at the near-field stations and from
0.32 to 0.62 at the far-field stations. The RMSEwMeen response spectrums of observed and
simulated records varies from 0.65 to 2.58 and ffbB4 to 2.28 at the near-field and far-field
stations, respectively.

Peak ground acceleration values calculated fromabNSEW component of simulated and
observed records at near-field and far-field statillave been compared in Figure 4.14. The
comparison shows that the modified semi-empirieahhique is effectively capable of predicting
PGA parameter of both components in near-field &l was far-field stations. The ratio of
simulated and observed PGA of NS and EW componerfigyure 4.15 indicates that the ratio of
PGA is close to unity at most of the stations. Tusfirms the efficacy of approach and suitability
of the final model to the prediction of PGA paraarstfor the Sikkim earthquake.

Table 4.11 Estimated RMSE between observed and simulated acceleratiocoed and its
response spectrum

RMSE between observed and RMSE between observed and

S.No. Stations simulated Acceleration record simulated Response Spectrum
NS EW NS EW
1. GTK 0.48 0.46 0.87 0.65
2. SLG 0.46 0.56 2.58 1.19
3. coB 0.53 0.52 1.84 2.28
4. KOK 0.57 0.58 1.18 1.55
5. MLD 0.47 0.47 1.03 0.34
6. RAX 0.62 0.43 0.78 0.81
7. CHP 0.46 0.45 0.49 0.65
8. UDH 0.35 0.32 0.54 0.38
9. CMO 0.54 0.55 1.03 0.74
10. BAL 0.42 0.43 2.08 1.96
11. JAUL 0.46 0.48 2.00 2.28
12. PITH 0.37 0.37 1.84 1.40
13. MUAV 0.39 0.40 2.20 1.51
14. BERI 0.54 0.55 1.30 1.40
15. BHAG 0.50 0.53 1.27 1.08
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The quantitative comparison indicates that the @an§ uncertainty in simulated and

observed acceleration record at far-field statimreshigher as compared to the near-field stations.

This may be resulted from several factors whichaataally present in the ray path between source
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and far-field recording stations and which have beén included in the present approach of
simulation. These effects include large-scale afudgformation and heterogeneities present in the

path between source and receiver for far-fieldstat

4.6 Conclusion

Modified semi-empirical approach has been useadonponent-wise simulation of strong
ground motion due to the Sikkim earthquake. Thehottthas been applied and tested for
simulation of near-field and far-field accelerati@tords of the Sikkim earthquakd,{ = 6.9) of
September 18, 2011. Several possibilities of madgharameters like position of nucleation point,
rupture velocity and dip of the rupture plane hbeen considered before arising to a final model.
The selection of final model is based on RMSE ofudated and observed waveform. Comparison
of simulated and observed record suggests than#tbod is capable of simulating record which
bears realistic appearance in terms of shape aokgsimotion parameters. The results show that
this technique gives records which match in a vitdguency range for the Sikkim earthquake and

that too from simple and easily accessible parametethe rupture plane.
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Chapter — 5

SYNTHETIC GROUND MOTION FOR THE SUMATRA EARTHQUAKE
OF DECEMBER 26, 2004 My = 9.0)

A great earthquakeV{, = 9.0) occurred on December 26, 2004 in the Sunragion has
devastated entire south Asia. It marked a masse&ruttion with approximately 2,50,000
casualties (Chadha et al. 2005) and has raiseccooiwer the safety of structures in the coastal
region of various south Asian countries includindia. This event has generated fault slip of up to
15 m near Banda Aceh, Sumatra (Jaiswal et al. 2011} earthquake was recorded at several
broadband stations worldwide. The simulation teghaiused to model such great earthquake
needs to be effective in synthesizing both low-fiEtcy ground motion in the velocity records as
well as high-frequency ground motion in the acalen record for comparing the simulated
records with observed data. This chapter descthmspplicability of empirical Green’s function
and modified semi-empirical technique discusse@hapter 2 for simulation of records due to this
earthquake at various stations. Broadband datheoStumatra earthquake are used for comparing
the simulated record obtained from the empiricagéeais function and modified semi-empirical
techniques.

5.1 Sumatra Earthquake

The coastal region of the Sumatra Island in Indieness struck by a devastating great
earthquake of magnitude 9.My() on December 26, 2004. It was one of the largaghguake
instrumentally recorded. This earthquake has retbasergy of about 4.3x10) and has triggered
a devastating tsunami in entire south Asia (Ammbale2005; Bilham 2005; Lay et al. 2005).
Effect of this earthquake was felt in the Indiarb&ntinent in terms of destruction caused by
Tsunami in the coastal regions. Tsunami heightiféerdnt locations along the eastern coast of
Indian peninsula was studied in detail by Chadhal.¢2005) and Dimri and Srivastava (2007).
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Figure 5.1 (a) Distribution of past seismicity along the AndamarBurmese arc from 1973 to
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Table 5.1 Parameters of the Sumatra, Indonesia earthquake of December 26, 2004

Hypocenter Size Fault Plane Solution Reference
00:58:50 sUTC  M,=4.0x16° dyne-cm NP1 ¢ =329°,6=8° 1=110° Global CMT
3.09°N, 94.26°E M, =9.0 NP2 ¢ =129° 6 =283° 1=87°
29 km
3.298°N, 95.779°E M, = 2.5x16° dyne-cm ¢ = 274°, 6 = 13°, 1 = 55° USGS
30 km M,, = 8.2
3.09°N, 94.26°E M, = 6.5x16° dyne-cm ¢ = 340°, 5 = 14°, 1 = 110° Lay et al. (2005)
29 km M, = 9.1

The epicenter of this earthquake was approximdtgbykm west of Sumatra and about 255
km south-east of Banda Aceh, Indonesia. It hasuradtalong the boundary between the Indo-
Australian plate and the Eurasian plate along tbghwestern Sumatra, Nicobar Island and
Andaman Island (Sorensen et al. 2007). The regiané of the most seismically active regions.
Location of this event together with the past seggnis shown in Figure 5.1a. The depth-wise
distribution of seismicity in Figure 5.1b of thegien shows the nature of movement of two
different plates. Parameters of this earthquakegiaen in Table 5.1. The focus of this earthquake
was at a depth of 30 km and ruptured length washattd to be 750 km by Sorensen et al. (2007).
Different studies indicated different rupture speedrying from 1.5 km/sec (de Groot Hedlin
2005) to 2.5 £ 0.5 km/sec (Yagi 2005, Ammon et2805) and the dip of rupture plane ranging
from 8° given by Global CMT to 13° given by USGS.

5.2 Data

In order to simulate and compare the strong motlata of the Sumatra earthquake,
broadband data collected by different agenciesbbas used. Several agencies operate broadband
networks worldwide and have different format ofitheata dissipation. The collected data from
different agencies need to be converted into A$&@hat for further processing. Several software
and programs have been used for this purpose. $mecescord of the Sumatra earthquake has
large number of data points, special processinggvaoé has been made to obtain corrected record
at different stations. Under Ocean Hemisphere ndtweroject (OHP), twenty broadband
seismographs were installed in the north-west gacggion. Location of some of these stations

maintained under this project is shown in Figur2 Fhe Sumatra earthquake of December 26,
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2004 was recorded at fourteen stations of OHP. dbsest broadband station out of fourteen
stations which has recorded this earthquake issB#bn that lies at an epicentral distance of 355
km. The sensor at PSI station has sensitivity l@5sount/m/sec with the sampling frequency of
20 samples/sec. The velocity record at PSI statias provided in SEED format which have been
processed after proper conversion into readabladbrThe removal of noise from data requires
various signal processing tools. Broadband seigtaia contain signal in broad frequency range
which include both low and high-frequencies. Specansideration is required to avoid the
incorrect representation of noise as signal focgssing of high-frequency signal. Software has
been developed in FORTRAN language in the presenk which can handle the enormous data
size obtained of this great earthquake. The algoritised for processing of data is based on that
given by Boore and Bommer (2005) which includesedin correction, instrumental scaling,
padding, acausal band pass filtering and instrumesgonse. The record at PSI station has been
band-passed in a frequency range of 0.3—2.0 Hedoectly representing particle ground motion
at this station. The processed record at PSI stats been shown in Figure 5.3.

50°
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20°
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OO
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-20°

90° 100° 110° 120° 130° 140° 150° 160° 170°

Figure 5.2 Location of some of seismic stations in the north-wgsacific region maintained by
OHP network shown by green triangle that has recorded the Suoatra earthquake
of December 26, 2004. Epicenter of this event is shown with star
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Figure 5.3 (a) Observed NS component, (b) filtered NS compamte (c) observed EW
component and (d) filtered EW component of velocity recordof the great
Sumatra earthquake of December 26, 2004 at PSI station. The range lzdnd-

pass Butterworth filter is 0.3—2.0 Hz

It has been observed from Figure 5.3a that recogdaeshd motion at PSI station is clipped
for amplitude larger than 12.9 cm/sec due to theadyic range of the instrument. Although this
clipped record is not used as an input in the satrarns in this work, it is required for comparison
with the simulated record. In an attempt to chéxekftequencies present in the record that remain

unaffected by clipping, the velocity records haeer clipped experimentally at the PSI station at
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amplitudes larger than 12.9, 12.5, 12.0, 11.5, Hh@ 8.0 cm/sec, respectively. The amplitude
spectra of records obtained after different levietlpping has been shown in Figure 5.4. The
comparison of amplitude spectrum of clipped recoatsvarious clipping level shows that

amplitude spectrum of record remains almost untdteby clipping in a frequency range of 0.3—
2.0 Hz. For this reason, the observed record isldpassed through a Butterworth filter in a
frequency range of 0.3-2.0 Hz and is used for coisga with the simulated record generated in
the same frequency range.

The simulation of record using EGF technique respuaftershock of the target earthquake
recorded at the site of simulation as empiricale@i® function, which is the main input in EGF
simulation technique. The aftershock of the Sumatidhquake that occurred on December 26,
2004 has been considered as empirical Green'siumd&arameters of this earthquake are given in
Table 5.2 and velocity record of this aftershoclksiwn in Figure 5.5. This record has been

processed using the same steps used for procegsiecprd of the target earthquake.
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Figure 5.4 Comparison of Fourier amplitude spectra of recails obtained from different level
of clipping of NS component of observed velocity record at PSI station
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Table 5.2 Parameters of the selected aftershock of December 26, 2004 used asrerabi
Green'’s function

Hypocenter Size Fault Plane Solution Reference
26/12/2004 Mo= 7.23x16° dyne-cm NP1 ¢ =351°, 6=27° 1=121° Global CMT
04:21:36.5s GMT M,,=7.2 NP2 ¢ =137°,0=67° 1=75°
06.61°N, 92.79°E
13.6 km
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Figure 5.5 (a) Observed NS component, (b) filtered NS compamte (c) observed EW
component and (d) Filtered EW component of velocity record ofthe great
Sumatra earthquake of December 26, 2004 at PSI station. The range lzdnd-
pass Butterworth filter is 0.3-2.0 Hz
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India Meteorological Department (IMD) is the nodaency of the Government of India
which is responsible for monitoring seismic activin and around the country. Among 17
broadband seismic stations, MDRS station has beed for simulation of ground motion of the
Sumatra earthquake. These stations are under Reaal Jeismic Monitoring Network (RTSMN)
which was set up by India Meteorological Departmd@iiie network is capable of monitoring and
reporting in least possible time, the occurrencee@fthquakes capable of generating Tsunami
likely to affect the Indian coastal regions. Preaekrecord of the Sumatra earthquake at MDRS

station after passing through Butterworth filteraifrequency range of 0.3—-2.0 Hz has been shown

in Figure 5.6.
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Figure 5.6 Processed velocity record of (a) NS and (b) EW comparidrom broadband data
recorded at MDRS station of IMD for December 26, 2004 Sumatra earthquake

Simulations of strong ground motion using modifiseimi-empirical technique require
empirical relation of duration parameter. This diora parameter has been calculated using data

from 23 records of the Sumatra earthquake and/engas:
T, =0.0015¢< 16* + 0.R*™ (5.1)

where,M,, andR, are moment magnitude and hypocentral distanspeotively. The residual sum

of square for this relation is 0.58.
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5.3 Simulation of Ground Motion for the Sumatra Earthquake
5.3.1 Modified Semi-Empirical Technique

In order to understand the high-frequency naturgrofind motion produced during this
great earthquake, records have been simulatedignséiction by using modified semi-empirical
technique. Due to complexities of slip mechanisnthed mega-thrust earthquake and dependency
of other simulation methods on slip distributionpdified semi-empirical technique have been
used for simulation of strong motion data of thertequake. In the modeling approach, a
modification in semi-empirical technique has beeadento remove its dependency on attenuation
relation which has many constraints. It has beesened that the semi-empirical approach is
dependent on simple modeling parameters which asédyeavailable. This approach of ground
motion simulation does not require complete slgtrddution within the rupture plane which itself
is difficult to model. The present study is aimedise modified semi-empirical method to provide
estimate of rupture velocity and rupture propageabd the Sumatra earthquake by simulating its
record at various observation points. Strong motimdeling of the rupture plane using modified
semi-empirical approach is dependent on variouarpeaters like, length, width, nucleation point,
velocity structure, rupture velocity, location agelometry of rupture plane and its sub-faults. The
geometrical parameters of sub-faults have beenleddtl using the self-similarity laws given by
Kanamori and Anderson (1975). The modeling pararseté rupture plane responsible for the
Sumatra earthquake are kept similar to that useS8dognsen et al. (2007) and are given in Table
5.3. The entire rupture plane of dimension 750 k&®x&km has been divided into 100 sub-faults.
Each sub-fault represents an earthquake of magnitl@M,,). The seismic moment of the target
earthquake is considered as 4.0%1dyne-cm (Global CMT). The velocity model in theuste
region of the Sumatra earthquake used in testindifrad semi-empirical technique is given in
Table 5.4.

Table 5.3 Parameters of the rupture model of the Sumatra earthquake

Modeling Parameter  Source

Length = 750 km Lay et al. (2005)

Width = 150 km Yagi (2005)

Dip = 10° Yagi (2005)

N. =10,Nw = 10 Based on scaling relation by Kanamori and Anderson (1975)
V; = 3.0 km/sec Yagi (2005)

101



Table 5.4 Velocity model in source region of the Sumatra earthquake (modifieafter
Sorensen et al. 2007)

Depth (km) S-wave Velocity (km/sec) Density (g/cn)

9.4 15 1.8
11 3.36 2.4
17 3.4 2.6

Software named MSEMP (Modified Semi Empirical Madgl Program) in FORTRAN
language has been developed to simulate recorthe ajreat earthquake at any observation point
using modified technique described in Chapter 4s Boftware require coordinates of recording
station in a three dimensional Cartesian systemhich the X -and the Y -axes are parallel to the
strike and the dip direction of the rupture plarespectively and Z-axis is positive in vertically
downward direction. Acceleration records have b&emulated at PSI and MDRS stations. Details
of these stations are given in Table 5.5 and lonadif these stations and modeled rupture plane in
the assumed Cartesian coordinate system has beem &h Figure 5.7. For the two dimensional
model of the rupture plane, selection of nucleapomt remains an important task. Final selection
of nucleation point responsible for the Sumatrahepmrake is based on the comparison of the
observed and the simulated record obtained at RBEibrs from various models. In order to
compare the simulated record with the observedcitgloecord, the simulated acceleration record
has been integrated using the integration propdrtige Fourier transform. This simulated velocity
record has been filtered with the same band-péiss &éis used for the processing of the observed
velocity record at PSI station. Root mean squamar éretween observed and simulated waveform
of the velocity record has been calculated for ezages using time window up to 500 seconds.
Various simulated records and its comparison witheoved record in terms of RMSE for different
possibilities of nucleation point is shown in Figub.8. Root mean square error for these
simulations varies from 0.004 to 0.023. It has bebserved that nucleation point marked with
sub-fault number 6 at depth of 38 km gives minimBMSE and has been retained for further

simulations.
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Table 5.5 Site information for simulation of the Sumatra earthquake

. Latitude Longitude Hypocentral .
Station Code (Indegree)  (Indegree)  Distance (km) Station Name Network
PSI 02.69 98.92 355 Parapet, Indonesia PS-OHP
MDRS 13.00 80.00 2060 Chennai, India IMD

Indian Plate f

LEGEND

. ¥  Mainshock
0 * Aftershock
A Site
-2°
-4°
-6°
8° Australia Plate
Y(-ve)

76° 78° 80° 82° 84° 86° 88" 90° 92° 94° 96° 98° 100° 102° 104°
Figure 5.7 Location of assumed rupture plane responsible forhe Sumatra earthquake
indicated by shaded region has been placed in Cartesian coondie system. The

location of epicenters is taken from Global CMT
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PSI station has been shown in boxes for different possibilities of neation points.
Nucleation points have been indicated by arrows. Both observed @rsimulated
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104



foe]

£
\

PGV= 7.7 cm/sec

@

£
\

Velocity (cm/sec)
5 A o

oo
\

RMSE= 0.004
PGV= 7.8 cm/sec

(b)

v,= 3.0 km/sec

RMSE= 0.004
PGV= 8.1 cm/sec

i
(o

(©)

v,= 2.5 km/sec

RMSE= 0.005
PGV= 7.7 cm/sec
.v" I"!"‘["l' :‘vt‘ ) (d)

v,= 2.8 km/sec

RMSE= 0.004
PGV= 9.0 cm/sec

©)

v,= 2.0 km/sec

RMSE-= 0.056
PGV= 7.6 cm/sec
" A.I‘I-' TP (f)

v,= 3.5 km/sec

T ‘ T ‘ T ‘ T ‘ T

0 100 200 300 400 500
Time (sec)
30
LEGEND

—_ — Observed
§ = = = Simulated
= Simulated
5 20 —

2

[} _

<}

©

z

S 10 —

3

[}

2]

D- —

0 T { T { T { T
0 1 2 3 4
Period (sec)
@
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In all models used for selecting nucleation paianpture velocity has been assumed as 3.0
km/sec (Sorensen et al. 2007). In order to selagture velocity of the final rupture model,
different records at the PSI station have been lsit@a using different rupture velocities within a
range of 2.0 to 3.5 km/sec. The RMSE between tiservled and the simulated waveforms shown
in Figure 5.9 varies from 0.004 to 0.05 which rdsehat minimum RMSE has been obtained for
rupture velocity 3.0 km/sec. It has been observexh the comparison of response spectra obtained
from observed and simulated record in Figure 5ifg the simulated record obtained by using
rupture velocity of 3.0 km/sec give a comparablécmaComparison of simulated and observed
record for various range of modeling parametergicuorfinal rupture model shown in Figure 5.10.
Simulated acceleration record at PSI station u$img rupture parameters has been shown in
Figure 5.11a. Comparison of observed and simubagdmtity record at PSI station in Figure 5.11
shows that simulated record bears realistic shapgbat of observed record and the peak ground
velocity of the observed and the simulated recsralso comparable. This confirms the suitability
of the model and selected model parameters usedirfaulation of ground motion due to the
Sumatra earthquake. The final model used for sitimglaecord at PSI station is further used to
simulate records at MDRS station which lies at picentral distance of 2060 km. The simulated

record at this station has been shown in Figur2.5.1

B,= 1.5 km/sec

B,=3.36 km/sec

B,= 3.4 km/sec

Figure 5.10 Rupture model of the Sumatra earthquake consistingf 10x10 sub-faults in a
layered medium with 329°N strike direction. Solid triangle sbws the location of

PSI station and star shows the starting position of rupture
106



Acceleration (cm/sec?)

Velocity (cm/sec)
o

12

-6

Velocity (cm/sec)
o

-12

12

-6

Velocity (cm/sec)
o

-12

Figure 5.11 (a) Simulated acceleration record at PSI station, Yb/elocity record obtained
from integration of simulated acceleration record, (c) Filered velocity record in
in a frequency range of 0.3-4.0 Hz and (d) Observed velocity recomat PSI

PGA= 37.8 cm/sec?

0 100 200 300 400 500
Time (sec)
(a)
] PGV=15.9 cm/sec
! | ' | ' | ' | '
0 100 200 300 400 500
Time (sec)
(b)

PGV= 7.8 cm/sec

0 100 200 300 400 500
Time (sec)
(c)
] PGV= 7.7 cm/sec
__ 1A () AV A
e v
T | T | T | T | T
0 100 200 300 400 500
Time (sec)
(d)

station filtered in a frequency range of 0.3-4.0 Hz
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Figure 5.12 Filtered observed (in blue) and simulated (in bBck) velocity record at MDRS
station
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Figure 5.13 Comparison of Fourier amplitude spectrum of obsered and simulated velocity
record at (a) PSI and (b) MDRS stations. The observed andnsulated records
have been filtered in a frequency range of 0.3-4.0 Hz at PSI stati, while at
MDRS station it has been filtered in a frequency range of 0.3-2.5 Hz
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Table 5.6 Parameters of the observed and simulated records at various stations

Station PGV (cm/sec) Predominant Frequency (Hz)
Observed Simulated Observed Simulated
PSI 7.7 7.8 0.44 0.42
MDRS 0.22 0.18 0.93 0.42

The comparison of simulated records with obsereednds at these stations shows that the
method is capable of effectively simulating groumdtion. The spectral contents of simulated
velocity records at these stations has been compatk the spectral contents of observed velocity
record and has been shown in Figure 5.13 whichlglehows the capability of method to properly
simulate frequency contents actually present inotbeerved records. Comparison of peak ground
velocity (PGV) and predominant frequency of obsdraed simulated records given in Table 5.6
confirm the efficacy of modified semi-empirical appch to model a great earthquake at
considerable distance.

The final rupture model responsible for the Sumatteghquake has been used to simulate
both horizontal component of ground motion. Theheatatical formulation presented in Chapter
2 for component-wise simulation is further usedthe modified semi-empirical technique to
simulate both horizontal components of records.orEchave been simulated at PSI and MDRS
stations using the software MSETCS (Modified Semmpitical Technique for Component-wise
Simulation). The comparison of the simulated and tibserved record has been made in a
frequency range of 0.3—4.0 Hz at PSI station tlaat leen shown in Figure 5.14. Comparison of
observed and simulated record shows that simutatstd bears realistic shape as that of observed
record and the PGV from observed and simulatedrde® also comparable. The amplitude
spectrum calculated from the observed and simulatddcity record for both NS and EW
component has been compared at PSI station ind=lg@b6 which shows a good comparison in the
frequency range used for simulation. This confirthe suitability of the rupture model for
component-wise simulation of ground motion. Horitgdrcomponents have been simulated at
MDRS station in a frequency range of 0.3-2.5 Hz hade been shown in Figure 5.16. The
amplitude spectrum calculated from observed andilsted velocity record for both NS and EW

component has been compared at MDRS station irré-ga.7.
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Figure 5.14 Comparison of observed (in blue) and simulated (itlack) velocity record
calculated at (5, 3) nucleation point for (a) NS component andb) EW
component in a frequency range of 0.3—4.0 Hz at PSI station
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Figure 5.15 Comparison of Fourier amplitude spectrum of the loserved and simulated
velocity record at PSI station for (a) NS component and (b) EW component
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Figure 5.16 Comparison of observed (in blue) and simulated (itlack) velocity record
calculated at (5, 3) nucleation point for (a) NS component andb) EW
component in a frequency range of 0.3-2.5 Hz at MDRS station
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Figure 5.17 Comparison of Fourier amplitude spectrum of the loserved and simulated
velocity record at MDRS station for (a) NS component and (b) EW component
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5.3.2 Empirical Green’s Function Technique

The major requirement of EGF technique is the albdity of aftershock data of the target
earthquake in the source region. The aftershothedSumatra earthquake recorded on December
26, 2004 has the fault plane solution which is Eimio that of the Sumatra earthquake. This
aftershock has been used as empirical Green’s ifundh EGF technique of simulation.
Parameters of this aftershock are given in Takle Self-similarity laws are used to divide the
rupture plane of the Sumatra earthquake using peamof this aftershock. The rupture plane of
the target earthquake has been divided into 36faults by using self-similarity laws given by
Kanamori and Anderson (1975). In the simulationcpss, the geometry and location of the
rupture responsible for the Sumatra earthquakeepg kimilar to that used by Sorensen et al.
(2007) and given in Table 5.7. The rupture plareleen placed in a velocity structure (Table 5.4)
given by Sorensen et al. (2007) which is same asl us modified semi-empirical approach.
Rupture for this earthquake has been modeled Wgreift workers using rupture velocity that
varies from 1.5 (de Groot-Hedlin 2005) to 3.0 krn/6éagi 2005 Ammon et al. 2005). The dip of
rupture plane for this earthquake is given as 8Ghybal CMT and is also estimated as large as
13° by USGS. The dip of final rupture model obtdir®y iterative modeling is 8.5° using EGF
technique. Therefore, in order to finalize varigupture parameters like location of nucleation
point, dip of rupture plane and medium velocitye therative forward modeling has been
performed for various possibilities of these partrse Final values of parameters have been
decided on the basis of minimization of RMSE betw#e observed and simulated waveforms.

Table 5.7 Initial parameters of the responsible rupture plane for the @mnatra earthquake
used for simulation using the EGF technique

Modeling Parameter Source

Length = 750 km Lay et al. (2005)

Width = 150 km Yagi (2005)

Dip = 8° Global CMT

NL.=6,Ny=6 Based on scaling relation by Kanamori and Anderson (1975)
V, = 3.0 km/sec

S =2.5km/sec Yagi (2005)

Qu(f) = 10G°° Sorensen et al. (2007)

112



Software named Empirical Green’s Function Techni(it®FT) in FORTRAN language
has been developed for simulation of records uBG§ technique, which is capable of simulating
large-duration waveform caused by great earthqudkes program require coordinates of
recording station in a Cartesian system in whiehXhand the Y-axes are parallel to strike and dip
direction of the rupture plane, respectively. Thax&s is positive in vertically downward direction.
The Cartesian system used in simulation of grountian is same as adopted in case of modified
semi-empirical method. Coordinates of stations usedsimulation are given in Table 5.5 and
shown in Figure 5.7. The EW component of veloc#gard has been simulated at PSI station for
several possibilities of rupture parameters. Tineukated velocity record has been generated for
the same band-pass filtering range that is useth&processing of observed record at PSI station.
Root mean square error between observed and sedwalocity record has been calculated for
each possibility of rupture parameters.

The starting point of rupture or nucleation pomtle element, which is first to emit the
energy. It has been observed that the shape ofdréestrongly influenced by the geometry of
rupture propagation, which in turn depends on is@oint of rupture within the rupture plane.
Rupture plane has been divided into 36 sub-faultthe bases of self-similarity laws. Each of sub-
faults can be the nucleation point. All 36 posgib# of starting point of rupture within the rupgu
plane have been considered and the EW componergsafls have been simulated at PSI station.
Simulated records for various possibilities of mation point with the observed record have been
shown in Figure 5.18. It has been observed fronur€id.18 that the shape of simulated record
varies drastically for different locations of nuaf®n point. Comparison of waveform has been
made in terms of RMSE. Minimum RMSE (in Figure ®)l8as been obtained at (2, 3) nucleation
point, which coincide with the zone of high-sligasty as defined by Sorensen et al. (2007). Once
the nucleation point is fixed various possibilit@fsrupture velocities have been checked. Several
rupture model with different rupture velocities balgeen considered for this purpose. Rupture
velocities in these model varies from 1.5 to 3.7den. Records have been simulated at PSI station
using these models. Dependency of simulated reaorthe rupture velocity has been shown in
Figure 5.19 where minimum RMSE has been obtainedupture velocity of 3.0 km/sec. The
obtained final rupture velocity is close to thatdaled by Sorensen et al. (2007). The velocity of
medium which control the arrival times of shear wanergy also changes the shape of record.
Using the velocity model given by Sorensen et2007), velocity in each layer has been changed
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+5% of its initial value and simulated records héeen compared with observed ones in terms of
RMSE that has been shown in Figure 5.20. It has bbserved that velocity model given in Table
5.8gives minimum RMSE at PSI station. The dip of thpture plane has been iteratively changed
from 6.5° to 13° and records have been simulatediifferent cases assuming finalized rupture
plane and rupture velocity. It has been observatttie shape of simulated record is not heavily
dependent on the dip of the rupture plane; howeemameters like PGV in the simulated record
are strongly influenced on choice of dip as obsg#me=igure 5.21.

The comparison of simulated record with observednefor various possibilities of dip in
terms of RMSE shows that the 8.5° dip of ruptunplgives minimum RMSE between observed
and simulated waveform (Figure 5.21b). The itemtivodeling considering various possibilities of
rupture parameters give final rupture parametersesponding to minimum RMSE between the
observed and simulated waveforms. The final modgtarameters have been given in Table 5.8

and the corresponding model has been shown iné-gag.

Table 5.8 Final modeling parameters of rupture plane responsible for the $uatra
earthquake

Modeling Parameters

Length = 750 km

Width = 150 km

Dip = 8.5°

NL=6

Nw = 6

V, = 3.0 km/sec
Nucleation point = (2, 3)

S-wave velocity of medium
Depth (km) Velocity (km/sec)

9.4 2.25
11 3.41
17 5.50
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Figure 5.18 Comparison of filtered (a) observed and (b) to (®imulated EW component of
velocity record at PSI station for different locations of nuclation point. The
simulations have made for rupture dipping at an angle 8.5° inial velocity
model with rupture velocity of 3.0 km/sec. The simulated recar corresponding
to minimum RMSE has shown in (b)
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Figure 5.19 Comparison of filtered (a) observed and (b) to (®@imulated EW component of
velocity record at PSI station for different rupture velocity. The dip of rupture
plane has assumed as 8.5° in a velocity model selected as finaldei and
nucleation point at (2, 3). The simulated record correspondingot minimum
RMSE has shown in (b)
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Figure 5.20 Comparison of filtered (a) observed and (b) to (®imulated EW component of
velocity record at PSI station for different velocity structure. The dip of rupture
plane has assumed as 8.5°, rupture velocity as 3.0 km/sec and eatibn point
at (2, 3) grid point. The simulated record corresponding to minimum RISE has
shown in (b)
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Figure 5.21 Comparison of filtered (a) observed and (b) to (®imulated EW component of
velocity record at PSI station for different dip of rupture plane. The rupture
velocity has assumed as 3.0 km/sec, velocity model selected aal fmodel,
nucleation point at (2, 3). The simulated record correspondingot minimum
RMSE has shown in (b)
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The NS component of velocity record has been siredlat PSI station using the final
rupture model shown in Figure 5.22. The comparlsemeen the observed and simulated velocity
records at PSI station for NS and EW componentbessn shown in Figure 5.23. Comparison
shows that simulated record bears realistic shapehat of observed record, and the PGV
parameter from the observed and simulated recoadlss comparable. The Fourier spectrum of
fillered observed and simulated NS and EW componéntelocity record has been shown in
Figure 5.24 and it shows a good comparison in gearf frequency used for simulation. This
confirms the suitability of the model and its sébelcparameters. Using same model as given in
Figure 5.22, records have been simulated at MDR&ost which is at an epicentral distance of
2060 km. Since velocity model for MDRS station via# different than that used for PSI station;
again iterative search for final velocity modelMDRS station have been performed. For this
selection, records have been simulated at MDRSostaind compared with the horizontal

component of velocity record in terms of RMSE.

B,= 2.25 km/sec

B,= 3.41 km/sec

;= 5.50 km/sec

Figure 5.22 Final rupture model of the Sumatra earthquake consigg of 6x6 sub-faults in a
layered medium with 329°N strike direction. Star on the ruptue plane indicates
the position of nucleation point of the target earthquake
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Figure 5.23 Comparison of observed (in blue) and simulated (iblack) velocity record for (a)
NS component and (b) EW component in a frequency range of 0.3-2.0 EzPSI
station due to shear wave propagation
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Figure 5.24 Comparison of Fourier amplitude spectrum of the loserved and simulated
velocity record at PSI station for (a) NS component and (b) EW component
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Table 5.9 Final velocity model used for simulation of record at MDRS station

Depth (km) S-wave Velocity (km/sec)
9.4 1.75
11 3.38
17 4.75

The final velocity model for MDRS station, whichvgs minimum RMSE has been given
in Table 5.9. Using this final velocity model ariddlized rupture parameters given in Table 5.8,
horizontal components of velocity record have begmulated. The comparison of filtered
observed and simulated waveform due to S-wave éas shown in Figure 5.25 at MDRS station.
A comparison of Fourier spectrum of the velocitgarels at this station has been shown in Figure
5.26. The comparison of ground motion parametetismated from the observed and simulated
horizontal velocity record of the Sumatra earthquedcorded at PSI and MDRS station has been
given in Table 5.10.
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Figure 5.25 Comparison of observed (in blue) and simulated (iblack) velocity record for (a)
NS component and (b) EW component in a frequency range of 0.3-2.0 Mz
MDRS station due to shear wave propagation
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Figure 5.26 Comparison of Fourier amplitude spectrum of the loserved and simulated
velocity record at MDRS station for (a) NS component and (b) EW component

Table 5.10 Estimated parameters from observed and simulated records ofetfsumatra
earthquake recorded at PSI and MDRS station

PGV (cm/sec) Predominant Period (Hz)
Station Observed Simulated Observed Simulated
NS EW NS EW NS EW NS EW
PSI 7.7 6.5 5.9 7.2 2.72 1.76 3.02 3.02

MDRS 0.17 0.21 0.20 0.22 0.52 0.56 2.68 2.68

The comparison of simulated record with observednas shows that the parameters of the
Sumatra earthquake are effective in modeling tipture source of this earthquake. The study also
confirms the suitability of the final rupture modebtained from modified semi-empirical
approach. It has been observed that the final reptoiodels obtained by using two different
techniques are nearly same.
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5.4 Simulation of Strong Ground Motion due to the Sumatra Earthquak at different
Hypothetical Stations

Simulations obtained from the modified semi-empiriand empirical Green’s function
technique for the Sumatra earthquake confirm tlieaely of these techniques for simulating
ground motions for real earthquake scenario. Ortbehdvantage of the modified semi-empirical
technique is that it can be used to simulate reabrany location. The modified semi-empirical
technigue does not require aftershock record atpthiet of simulation as in the case of EGF
technique. This has motivated to simulate distidyubf PGA from resultant record due to the final
rupture model of the Sumatra earthquake.

A total of 1570 stations surrounding the rupturedeioof the Sumatra earthquake have
been considered for simulation using modified sempirical technique. Among these stations
1125 stations have been located within the sunbacgection of rupture and are closely spaced at
10 km spacing while other 234 and 211 stations dway the source have been spaced at 30 and
50 km, respectively. Distribution of stations hasefb shown in Figure 5.27a. The parameters of
rupture model are kept same as that shown in Fi§ur®. Strong motion records at all 1570
stations have been simulated and the PGA value fhensimulated record has been used for the
preparation of isoacceleration contours.

The distribution of isoacceleration contour obtdifi®m several strong motion records has
been shown in Figure 5.27b. The isoacceleratiomocws shows that high peak acceleration zones
of value more than 2g have observed in the souore of this earthquake which gradually
decreases with distance. Strong motion record Isasb&en simulated at a hypothetical station of
coordinate 5.5°N and 95.3°E which lies at an eparahdistance of 291 km from the epicenter of
the Sumatra earthquake and the simulated recordodas shown in Figure 5.28. It has been
observed that the simulated record is highly energeth PGA of 526 gal at this hypothetical
station. Peak displacement of the order of 1.28aw heen obtained at this station from the
displacement record. The response spectra obt&ioed this simulated record in Figure 5.28d

show that high ground acceleration has been obddové®.4 sec period.
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Figure 5.27 (a) Distribution of hypothetical stations surroundiry the source of the Sumatra
earthquake used for simulation of strong ground motion. The sttion locations
have shown by red triangle together with a hypothetical station Y hollow
triangle. (b) Contours of PGA calculated from simulated record at stations
surrounding the source of the Sumatra earthquake. The reangle with solid
line shows the rupture model of the Sumatra earthquake as shown in (a)
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Figure 5.28 Simulated (a) Acceleration record, (b) Velocity rewd, (c) Displacement record
and (d) Pseudo-acceleration response spectra with 5% dampirtgtermined at
one of the assumed near-field station (shown in Figure 5.27apim the final
rupture model of the Sumatra earthquake
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5.5 Simulation for Hypothetical Earthquake in the Andaman Region

The Andaman Islands lie in the Zone V of Seismimidg Map of India which is
seismically highly hazardous zone (IS 1893: 200H)e entire island is also susceptible to
tsunamis both from large local earthquakes and &f@m massive distant earthquakes. The
Andaman and Nicobar Islands are located near thadasy of the Indian plate and the Burmese
microplate. The Andaman arc marks this boundarylia&sdn the Bay of Bengal to the west of the
archipelago. Another prominent feature is the nestluth West Andaman fault (WAF), which is
strike-slip in nature and lies in the Andaman Sethé east of this island chain. The Indian plate i
diving beneath the Burmese microplate along theafwmah arc in a process known as subduction.
Bhatia et al. (1999) have suggested that the IndlorB border region in the north-east is the
severe hazard zone. The Indian plate boundary asacterized by a complex to an oblique
subduction along the Burma-Andaman arc in the @isatia et al. 1999). The Sumatran fault
system in the southeast, the WAF and the Sagauny fiather east, are the features supporting
major lateral movements in the region (Bhatia e1899). Curray (2005), Fitch (1972) and Curray
et al. (1979) have suggested that the Burma-Andaamamarks the eastern margin of the Indian
plate, along which an oblique convergence betweerndian and the Burmese plate taken places.

The earthquake database in India is still inconeplespecially with regards to earthquakes
prior to the historical period (before 1800 AD), daman Nicobar zone offer a rough guide of the
earthquake hazard in any particular region (Bilketral. 2005). Large thrust earthquakes in 1847
(My > 7.5), 1881, = 7.9) and 1941M,, = 7.7) appear to have occurred on intermediat®msg
of the down-dip boundary areas that have been wutlexd and probably incorporated into the
December 26, 2004 rupture (Bilham et al. 2005)h&ih et al. (2005) has estimated a shorter
recurrence interval of 400 years for the epicemteglon where convergence rates are higher. The
rupture areas of these early earthquakes repriesanthan one-third of the down-dip width of the
Sumatra earthquake (Bilham et al. 2005). The Andeamal Nicobar Island falls in source zone 81
and 83 marked by Bhatia et al. (1999), which haemi@l to generate earthquake of maximum
magnitude 8.5 and 7.5, respectively (Bhatia el @99). These source zones are shown in Figure
5.29 with the rupture areas of early earthquakes. Is #action, a hypothetical earthquake of
magnitude 8.5 has been modeled and the causapereufor this earthquake is placed in the
source zone 81 marked by Bhatia et al. (1999).aaillet al. (2005) has also placed the rupture of
1941 My = 7.7) earthquake in the same source zone. Postiomodeled rupture plane of
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hypothetical earthquake has been shown in Figu8@. T his rupture plane has been modeled to
simulate strong motion records using both the @ogiGreen’s function technique and modified

semi-empirical technique for component-wise simatat
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Figure 5.29 Probable, source zone 81 with maximum magnitude 8.5 and soelzone 83 with
maximum magnitude 7.5 (Bhatia et al. 1999) located with blue dashdithes by
GSHAP (Global Seismic Hazard Assessment Program) and fewistorical
rupture position with their magnitude in Andaman and Nicobar region (Bilham
et al. 2005) are located with red rectangles. Seismicity inndlaman and Nicobar
region from 1973 to 2010 has been plotted by scatters using USGS database
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It has been observed that the region itself haemanced earthquakes of both the reverse
and the oblique strike-slip fault mechanism (Owrizd Bilham 2003; Chatherine et al. 2009).
Synthetic acceleration record has been simulatedtduboth types of rupture mechanism. The
rupture length and its downward extension for 8%&)(magnitude earthquake are calculated as
324 and 75 km, respectively using the empiricatreh given by Wells and Coppersmith (1994)
for the thrust mechanism. The rupture length asdiawnward extension for 8.%() magnitude
earthquake are calculated as 501 and 34 km, resglgctising the empirical relation given by
Wells and Coppersmith (1994) for strike-slip medbam The fault plane solution for thrust
mechanism is used as that defined for the Sumatthqriake and is given in Table 5.1. However,
the fault plane solution for the strike-slip mecisamis kept similar to the fault plane solution of
the earthquake defined in Table 5.11. The velatitycture for the Andaman region has been used
as that given by Parvez et al. (2003). The ruptetecity has been kept as 3.0 km/sec which is
similar to that obtained from final rupture paraerstof the Sumatra earthquake. Based on depth of
subduction zone in this region, the rupture plametiis hypothetical earthquake has been placed at
a depth of 15 km. Acceleration records for EW arfglddmponents of ground acceleration for both
the thrust and the strike-slip mechanism have Isewnlated at POR station which lies at an
epicentral distance of 109 km in the Andaman region

The rectangular hypothetical rupture plane has h@aced in the Cartesian coordinate
system that follows the trend of source zone asvshia Figure 5.30. The rupture plane of the
target earthquake has been divided into 10x10 aultsfusing the self-similarity laws given by
Kanamori and Anderson (1975). Other modeling pataraeare similar to that used for modeling
of the rupture plane due to the thrust mechanisecoRIs have been simulated at POR station for
different possibilities of nucleation point withithe rupture plane using the modified semi-
empirical technique. The simulated EW and NS corepbiof acceleration records for thrust and
strike-slip mechanism have been shown in Figuré 2u3d Figure 5.32, respectively. Simulated
record shows that any great earthquake in the Aadaregion can generate PGA of the order of 2

g in the near source region.
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Table 5.11 Parameters of the aftershock August 10, 2008 of the Sumatra earthquake
recorded at Port Blair (POR) station used for hypothetical earthquake

Hypocenter Size Fault Plane Solution Reference
08:20:37 GMT M, = 2.12x16° dyne-cm NP1 ¢ =48° 6=76°, 1 =-7° Global CMT
10.96°N, 91.83°E M,, = 6.2 NP2 ¢ = 140° ¢ = 83°, 1 = -166°
15.8 km

90° 92° 94° 96° 98° 100°

18°
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M, 6.2
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Figure 5.30 Location of the rupture modeled for hypothetical eartquake in Andaman
region, which lies in the source zone 81 (blue dashed linegor simulation,
selected aftershock of the Sumatra earthquake is shown bydestar and POR
station at which simulation has been made is shown with yeil triangle. A and
B shows the end points of the rupture plane along length
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Figure 5.31 Simulated EW and NS acceleration record at differg nucleation point of the
rupture plane of length 324 km and width 75 km for the revese mechanism
same as for the Sumatra earthquake. Simulated acceleration racbhave been
generated at POR station for a hypothetical earthquake of magnitle 8.5 using
modified semi-empirical technique
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Figure 5.32 Simulated EW and NS acceleration record at differg nucleation point of the
rupture plane of length 501 km and width 34 km for the strike-slip mechanism
of August 10, 2008 aftershock of the Sumatra earthquake. Simulated
acceleration record have been generated at POR station for aypothetical
earthquake of magnitude 8.5 using modified semi-empirical technique
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The simulations obtained from hypothetical earttkguan the Andaman region using
modified semi-empirical technique has been furttmifirmed with the simulations obtained from
well-established EGF technique. The same scenaribhcquake has also been modeled by using
EGF technique. The aftershock record at the pdistmulation of the target earthquake is among
major input required for the EGF technique. Deparitnof Earthquake Engineering, Indian
Institute of Technology Roorkee, India is maintagi284 strong motion stations under a major
MoES (Ministry of Earth Sciences) sponsored projécstrong motion accelerograph is installed
at Port Blair under this project. An earthquakeusced on August 10, 2008 of magnitude VR,
was recorded at Port Blair (POR) station. The eptéreof this earthquake is close to the proximity
of zone 81 and hence is used as empirical Greamistibn for simulation of hypothetical
earthquake in this region. Parameter of the easatkejused as EGF is given in Table 5.11.

The rupture plane of the target earthquake has the@ted into 14x14 sub-faults using the
self-similarity laws given by Kanamori and Andergd875). Records have been simulated at POR
station for different possibilities of nucleatioript within the rupture plane using the EGF
technique. Earthquake of thrust mechanism sinulahat observed for the Sumatra earthquake has
been considered for this simulation. Peak grouraglacation in the range of 0.6 g to 2.0 g has
been observed from simulated EW and NS compondnésaeleration records at POR station.
Simulated records have been shown in Figure 5.88udi®-acceleration response spectra (PSA)
computed from the simulated EW and NS componentdffferent nucleation point has been
shown in Figure 5.34. The fault plane solution #amio the oblique strike-slip mechanism of the
aftershock event given in Table 5.11 has been tsedodel an earthquake having strike-slip
mechanism. The simulated record and its responsetraphave been shown in Figure 58%l
5.36, respectively. Simulated EW and NS compondnthe acceleration record for several
possibilities of nucleation point indicate that PG#n vary from 0.1 to 0.7 g.
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Figure 5.33 Simulated EW and NS acceleration record at differg nucleation point of the
rupture plane of length 324 km and width 75 km for the revese mechanism
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Figure 5.34 Pseudo-acceleration (PSA) response spectrumswbi% damping determined
from simulated acceleration record for (a) EW and (b) NS comgnent at
different nucleation point. Red thick line indicates themean of all responses and
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Figure 5.35 Simulated EW and NS acceleration record at differg nucleation point of the
rupture plane of length 501 km and width 34 km for the strile-slip mechanism
of August 10, 2008 aftershock of the Sumatra earthquake using EGF technique
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It has been observed that simulations from modifiethi-empirical technique and EGF
technique for both type of rupture mechanism avengihigh values of peak ground accelerations
at POR station. The order of PGA obtained for tiypothetical earthquake indicates that the
seismic hazard potential of any probable greathgadke of magnitude 8.5 in the near source
region is very high.

5.6 Conclusion

The Sumatra earthquake has been studied usingnbadified semi-empirical technique
and empirical Green’s function technique. The patans of rupture model have been confirmed
from several simulations. The comparison of sinedadnd observed record using modified semi-
empirical technique and empirical Green’s functi@chnique confirm almost similar rupture
model responsible for the Sumatra earthquake sltoean further observed that due to dependency
of empirical Green’s function technique on aftedhcecord, simulations at a far-field station has
been compared in the frequency range of 0.3—-2.0nHeyeas modified semi-empirical technique
simulations have been compared in the frequencgeraf 0.3—4.0 Hz. The records simulated
using technique depends on the phase, thus, imprbgent work S-phase has been used for
simulation, therefore simulated record using emgpiriGreen’s function technique simulates only
S-phase. The modified semi-empirical technique makse of complete phase or envelope of
record starting from onset of S-phase and henasgiomplete record after comparison.

To verify the modified semi-empirical and empiridateen’s function technique, strong
motion records have been simulated for the Sumedréhquake of December 26, 2004. The
obtained source model is valid to explain the nfeetures of the observed ground motion by

comparing simulated and observed velocity records.
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Chapter — 6

SUMMARY AND CONCLUSIONS

6.1 Summary

Modifications in the semi-empirical method have rbeeade in the present thesis to
incorporate the effect of radiation pattern andsre@ moment of the target earthquake in this
technique to include faulting mechanism associatgld great earthquakes. These modifications
have removed the dependency of semi-empirical rdethro attenuation relation. The semi-
empirical method has been also modified to resdhes obtained record into two horizontal
components. The modified technique has been studie@tail to check the presence of various
strong motion properties like directivity effectcavariation of PGA with respect to surface
projection of the rupture plane. Strong motion rdschave been simulated for the Niigata, Japan
earthquakeNl,, = 6.6) to validate the modified technique. Basadsatisfactory results obtained
from simulation of this well recorded and well-sedl earthquake, data of two earthquakes in
Indian subcontinent viz., the Sikkim earthquak®k, € 6.9) and the Sumatra earthqualkig, € 9.0)
have been used to test the applicability of theifremtitechnique. This technique is further applied
to present a ground motion scenario due to a gadhquake in the Andaman Island, India. The
rupture due to hypothetical earthquake is placeskmimically active zone identified by Bhatia et
al. (1999) in the Andaman region. Records have kewolated using the modified semi-empirical
technigue. Same model has been used to simulategsground motion using well established

empirical Green’s function (EGF) technique.

Seismic moment has been considered as major irgratmeter in the modified simulation
technigue. Seismic moment, corner frequency, arsdstdrop have been calculated using source
displacement spectra. The scaling of envelope oélamgrams has been done using duration
parameter. Duration parameter has been calculaiad vegression relation dependent on seismic
moment and hypocentral distance. The coefficiemegfession relation of the duration parameter

for the Niigata, Sikkim and Sumatra earthquake Hawen determined by using 23, 13 and 23
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observed records, respectively. Modified semi-emmglirtechnique presents a forward problem
approach of calculating source parameters of eaate)] having strong motion data. Several
possibilities of modeling parameters like positmnucleation point, rupture velocity and dip of

the rupture plane have been considered beforeiragrte final parameters of source model. The
selection of final model is based on RMSE calcddtetween simulated and observed waveform.
Strong motion parameters obtained from simulatembros such as peak ground acceleration
(PGA) and peak ground velocity (PGV) are compardtth what obtained from observed data.

Response spectrum at 5% damping has been calcatedach station and compared with the
observed response spectrum. The comparison isifyedm terms of RMSE.

Directivity effects are considered to be one ofrtiest important properties that are present
in strong motion data. Presence of directivity effi@ the modified semi-empirical technique has
been numerically experimented in the present wiorkhis numerical experiment, rupture plane of
length 750 km and downward extension 150 km haa beasidered. This numerical experiment
has been performed for rupture source having betlerse and strike-slip mechanism. Strong
motion records have been simulated at severabstasurrounding the horizontal projection of the
rupture plane for both bilateral and unilateraltaue propagations. Variation of PGA on both sides
of the rupture plane in strike direction for urdlietl and bilateral rupture propagation reveals, that
in case of unilateral rupture propagation, PGA gsalare relatively higher in the direction of
rupture propagation as compared to PGA in oppalsieetion of the rupture propagation. In case
of bilateral rupture propagation, similar valueR{BA has been obtained in both sides of rupture
propagation. This confirms the presence of dir@gtigffect in the simulated strong motion data
using modified semi-empirical technique.

To validate the developed technique, synthetic mgamnotions have been generated for the
Niigata-ken Chuetsu, Japan earthquake of magnugi/,,). This earthquake was recorded on a
dense network of strong motion recorders instaligthin entire Japan at 286 strong motion
stations of Kiban-Kyoshin network (KiK-net) and 327ations of Kyoshin network (K-NET).
Records from the borehole sensor of KiK-net havenbesed for the purpose of comparison to
avoid site amplifications which are present in seret the surface. Therefore, acceleration data
recorded at three borehole stations (NIGHO1, NIGHHh8 NIGH19) of KiK-net are used in the

present study. The rupture model for this earthguas been assumed to be same as used by Joshi
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and Mohan (2008). The strong motion records havenk@mulated at several stations using
modified semi-empirical technique. Iterative modglisuggests that rupture propagate bilaterally
in northwestern direction at a depth of 13 km witbture velocity 3.1 km/sec. The same rupture
model has been used to simulate strong ground matsing EGF technique to confirm the
efficacy of the modified technique. This modifiethnique has been applied for simulating strong
ground motion due to two Indian earthquakes. Apility of the present modified technique for
simulating strong ground motion due to earthquakesthe Indian subcontinent has been
considered by simulating records of the Sikkim legutke ,, = 6.9) of September 18, 2011, and
the great Sumatra earthquaké,(= 9.0) of December 26, 2004.

The state of Sikkim in north-eastern part of Indias struck by a strong earthquake of
magnitude 6.9Nl,) near the boundary between the Indian and theskuradectonic plates on
September 18, 2011. The rupture responsible ferdhrthquake has been placed at a depth of 44
km between Tista and Gangtok lineaments. The lemgthwidth of the rupture responsible for the
Sikkim earthquake has been calculated using theirealp relation given by Wells and
Coppersmith (1994). The length and width of thetutg plane is obtained as 51 and 13 km,
respectively using empirical relation of Wells abdppersmith (1994). This rupture plane has been
divided into 49 sub-faults using self-similarityMs. The strike of the rupture plane is assumed to
be parallel to the Tista lineament and is 328°Nclwvhis close to that obtained from fault plane
solution of this earthquake given by Global CMTm8Iated records have been compared in the
range of 0.01-20.0 Hz with the observed recoreims of RMSE of waveform comparison. Root
mean square error between observed and simulateteemgrams varies from 0.46 to 0.56 at the
near-field stations and from 0.32 to 0.62 at thefidd stations, respectively. Based on iterative
modeling, simulation result shows that the rupt@sponsible for the Sikkim earthquake started
from the extreme north-west corner of the ruptdem@ at a depth of 47 km and propagated in the

southeastern direction.

Sumatra earthquake has released energy of abott@®3 (Ammon et al. 2005; Bilham
2005; Lay et al. 2005). It ruptured along the bargdetween the Indo-Australian plate and the
Eurasian plate along the northwestern Sumatra,ddictsland and Andaman Island (Sorensen et
al. 2007). The closest broadband station whichrbesrded this earthquake is PSI station which
lies at an epicentral distance of 355 km. In thessent work the modified semi-empirical and EGF
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techniques have been used to model the source &umatra earthquake. The final rupture model
obtained after iterative modeling has been usesinwmlate both horizontal component of ground
motion at PSI and MDRS stations which lies at arcespral distances of 355 and 2060 km,
respectively. The simulated acceleration recorde fi@en integrated to obtain velocity records for

comparison with observed velocity records at PEIMDRS stations.

The simulation technique developed in this work Heen further used to model a
hypothetical earthquake of magnitude 8k, in the Andaman region of Indian subcontinent.sThi
region lies close to the epicenter of the Sumattahgquake. The causative rupture for this
hypothetical earthquake has been placed in thesaane 81 marked by Bhatia et al. (1999). This
source zone has potential of generating 8.5 magmiaarthquake (Bhatia et al. 1999). Simulated
strong motion records using modified semi-empiritcathnique are further confirmed by
simulating strong ground motion for same rupturedetcusing EGF technique. An aftershock
record available at POR station has been usedrfadaion of strong ground motion using EGF
technique. The Andaman region itself has expereregthquakes of both reverse and oblique
strike-slip fault mechanism (Ortiz and Bilham 20Q@3atherine et al. 2009). Synthetic acceleration
records have been simulated due to both types mtume mechanism using both simulation
techniques. The rupture length and its downwareresion for 8.5 Nl,,) magnitude earthquake
having reverse and strike-slip mechanism are catiedlby Wells and Coppersmith (1994) relation.
This gives a rupture plane of dimension 324 kmxirbahd 501 kmx34 km for reverse and strike-
slip mechanism, respectively. Several possibilibésupture have been considered by changing
position of the nucleation point within the ruptuptane. Both NS and EW component of
horizontal record have been simulated for revenskeadlique strike-slip type of earthquake source
mechanism in this region. It has been observedREst obtained from several records using both
methods with different possibility of nucleationigilies within a range of 0.3 to 2.0 g for reverse
source mechanism and within a range of 0.1 to Zd gblique strike-slip source mechanism at
POR station.

6.2 Conclusions

The work presented in this thesis shows that medliiemi-empirical technique provide a
basic tool to simulate strong ground motion dueany earthquake using finite rupture model.
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Efficacy of this technique has been establisheccdiyparing simulated records with observed
records of the Niigata, the Sikkim and the Sumatrdhquakes. The objectives identified for the
present work have been fulfilled by synthesizingnponent-wise strong ground motion using
semi-empirical modeling technique in a broad fremyerange and use of simple and easily
accessible parameters from earthquakes of wideimgnmagnitude. Further, validation of
developed technique with case studies of knowrheasakes and with well-established technique
of simulation of strong ground motion has been sssfully done. The strong ground motion has
been generated for scenario earthquake for vateclsno economically important locations in
Indian subcontinent using modified technique andhmared its obtained results with well-

established simulation technique.

Major conclusions drawn on the research work cdroat in present thesis is listed as

follow:

1. Comparison of observed records with the simulagmbnds obtained using modified semi-
empirical technique indicate that this techniquecapable of producing records that has
realistic appearance and correct statistical ptmseclosure to the observed records.

2. Simulations at several stations surrounding thgeption of rupture plane indicate that
directivity effects are well preserved in the maatifsemi-empirical approach.

3. Several simulations at same stations due to frap¢ure of same dimension having different
sub-fault geometry indicates that similar simulatedords are obtained from same rupture
source at same station as long as self-similaritgource geometry is maintained. This
confirms the stability of modified technique.

4. The modified semi-empirical technique makes useneklope of acceleration record starting
from onset of S-phase and hence simulation teclkrmgesented in this work gives complete
record after arrival of S-phase. Such represemtasiaabsent in other simulation techniques
which are capable of simulating only individual pes.

5. The comparison of simulated waveform obtained fromodified semi-empirical and
empirical Green’s function technique with the olserrecord in terms of RMSE indicate
that the modified method gives comparable RMSE wi#t obtained from empirical Green’s
function technique and that too from a model basedsimple and easily accessible

parameters.

139



6. Comparison of simulated records with observed dcabtained from three earthquakes
having magnitude ranging from 6.6 to 9N),{) at an epicentral distance ranging from 19 to
2060 km, confirm the efficacy of the modified tetue to model finite ruptures resulting
from earthquakes of wide ranging magnitude at wesigjing epicentral distances.

7. Several simulations from iterative forward modelocanfirm that rupture responsible for the
Niigata earthquake have propagated bilaterally arthwestern direction with rupture
velocity of 3.1 km/sec.

8. Several simulations from different source modelsl &imeir comparisons with observed
records indicate that the Sikkim earthquake waiggad by a rupture originating at a depth
of 47 km and propagating in southward directiorhwitpture velocity of 2.9 km/sec.

9. Iterative modeling of source of the Sumatra earkguwith several rupture parameters
indicate that this earthquake was originated atkB8 depth and started propagating in
northwest direction with rupture velocity of 3.0 ls®c.

10.The well-established EGF technique depends on tftiershock record. Therefore,
simulations at far-field stations due to EGF teqlei are comparable in the frequency range
of 0.3-2.0 Hz. However; the simulations using miedifsemi-empirical technique give good
match in the frequency range of 0.3—4.0 Hz forgheat Sumatra earthquake.

11.Simulations due to hypothetical earthquake in tmelainan region indicate possibilities of
PGAs in range of 0.1 to 2.0 g from various modélsupture plane at POR station. Several
simulations using both modified semi-empirical asrdpirical Green’s function technique
reveal that the order of PGA is high for reversdtiag mechanism as compared to oblique

strike-slip mechanism.
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