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PREFACE

A Memorandum of understanding was signed by NDMA and Bureau of Indian Standards (BIS)
and IIT Madras on April 2019 and the project titled "R &D on Probabilistic Seismic Hazard
Map (PSHM)" of India was awarded to IIT Madras. NDMA provided the funds and project was
monitored by both NDMA and committee members of the BIS including CED 39. The present
document reports the technical results of the PSHA project carried out by the IIT Madras for
NDMA. The basic frame work of PSHA is well documented in the literature. The methodology
of PSHA has been developed as suggested by the maps subcommittee CED 39:4 The method-

ology adopted for the present study is given below:

* The database will consist of all known earthquakes of magnitude 4 and above recorded
in and around India in the last 500 years.

* All magnitude values will be expressed in terms of moment magnitude Mw. The maxi-
mum magnitude to be considered will be 0.5 units above the recorded or estimated past
value for the region.

* Recurrence parameters will be found by studying for completeness as per established
statistical analysis as suggested by Kijko, Sellvol, Weichert and others.

» All faults identified by official agencies such as Geological Survey of India (GSI), In-
dia Meteorological Department (IMD), CSIR-National Geophysical Research Institute
(NGRI) will be included in PSHA.

* The shear wave velocity profiles for B, C and D-type site condition available for India
will be collected from GSI, NGRI, IMD and published journal articles.

* Ground motion equations for B-type rock will be developed using the strong motion data

* Multiple ground motion relations will be used in logic tree to include epistemic uncer-
tainty

* The hazard will be computed by considering a circular region of 500 km around each
sample point.

* PSHA result will be presented for different return periods as contours on a grid of
0.1° x 0.1°,



The final results will be presented here refer to engineering bed rock conditions correspond-
ing to B-type rock site (V30 = 760 m/s). Strong motion data required for the work has been
collected from IITR, NCS and NGRI. Several individuals have contributed to the successful
completion of the project. Notable among these are Dr. ID Gupta (Chairman CED 39:4), Dr.
CVR Murty (Chairman CED 39) and Dr. D. Srinagesh (NGRI). They have extended directly
all possible support for the technical and administrative work involved in bringing the PSHA
mapping work to its final stage. Members of the CED 39:4 have been a source of strength
for carrying out the PSHA work which in some parts involved expert judgment. The present

document is the Final Report of II'TM submitted to NDMA.

Prof. S T G Raghukanth
Principal Investigator
Dept. of Civil Engineering
IIT Madras, Chennai.
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ABSTRACT

KEYWORDS: Probabilistic seismic hazard; Recurrence; GMPE; India

Success of earthquake disaster mitigation strategy depends on how well the stakeholders are
sensitized to the necessity of reducing the vulnerability of built up structures. Past experience
in seismic hazard management has highlighted the importance of having a well planned vul-
nerability reduction program built into the larger policy framework of sustainable development.
The vulnerability of Indian habitat was dramatically demonstrated by the Kutch earthquake of
26th January 2001, which did not belong to the more frequent Himalayan sources. The loom-
ing seismic risk to our cities can be perceived in the backdrop of active faults in the Himalayas,
North-Eastern India and in the Indo-Gangetic plain. Even in the less active peninsular region
infrequent earthquakes can cause considerable damage. The principal cause for loss of life and
damage is due to collapse of built infrastructure and resultant discontinuity in economic and
social activity. While the financial loss in absolute terms is a function of the state of develop-
ment, initial investment and cost of living indices, seismic vulnerability is closely dependent
on the social and economic condition of the population. Prognosis of seismic hazard plays key
role in planning and protecting buildings, life lines, industries and other safety sensitive struc-
tures. This necessitates estimation and quantification of future ground vibration. This motion
lasting a few seconds is due to the sudden release of energy stored for centuries at the fault
level influenced by the path and local soil conditions.

The present report highlights how surface level hazard at rock sites (B-type) can be estimated
to develop charts and tables that can be used by government agencies, architects, engineers
and other interested groups. All known data about past earthquakes and mapped faults are
considered to characterize the seismic activity of the thirty-three source zones of the country.
State-of-art probabilistic hazard analysis is carried out covering the whole country on a grid
size of 0.1° x 0.1°. New attenuation equations are derived for the regions incorporating known

recorded information or correction factors, suitably incorporated in a hybrid framework. Well
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established probabilistic analysis procedure is adopted to compute the prevalent hazard in terms
of peak acceleration (PA), short period (0.2 s) and long period (1 s) spectral accelerations for
different return periods.

A brief introduction highlighting the concept of return period along with a brief review of past
PSHA efforts for estimating seismic hazard in India is presented in Chapter 1. The tectonic
setting of the country, the fault map, catalogue preparation (till 2019 for Mw>3), complete-
ness and recurrence characteristics (fault based and spatial smoothening based) are discussed
in Chapter 2. In Chapter 3, a hybrid attenuation relation is proposed for active regions in In-
dia combining the limited instrumental data with a more comprehensive database. Furthermore,
correction factors for the existing GMPEs for become applicable for stable continental region is
also derived based on regional seismological model parameters. Additionally, a discussion on
Indian and global GMPEs which can find its suitable application for the region of interest is also
discussed in the chapter. The estimated region specific parameters are suitably incorporated in
standard Probabilistic Seismic Hazard Analysis (PSHA) procedures and all India Hazard maps
are prepared and presented in Chapter 4. The results presented can be directly used on B-type
rock sites. For other site classes, corrections have to be applied in terms of approximation pre-
scribed in standard codes or by carrying out local geotechnical studies. The results presented in
the report can be used further in city level microzonation, vulnerability analysis and risk evalu-
ation. Table presents the existing hazard in major cities for varying return periods. The results
are not direct indications for safety of the habitat, rather the corresponding assessment can be
made by combining the result with the vulnerability of the built up infrastructure. Numerical
results presented here are subject to minor variations as and when new earthquake and fault

data get accumulated.
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CHAPTER 1

Literature review

1.1 Introduction

India faces threats from a variety of natural hazards such as floods, droughts, landslips, cy-
clones, earthquakes and tsunamis. The spate of earthquakes in the recent past, causing exten-
sive damage has heightened the sensitivity of administrators, engineers and the general public
to the looming hazard due to future earthquakes occurring near densely populated Indian cities.
Strong earthquakes are rare events, rarer than cyclones, windstorms and tidal waves. Neverthe-
less, India has seen quite a few earthquakes in the recent past. Earthquakes have occurred from
pre-historic times, more or less in the same regions, where they are presently felt. The present
heightened awareness towards earthquake disaster mitigation in the country is attributable to
a large loss of life and property suffered during the Khillari (30th September 1993), Jabalpur
(22nd May 1997), Chamoli (29th March 1999), Bhuj (26th January 2001) and Nepal (25th April
2015) earthquakes. The seismic hazard or the potential of a site to experience ground motion
due to an earthquake cannot be altered. The risk faced by human habitat due to earthquakes
can be reduced by making man-made systems and structures less vulnerable and more robust to
withstand the ground motion. Seismic risk has a character to increase with time if continuous
mitigating actions are not taken. This fact may be appreciated by recognizing that increasing
population puts greater demands on the housing, energy, water and transport needs of the soci-
ety. In turn, these needs have to be met by increased construction activity of buildings, dams,
reservoirs, bridges, power plants etc. Thus, even in areas of low seismic activity, the loss due
to unexpected earthquakes may be high purely due to heavy infrastructure development, unless
the built-up structures are engineered and maintained to withstand future earthquakes.

As we take up the question of safety of man-made constructions, subtle issues crop up. It is not
just new constructions that have to be made earthquake resistant. Engineers are called upon to

protect existing cities, monuments and other structures built at a time when knowledge about



earthquakes was limited. Moreover, all types of construction may not be equally important,
particularly so, when available financial resources are limited. In addition, earthquakes are low
probability events with extremely high risks to society. Damaging earthquakes are rare with
their recurrence periods being of the order of several decades or centuries. But once they occur,
much of the structural damage takes place within a few seconds, directly attributable to ground
vibration. Hence engineers usually characterize seismic hazard in terms of the ground motion
that can be experienced at the construction site. This way the dynamic response of structures
can be studied to foresee where they may fail and for what level of seismic forces. This in turn
helps in site selection, design and retrofitting strategies. The point to be noted here is that the
quantification of hazard is needed for unpredictable future events. The nature and amplitude of
ground motion at a site can be described in a probabilistic sense by combining past information

with engineering methods of risk estimation.

1.1.1 Return Period

The most sought-after ground motion descriptor is the response spectrum, which engineers use
to find the most probable extra force, due to all possible future earthquakes, that a structure has
to withstand in its expected life period. The life expectancy of a structure depends on socio-
economic factors and hence engineering designs are not meant to assure 100% safety against
every type of earthquake, for all times to come. A residential building may be expected to re-
main robust for a period of 50-100 years, where as a monumental structure may be envisioned
to perform for 1000 years or more. Some amount of subjectivity is unavoidable here, but a
consensus can be arrived at by public debate moderated by specialist opinion. Thus, one may
like to know with high level of confidence what could be the foreseen peak acceleration (PA)
and design response spectrum (Sa) in an interval of say 50, 100, or 1000 years. The level of
confidence itself can be stated as a probability or percentage. At present, the popular way of
describing hazard for building design is to specify that value of Sa that will be exceeded with
only a 2% chance in 50 years (IBC, 2015). This is closely linked with the concept of return
period 7., which is the average time between consecutive occurrences of the same event in a
time series. The event we are interested in here is the ground motion exceeding a value y* at

the chosen site, due to rupture of any fault in a wide region around the site. A given event of



return period Tr is equally likely to occur in any year during the design life of N, years. Hence,
the annual probability of exceedance of y* is p = 1/7,.. For large T, and N,, it can be shown

that

P[PA or Sa > y*in Nq years| = Ng/T, (1.1)

If N4 =50 years, it follows 7. is nearly 2500 years. In other words the hazard to a design period
of 50 years with the confidence of 98% has to correspond to a return period of ~2500 years.
If we are willing to reduce the confidence level to 90%, the probability of annual exceedance
will be set at 0.1. This would mean we are designing for seismic hazard corresponding to 500
year return period. This is not same as postulating an earthquake that occurs once in 500 years
or once in 2500 years. Actually, all possible magnitudes and hypo-central distances are to be
rationally combined to estimate the future ground motion to be experienced by the building
during its projected life of 50 years. For safety-sensitive installations such as large dams and
nuclear power plants one may need still longer 5000- and 10,000-year return period ground
motion values. With the above points in view, the present study aims at mapping the existing
seismic hazard in terms of PA and response spectrum corresponding to 5% damping for several
return periods. Considering the sub-continental scales involved and the spatial variations to be
addressed the Indian land mass is discretized into grids of 0.1° x 0.1° size. Each corner of such

a grid is treated as a site for computing the hazard.

1.2 Source, Path, Site

The standard paradigm in hazard studies is the source, path, site triplet. The causative seismic
sources are first identified. Here, these are taken as known mapped faults in source zones that
can be associated with past earthquake activity. The quantification of the seismic potential of
the sources is carried out by assembling a catalogue of past events of M w > 3 in the respective
seismogenic zones. The catalogue is statistically analyzed to characterize the identified zones
in terms of the Gutenberg-Richter (G-R) recurrence relation and the maximum expected earth-
quake magnitude (M., ). The attributes of the zone are further apportioned to the line sources

within the zone depending on their capacity for rupture and historical activity. A given site
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Figure 1.1: Geological provinces in India (GSI, 2000)

responds to all possible future events emanating from any of the fault in the range of influence
of 300 km radius. Here the hypocentral distance and the path properties control the attenuation
of ground motion depending on the quality factor of the intervening rock medium. The site is

ideally a point on the surface after removing the top 1-2 m of debris or deposits. The position



of the site can be geometrically fixed up with respect to every fault rupture. The subsurface
geological and geotechnical condition at the site can be described in terms of the depth wise
variation of material density and shear wave velocity. The prominent geological map of India
is llustrated in Figure 1.1. Since geotechnical properties of the subsurface soil can vary dras-
tically over short distances the national level hazard map has to be for a common type of site.
The effect of local soil layers can be accounted by investigations specific to a given site. Here
the reference site condition is taken as the B-type rock site which has its average shear wave

velocity in the top thirty meters to be approximately 760 m/s.

1.3 Uncertainties

Computation of seismic hazard is beset with unknowns and uncertainties. Two broad categories
of uncertainties can be recognized. First is the epistemic or model related uncertainty. With the
present knowledge of the subject we are committing ourselves to certain models which may in
future get changed with better scientific knowledge. One can get a range for this uncertainty
if we can use alternate models for source description and methods of statistical analysis. It is
known that with more data, variance in the error estimates of the parameters can be reduced.
The second type called aleatory uncertainty is inherent to the natural process under observation.
This can not be reduced with more data or knowledge. For example, magnitude values of
earthquakes with their sources and fault rupture lengths that will affect a particular site will
remain uncertain. Probabilistic seismic hazard analysis (PSHA) can address both the types of
uncertainties by adopting different source models and attenuation relations following the logic
tree approach. Hence in present work different hazard estimation techniques and the suitable
global GMPEs are appropriately implemented in a probabilistic hazard framework. Further, the
final hazard values are derived based on judgments and weights estimated from instrumental

data or regional characteristics.



1.4 Ground Motion Prediction Equations

The ground motion prediction for regions lacking dense set of database can be performed based
on a mechanistic model or using empirical methods like attenuation relations, stochastic mod-
els, etc. However, mechanistic approaches are often computationally expensive, for performing
analysis corresponding to a suit of events essential in reliable quantification of hazards. Hence,
for performing hazard analysis, a more simple empirical Ground motion prediction equations
(GMPE) form an essential component. Over the years there are numerous GMPEs developed
across the world for both global and regional basis (Douglas, 2016). For the regions with suffi-
cient ground motion records, these recorded data itself can be used to develop GMPEs. In the
absence of such recorded data, GMPEs could be built based on the synthetic databases gener-
ated using different empirical, numerical, analytical or hybrid techniques. A typical GMPE is
a relation connecting the ground motion parameter (Y') with the variables relating to source,

medium, site etc. such that
log(Y) = f(My, R, Vi3, F,z,...) + € (1.2)

where, M, is the seismic moment, R is the source to site distance, V3 is the shear wave veloc-
ity, F' represents various flags associated with region, site, mechanism, etc., z represents depth
and e is the residue between prediction and data from the modeling. In general, GMPEs can be
broadly divided into parametric models and non-parametric models. The parametric models are
formulated based on a fixed functional form derived based on the observed ground motion char-
acteristics. One of the preliminary GMPE:s is derived by Esteva and Rosenblueth (1964) using
a very simple exponential functional form to predict peak acceleration (PA). Later,McGuire
(1974) developed a model for spectral acceleration, but the application of the model is re-
stricted to the near-field. For regions with sparse recorded data, Herrmann and Goertz (1981),
De Natale ef al. (1988), Atkinson (2001) etc. used synthetic data generated from empirical
and stochastic methods to develop prediction equations. In subsequent years, the functional
forms of GMPEs underwent numerous modifications to incorporate the amplification, atten-
uation, mechanism of faulting, damping, and uncertainties exhibited by the ground motions.

These modifications lead to very complex functional forms. Some of the latest GMPEs are



that of Ancheta et al. (2014), Boore et al. (2014), Campbell and Bozorgnia (2014) and Chiou
and Youngs (2014) developed based on updated NGA west2 database, Zhao et al. (2016) using
Knet-Kik-net database etc. One of the major setbacks of such kinds of parametric models is that
it requires a predefined functional form. The capability of the formulated functional form to ac-
curately predict the ground motion characteristics is also a matter of concern. In such situations,
one can resort to non-parametric analysis, where the model is mostly data-driven without any
predefined closed-form equation. Schnabel and Bolton Seed (1973) proposed the first GMPE
based on the non-parametric method for PA at rock type sites in the western United States. Fur-
ther, Anderson (1997) using the data from the Guerrero network developed a non-parametric
interpolation function to predict PA. Recently, advanced non-parametric models such as ma-
chine learning algorithms, Artificial Neural networks (ANN), fuzzy logic, etc. found their
application in earthquake engineering. In that direction, Ahmad et al. (2008) used ANN to de-
velop attenuation relation for PA, peak ground velocity (PGV), and peak ground displacement
(PGD) for Europe using 358 ground motion records. Giillii and Ercelebi (2007), Giinaydin and
Giinaydmn (2008), etc. predicted PA, using neural network algorithms on selected strong mo-
tion data of the earthquakes in Turkey. Recently, Alavi and Gandomi (2011) and Thomas et al.
(2016) proposed hybrid simulated annealing-ANN technique and randomized adaptive neuro-
fuzzy interface system respectively to predict PA, PGV, and PGD using 2815 data records in
NGA west database. The main limitation of non-parametric models based on fuzzy logic and
machine learning algorithms is in understanding the physical interpretation of the functional
form. Further, the applicability of the non-parametric method beyond the range of data points
used to develop the model is restricted. Nevertheless, it can be noticed that though it is dif-
ficult to interpret the model, the non-parametric model can capture the complex earthquake
characteristics intuitively. Hence the possible applications of the method in ground motion
prediction should be explored more extensively. It is known that the spectral characteristics
of the ground motion are essential for the design of structures at the site. Tezcan and Cheng
(2012) attempted to predict response spectra for 13 periods between T = Os and 4s with 1482
data records from the NGA database, using support vector regressions (SVR). But, the SVR
method uses just the combination of vectors with weights whose size is not pre-determinable.
Further, the SVR algorithm has no physical meaning and can even become computationally

expensive for large datasets. On the other hand, in the case of ANN, the model architecture



can be fixed, and an estimate on the number of unknowns could be attained beforehand. Derras
et al. (2014) has attempted to formulate a ground motion model using ANN for Europe, using
1088 records from 320 earthquakes in the reference database for Seismic ground-motion pre-
diction in Europe (RESORCE) database. Later, Derras et al. (2016) used the same technique
on 16446 recordings from 318 earthquakes in the NGA West2 database to model the variability
with respect to site conditions. These are some of the global GMPEs. Indian context various
researchers have attempted to develop region specific GMPEs. Most of the GMPEs developed
for India are based on parametric modelling. Some of the recent studies are from Singh et al.
(2017) developed GMPW S, in Indo Gangetic Basin, Gupta and Trifunac (2018a,b) developed
GMPE for Fourier amplitude spectra and Pseudo spectral Velocity for Himalayas and North
Eastern India, Bajaj and Anbazhagan (2019) developed GMPE for S, at A type soil class based

on calibrated seismological model.

1.5 Ground Motion Databases

The ground motion at a site is characterized best from the recorded data. These are several
networks installed across the globe, data from which is routinely used for various studied which
include source identification and modelling, quantifying medium characteristics, understanding

the geological structure of a region, ground motion prediction models etc.

Some of the global ground motion databases include PEER-NGA for shallow crustal re-
gions, IRIS broad-band database, COSMOS and CESMD centers of earthquake strong motion
database, K-Net-KiK-net network of Japan, European Strong-Motion (ESM) database, etc.
Among these, one of the most widely used database for ground motion prediction is that from
PEER-NGA. The database constitute of two parts: NGA-West2 which includes a very large set
of ground motions recorded in worldwide shallow crustal earthquakes in active tectonic regimes
and NGA-East for the Central and Eastern North-American (CENA) region. The NGA-West2
database constitutes of 21540 records from 599 earthquakes in the magnitude range 3-7.9 oc-

curred from 1935 to 2011.

In India, seismograph networks include PESMOS, IGCAR broadband stations and CIGN

network. The PESMOS database is a nationwide network for strong motion records in In-
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Figure 1.2: Distribution of epicenters of earthquakes and recording stations in PESMOS net-
work. Along witht the fault map of India as per Geological Survey of India (GSI)
(2000) and major geological regions in India

dia, which is maintained and operated by Indian Institute of Technology, Roorkey (II'TR).The
database contains information from 294 strong motion accelerographs have been installed Hi-
malayas, Northeast India and Indo-gangetic region. Figure 1.2 shows the distribution of epicen-
tres of earthquakes along with the recording stations in the network. A total of 267 groundmo-
tion records from 65 earthquakes, over a magnitude range of 4 to 7 from for Western Himalayan
region and 277 records from 65 earthquakes over a magnitude range of for North East India
from 1986 to 2015 are available from the network. The hypocentral depth of the available
records ranges between 2km to 484km for Western Himalaya(WH) and 20km to 484km for
North East India(NE). In October 2012, Central Indo-Gangetic Plain Network (CIGN) with 26



Step 1: EARTHQUAKE SOURCES Step 2: RECURRENCE MODEL
Fault =4
(Line source) Paint £
; . source a
¥ [}
4 =
o
2 ; =
site@--____ 5
: g
; =
s
3 o
Area f L]
source Magnitude M
Step 3: GROUND MOTION ATTENUATION Step 4: PROBABILITY OF EXCEEDANCE
F
Uncertainty in o
attenuation e
5 . ]
2 o
3 " g
] - fir
o %« Magnitude -
o - - o
k- LM, Fog
= e =
& Eore M, 2
o o
M, i
» »
Distance Acceleration

Figure 1.3: Probablistic Seismic Hazard Analysis (PSHA) framework (Kramer, 1996)

recoding stations got commissioned across Indo-Gangetic basin region. Two major records in
the network are those for 2014 M, 6.1 Bay of Bengal earthquake and 2015 M,,7.86 Nepal
earthquake. The data from these networks are very useful in understanding regional character-

istics and in the validation of the models developed for the region.

1.6 Probabilistic seismic hazard analysis

Probabilistic seismic hazard analysis is important for the seismically safe design of structures.
The design spectra proposed in several design codes are often based on such seismic hazard
analysis. The first seismic hazard map for a region is that developed by Esteva (1963). Later,
Cornell (1968) established the fundamental concepts of probabilistic quantification of seismic
risk. Kiureghian and Ang (1977) improved Cornell’s assumption of point-source mechanism
to consider finite sources. Furthermore, the concept of hazard deaggregation to find the critical
source and magnitude for a site is proposed by McGuire (1974). A Typical framework for
performing PSHA 1is shown in Figure 1.3. Accordingly, the first step toward quantifying the
hazard level at a site is to identify all the potential sources in the region. Then identify the

uncertainties associated with the seismicity levels and ground motion prediction. A proper
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assessment of the uncertainties involved in the region is essential in hazard estimation. The
two broad classes of uncertainty are aleatory uncertainty associated with the data models used
for estimation and epistemic uncertainty arising due to the lack of knowledge. The widely
adopted classical Cornell-McGuire probabilistic seismic hazard analysis (PSHA) procedure is
briefly discussed further.

Probabilistic seismic hazard analysis estimates the probability of exceedance of the ground
motion parameter at a site due to all possible future earthquakes as visualized by the previous
hazard scenario. Assuming that the number of earthquakes occurring on a fault follows a
stationary Poisson process, the probability that the control variable Y exceeds level y*, in a

time window of T’ years, is given by
P(Y >y"inT years) =1 — et T (1.3)

Here, j1,~ indicates the mean annual rate of exceedance of the ground motion measure y* (re-
ciprocal of ji,~ denotes return period RP) at a site due to all probable earthquakes caused by all
probable sources. If there were " K’ number of probable sources in the region whose seismicity

is known, then i, in Equation 1.3can be computed as

uly) = Z Ni(mo) / - / Y P > ylmr] Pape(rlm) Par(m) 9 om (1.4

mo 70

where m, and m,, indicate the minimum and the maximum threshold magnitude observed at
the source; ro and r, are the minimum and maximum site distances from the source. Py (m)
is the probability density function of the exponentially distributed magnitude which can be ob-
tained through the G-R relationship. pp s (7|m) is the conditional probability density function
of hypocentral distance which can be obtained numerically for the identified probable sources.
P[Y > y|m, r| denotes the conditional probability that the chosen ground motion intensity level
is exceeded for a given magnitude and distance which can be determined using the ground mo-
tion relationship. The corresponding value is obtained as a lognormal random variable with the
mean value given by the ground-motion prediction equation (GMPE) and the standard deviation
given by the error term ’In(e)’. Though the methodology is straightforward, implementation of

the same is challenging in many regions due to the lack of knowledge on the source, seismicity,
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Figure 1.4: Tectonic fault map of India GSI (2000)

and medium characteristics. The seismotectonic atlas of India GSI (2000) has compiled the

major linear-faults in India. The corresponding tectonic fault map is shown in Figure 1.4. The

recurrence characteristics of each of these faults can be estimated provided all the earthquakes
associated with the fault are known. However, currently available information on the seismicity
is not sufficient to estimate fault level recurrence directly. Hence, a convenient method adopted
in literature is to identify possible earthquake zones. Alternatively, Iyengar and Ghosh (2004b)
and NDMA (2010) postulated an approach to estimate the magnitude-recurrence characteristics

of the fault from zonal values. The fault map delineated for the study region is shown in Figure

12
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Figure 1.5: The 32 Seismogenic zones identified for India according to NDMA (2010) along
with the seismicity and fault map.

1.4. The NDMA (2010) demarcated India into 32 seismogenic zones. The regions constituted
by each of these zones is shown in Figure 1.5. These zonal parameters are then disaggregated
to each individual faults based on their past seismic activity and their fault length. Inherently,
the PSHA estimations become more reliable when the source, seismicity, and ground-motion

models can be improved as and when more data becomes available.
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1.7 Seismic Hazard Analysis

1.7.1 Global

A brief look into the various recent global seismic hazard analysis models are described further.
Petersen et al. (2015) developed seismic-hazard maps for the United States. The maps were
prepared by combining the hazard derived from spatially smoothed historical seismicity with
the hazard from fault-specific sources. The reference site condition is firm rock (B Type soil
class with V30 760m/s). A maximum hazard Around 22 ground motion models were used in
the analysis. In the neighbouring regions of India; Ram and Wang (2013) performed hazard
analysis of Nepal with twenty-three seismic source zones, each one is assumed to be seismi-
cally homogenous so that every point within them is assumed to have an equal possibility of
occurrence of an earthquake in future. The estimated hazard following CEA (2005), gave a
maximum PA of 1.08¢g for 2475years return period for rock type soil class. Recently, Rahman
and Bai (2018) performed a probabilistic seismic hazard for the Nepal region. The estima-
tions are derived based on areal, linear and gridded seismic source models. Around 10 GMPEs
from similar tectonic regime is combined into a suitable logic tree to estimate the final haz-
ard. A maximum value of 1.02g is reported for PA corresponding to 2475 years return period.
Similarly, Waseem et al. (2018) performed an analysis for Northern Pakistan such that shal-
low seismic provinces and deep provinces are recognized based on similar geology, tectonics
and seismicity characteristics. shallow and deep area zones are differentiated based on the
focal depths of the earthquakes. The seismic hazard estimations are reported for China pre-
dominantly following the spatial smoothened seismic activity as can be seen in Xu (2019). A
maximum value of ~0.4g for PA is been reported for the region corresponding to 475 years re-
turn period for rock type soil class. Similar studies for other regions like Thailand, Bangladesh,
Afghanistan, Myanmmar, Italy and many other regions in the world can be seen in literature
(Ornthammarath et al., 2011; Somsa-Ard and Pailoplee, 2013; Zuccolo et al., 2013; Carlton
et al., 2018; Waseem et al., 2019).
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Figure 1.6: Seismic Zone map according to IS:1893-1 (2016)

1.7.2 India

The history of several catastrophic earthquakes has motivated several researchers to estimate
the seismic hazard of India using either deterministic or probabilistic approaches. The current
seismic zonation map of India (Figure 1.6) prescribed by the Indian code 1S:1893-1 (2016) is
estimated based damages after an earthquake and the uncertainties with respect to the occur-
rence, magnitude, distance, etc. are not considered for the categorization. Further, deterministic
maps of India have been given by Parvez et al. (2003) developed for PA, PGV and PGD and
Kolathayar er al. (2012) for PA, Sa (0.1s) and Sa(ls). It should be noted that the estimates
based in DSHA, do not account for the uncertainties associated with the future event related
to their occurrence. However, as explained earlier, PSHA accounts for the uncertainties asso-
ciated with the seismic events in terms of their size, location, path, etc. Several hazard maps

have been developed for India using this approach. The earliest of those hazard maps are from
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Figure 1.7: Contour map corresponding to 2500yrs return period for PA provided in NDMA
(2010), PGV and PGD estimated by Raghukanth ef al. (2017)

Basu and Nigam (1977)and Khattri et al. (1984a). These works used GMPEs from the litera-

ture without addressing the uncertainty associated with regional differences. Recently, NDMA

(2010) developed regional GMPEs and utilized them for estimating the hazard in terms of S,

at 0, 0.2, and 1s for very hard rock sites or A-Type conditions.
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Apart from the above studies, numerous studies have been carried out to estimate the hazard for
smaller provinces. A few of the recent models includes the estimated by Rout et al. (2015) for
North-West Himalaya, Sil and Sitharam (2015) for North-East Himalaya, Maiti et al. (2016)
for West Bengal, Ashish et al. (2016) for Peninsular India, Desai and Choudhury (2014) for
Mumbai and Pallav et al. (2012) Manipur. Some of the hazard maps for India reported based
on gridded seismicity can be seen Jaiswal and Sinha (2007), Nath and Thingbaijam (2012)
and Sitharam and Kolathayar (2012). However, most of the hazard maps developed for the
country are based on spectral accelerations. On the other hand, for the design of long periods
important structures like pipelines, nuclear reactors, transmission towers, dams, bridges, etc.
hazard values corresponding to long-period ground motion characteristics like those related to
velocity and displacements (Tromans, 2004; Bommer and Alarcon, 2006). Recently, under-
standing the importance of these characteristics on the design of the structure, seismic hazard
estimates corresponding to PGV and PGD for India is estimated in Raghukanth et al. (2017).
The estimates are performed with the region-specific GMPEs developed based on the synthetic
database. Thus Figure 1.7 shows a few of the hazard maps available for India. These maps
form the useful basis of the design of structures at various sites in the region. It should be
noted that most of the hazard analysis is performed for A type soil class. Moreover, the hazard
analysis based on fault lines alone is not appropriate as the epicentres of events are not closely
correlated to the known faults and as all faults are not known. Thus a consideration on to the

area sources of diffused seismicity based on spatial averaging of past seismicity is essential.

1.8 Summary

This chapter highlights the importance of performing probabilistic seismic hazard analysis for
a region. Further, the basic explanation on to the key aspects in hazard in terms of return
period, source, site, path and uncertainties involved are also discussed. A gist on to the various
ground motion prediction models available and those developed globally and nationally are also
described. Furthermore, a briefing on to the different ground motion recording instrumentations
available are also provided. Additionally, the probabilistic seismic hazard analysis procedure

along with some of the regional and global hazard estimations are also described in this chapter.
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The present study aims at developing All India PSHA map avoiding the major limitations of
the previous studies briefly reviewed above. This exercise is presented in this report under the
following heads.

Chapter 2: Seismogenic zones, Catalogue and Recurrence relations

Chapter 3: Ground Motion Prediction Equation

Chapter 4: Probabilistic Seismic Hazard Maps

Appendix I: Earthquake Catalogue

Appendix II: Effects due to lack of instrumental data
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CHAPTER 2

Seismogenic zones, Catalogue and Recurrence relations

2.1 Introduction

In the previous chapter we have performed we have described the recent estimation procedure
for seismic hazards. Accordingly, the importance is stated for the identification of all potential
seismic source and the activity rate based on event epicentres. Thus In this chapter, an effort
to identify the potential source, assimilation of a comprehensive catalogue and the correspond-
ing recurrence characteristics will be discussed. The analysis will be primarily based on the
32 seismogenic zones identified for the study region by NDMA (2010). These are the regions
with concentration of faults and also past epicentres. Here, a quantification the seismic activity
in these source zones are derived by developing the Gutenberg-Richter recurrence relations. A
comprehensive database of location, date and magnitude of past earthquakes is required, for de-
riving such recurrence relations. Generally, it is known that accurate data is available for events
that have happened in the last 50-100 years only. Since damage causing earthquakes are rare
the length of the catalogue (sample size) influences our conclusions on the occurrence of strong
earthquakes. This situation is common in countries that started sophisticated instrumentation
in the middle of the 20 th Century. In India after 1964 reliable information on instrumental
magnitudes and locations are available (Chandra, 1992; Guha and Basu, 1993). Prior to this
period damage reports and historical records are the major sources for building up a database.
In the past several investigators attempted to prepare earthquake catalogues for the Indian sub-
continent. Notable efforts are by Oldham (1883b); Chandra (1977, 1992); Bapat et al. (1983);
Rao (2005) and IMD. There have been efforts to derive earthquake recurrence relationships for
some special regions of India by combining data from several sources (Kaila et al., 1972; Khat-
tri et al., 1984b; Seeber et al., 1999; Shanker and Sharma, 1998; Iyengar and Ghosh, 20045b;
Raghukanth and Iyengar, 2007; Jaiswal and Sinha, 2007; NDMA, 2010; Raghukanth, 2010).

All these studies provide valuable information on Indian seismic parameters for further work



and comparison. However, it may be noted here that comprehensive quantification of seismic
activity inclusive of fault based as well as epicentre location based spatial smoothening for the
whole country has not yet been attempted. This provides the impetus to develop an All In-
dia catalogue of past earthquakes. The collected earthquake data is naturally assigned to the
thirty-two source zones of the previous chapter. The methodology proposed by Kijko and Gra-
ham (1998) and Weichert (1980) combining prehistoric, historic and instrumental data is used
to estimate the potential maximum magnitude (M., ) and the (a, b) values in the recurrence
relation. The primary sources for earthquake data are the national repository with the India
Meteorological Department (IMD) and the reports of the Geological Survey of India (GSI). In-
strumental magnitude and location of recent earthquakes are presently available on the internet
also. In the present study, the earthquake catalogue for the region (0° N —40°N, 65°E —100°E)
has been assembled. The considered region overlaps with parts of Afghanistan, Bhutan, Burma,
Nepal, Pakistan, and Sri Lanka. Hence special efforts have been made to collect instrumental,

historical and paleo-earthquake data from diverse sources.

2.2 Seismo-Tectonic Setting of India

2.2.1 Source characteristics

The Indian sub-continent has experienced several moderate to large earthquakes owing to the
active subduction of the Indian plate against the slow-moving Eurasian plate. This collision has
resulted in several major tectonic faults in the Indian sub-continental region. Since these faults
are fractured zones, having a higher rupture potential to generate seismic events at a rate de-
pending on the amount of build-up stresses. The identification of these potential rupture areas
is very important for the assessment of the probabilistic seismic hazard for the sites in the study
region. The Seismotectonic Atlas of India (Geological Survey of India (GSI), 2000) has delin-
eated the faults identified in India and its adjoining region and has been used to construct a fault
map of India. Furthermore, the faults reported by Styron et al. (2010) for Himalayan and Ti-
betan regions are also included in this study region. After removing duplicate faults, the region
with 1838 faults is illustrated in Figure 2.1. It is evident that Himalayan arc borders the entire

northern part formed due to the continental collision. Some of the major fault systems that
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are identified along the range are, namely, Indus Suture Thrust, Main Frontal Thrust (MFT),
Main Central Thrust (MCT), and Main Boundary Thrust (MBT). These fault systems of the
Himalayan range have caused several devastating earthquakes such as the 19051/, 7.8 Kangra,
1934 M,,8 Bihar-Nepal, 1991 M,,6.8 Uttarkashi, 1999 M,,6.8 Chamoli, 2011 M,,6.9 Sikkim
and 2015 M,,7.9 Nepal earthquakes. High seismicity is also observed at syntaxis regions of
the Himalayan range. The prominant fault in the western syntaxis region are Main Karakoram
Thrust (MKT) and Main Mantle Thrust (MMT). Further to the west, Hindukush-Pamir region
is seismically very active experiencing several major earthquakes which include 2005 M,,7.6
Kashmir earthquake. To the south of the Hindukush region, Chaman fault marks the western
plate boundary. The eastern end of the Himalayan arc is identified as Assam syntaxis. This
region also suffers very high seismicity and has produced several major earthquakes, namely,
1897 M,,8.1 Assam earthquake, 1950 M, 8.6 Assam-Tibet earthquake, etc. The N-S trending
Burmese-Andaman arc marks the eastern plate boundary and runs southward from the Assam
syntaxis to the Andaman-Nicobar archipelago. The Sagaing fault, Eastern Boundary Thrust
Zone, etc. are some of the major fault systems that are present here. Several subduction events
have been recorded in this region, notably, the 2004 M,,9.3 tsunamigenic Andaman-Sumatra
earthquake.

Apart from the above regions, the stable continental region has also experienced numerous large
magnitude intraplate events such as 1967 M,,6.5 Koyna earthquake, 1993 1/,,6.2 Killari Earth-
quake. 1997 M,,6 Jabalpur Earthquake, 2001 M,,7.6 Bhuj earthquake, etc. The Himalayan re-
gion and the peninsular India are separated by the sedimental plains of Indo-Gangetic foredeep
with very low seismicity. However, extensive damage witnessed during 1934 M,,8 Bihar-Nepal
and 2015 M,,7.9 Nepal earthquakes indicates that these sedimental plains can cause significant
amplification of the ground motion due to major events that occur in the lower Himalayas. Fur-
thermore, the seismicity of India over the fault map is illustrated in Figure 2.2.It becomes clear
that the regions coinciding with the boundary of the Indian tectonic plate exhibit higher lev-
els of seismic activity, namely, the Hindukush-Pamir region in the North West, Himalayan arc
in the North and the Burmese-Andaman arc in the East. Based on the activity pattern regional
seismotectonic and geology, NDMA (2010) has identified 32 seismogenic zones. In the present
work, a 33rd seismogenic zone is also appended to the existing ones. This zone corresponds to

the Tibetan Region. Each of the seismogenic zones 8,27 and 28 are subdivided into two sepa-
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rate zones as per the suggestions from the map committee. The resulting fault based database
consisted of a total of 856 fault segments from NDMA (2010), 42 fault segment from Gamage
and Venkatesan (2019) 940 fault segments from Styron et al. (2010) and 33 seismogenic zones
(SZ) is shown in Figure 2.1 [Note: Duplicating faults are removed hence the total number of
faults for the region is 1875 ]. Among 33 seismogenic zones, the active zones are SZ: 1 to 4
(Himalayan range), SZ: 5 and 8 (North-eastern India region), SZ: 10 to 15 (Andaman region),
SZ: 21 to 26 (Chaman fault), SZ: 27 (Kutch), SZ: 30 (Hindukush-Pamir), and SZ: 33 (Tibetan
Region). The seismic characterizations of these source zones, as well as faults, require com-
plete information about their past seismic activity. The following section briefly discusses the

process of collecting and compiling a database of size and occurrence time of past earthquakes.

2.3 Updated earthquake catalogue of India

To get an insight into the seismicity pattern of the study region, the preliminary step lies in
assembling a comprehensive database of past seismic records into an “Earthquake Catalogue"
which contains information on the magnitude, spatial, and temporal occurrence of the events.
These data are sourced from available records (instrumented or examining historic transcrip-
tions) or by paleoseismic studies. The reliable information of the instrumental earthquake data
for the study region can be collected from the those provided by Indian Meteorological De-
partment (IMD), United States Geological survey (USGS), International Seismological Centre
(ISC-GEM), National Seismological Center (NSC) Nepal and Pakistan Meteorological De-
partment (PMD). Some of the earlier historical events that occured in the region can be infered
from the reports of Oldham (1883a); Milne (1911); Quittmeyer and Jacob (1979) and Bilham
(2019). The information on some of the large magnitude having a recurrence period over 100
years is assessed from the paleoseismic investigations conducted on the geomorphologic ev-
idence. Recently, the seismic catalogue of India has been assembled by Raghukanth (2010)
having a total of 23,077 events, later updated in NDMA (2010) having a total of 38,860 events
for a period up to 31 December 2008. The data in this catalogue are composite derived from

three sources, namely, instrumental data, historical data retrieved from government archives

22



40°

35°

30°

25°

20°

15°

10°

5°

65°

- Legend
<A . o Major cities|
e T : R - = ] — Zones
: RN . T T ~——F_\
=N 5 (0 2] &~ =0 . S
NS TNNRN
% \ E \
: 4 8
N
7 1) g AN
L \D A )
’74”% « : A
g 1.
. | '.r\-t P .h.? v
70° 75° 80° 85° 90° 95’ 100°

Figure 2.1: Fault map of India and adjoined regions (Geological Survey of India (GSI), 2000;

Balakrishnan et al., 2009; Gamage and Venkatesan, 2019; Styron et al., 2010).
The 32 Seismogenic Zones according to NDMA (2010) and a 33rd Zone for Ti-
betan region. Some of the major cities with population exceeding 1 million people
are also indicated. [Note: “MBT"-Main Boundary Thrust,“MFT"-Main Frontal
Thrust, “MCT"-Main Central Thrust, “MKT"-Main Karakoram Thrust, “MDF’-
Mahendragarh-Dehradun Fault, “MF"-Moradabad Fault, “GBF"-Great Boundary
Fault, “ADF"-Aravalli-Delhi Fault, “LF"-Lucknow Fault, “MSRF"-Munger Sa-
hasra Ridge Fault, “MSRMF"-Munger Sahasra Ridge Marginal Fault, “UGF"-
Upper Godavari Fault, “KMF"- Kutch Mainland Fault, “GF"- Gundlakkamma
Fault, “KGF"-Kinnerasani Godavari Fault]

and data gathered from paleoseismic investigations. It should be noted that more than a decade

passed since this catalogue is updated. Hence, in this article, the above catalogue for the study
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Figure 2.2: Seismic events considered in the homogenized catalogue with events dating from

2600 BCE until 2018 CE. The seismogenic zones of India are also indicated. Some
of the major cities with a population exceeding 1 million people are also shown.

region (Latitude 0° N — 40° N and Longitude 65°FE — 100°E) has been updated by appending
the events of magnitude M ,,>3 reported in the region till 31 December 2019. These additional
events are collected from catalogues available at the earthquake databases of the International
Seismological Centre (ISC-GEM) (http://www.isc.ac.uk/iscgem/), the US Geo-
logical Survey (USGS) (http://earthquake.usgs.gov/earthquakes), Indian Me-
teorological Department (IMD) and National Seismological Center (NSC), Nepal http://

seismonepal.gov.np/earthquakes. Furthermore, the events reported by Raghukanth
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and Iyengar (2006) is used to update the catalogue inclusive of small events in Koyna region.
The historic catalogue is updated based on that reported by Rao and Rao (1984); Iyengar et al.
(1999); Ambraseys and Jackson (2003); Ambraseys and Bilham (2003); Rao (2015); Bilham
(2019). Thus the catalogue assembled for the study region (0°N — 40°N,65°E — 100°F)
contains a total of 68016 events up to a period of 31st December 2019. The earliest known
earthquake in the updated catalogue is 2600BCE M,, 7.7 Kalibangan earthquake as reported
in Rao (2015). The magnitude reported as body waves and surface wave magnitudes of the
additional data has been converted to the moment magnitude based on the conversion relations
of Scordilis (2006). The magnitudes reported as local magnitude is converted using the relation
proposed by Baruah ef al. (2012) and that reported as duration magnitude using Yenier et al.
(2008). Some of the significant seismic events reported for the region is summarized in Table
2.1. Furthermore, the reported events with maximum magnitude in each of the 33 seismogenic
zones are summarized in Table 2.2. It can be noted that the zone belonging to the active region
has maximum magnitude of M,,>7.8. The SZ-18 (Mahanandi Graben & Eastern Craton) has
the lowest Maximum recorded event (1/,,6.1). This updated homogeneous catalogue has been
declustered and forms the basis for estimating the seismicity parameters of the considered seis-
mic sources shown in Figure 2.2. A detailed description of the de-clustering algorithm and the

completeness test on the assimilated catalogue is discussed further.
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Table 2.1: Great earthquakes observed within the study region

Long. Lat. Year Month Date Mw Depth Hr. Min. Sec. Ref

74.37 34.18 -1250 0 0 8.5 0 0 0 0 Iyengar et al. (1999)
74.50 34.60 250 0 0 8.5 0 0 0 0 Iyengar et al. (1999)
77.20 30.50 260 0 0 8.0 0 0 0 0 Kumar et al. (2001)
91.80 26.10 825 0 0 8.0 0 0 0 0 Rajendran et al. (2004)
85.00 27.50 1100 0 0 8.5 0 0 0 0 Lavé et al. (2005)
93.50 27.80 1200 0 0 8.0 0 0 0 0 Rao (2015)
8530 27.70 1225 6 7 8.5 0 0 0 0 Bilham (2019)
8530 27.70 1344 9 14 82 0 0 0 0 Bilham (2019)
82.00 30.00 1400 0 0 8.5 0 0 0 0 Bilham (2019)
82.00 30.00 1505 6 6 8.2 0 0 0 0 Bilham (2019)
74.50 34.60 1555 2 1 8.5 0 0 0 0 Iyengar et al. (1999)
91.00 26.00 1664 2 15 80 0 0 0 0 Rao (2015)
89.60 27.50 1714 5 4 8.2 0 0 0 0 Bilham (2019)
70.00 24.00 1819 6 16 8.0 0 0 0 0 IMD

91.00 2590 1897 6 12 8.1 0 11 6 0 IMD

66.00 38.00 1910 7 12 87 0 7 36 0 IMD

97.00 21.00 1912 4 25 8.0 0 2 24 0 IMD

86.94 2728 1934 1 15 83 0 8 43 0 ISCGEM
92.63 1194 1941 6 26 8.0 20 11 52 3.67 ISCGEM
63.68 2498 1945 11 27 8.1 15 21 56 53.73 ISCGEM
96.45 2836 1950 8 15 8.6 15 14 9 3465 ISCGEM
9595 3.33 2004 12 26 93 30 0 58 5372 ISCGEM
97.11 2.10 2005 3 28 84 0 16 9 0 ISCGEM
9242 0.75 2012 4 11 83 20 10 43 1029 ISCGEM
93.05 227 2012 4 11 8.6 20 8 38 36.76 ISCGEM
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Table 2.3: Input parameters for the different de-clustering methods

Y

Declustering
Method Paramter Value
Window Distance (km) Time (days)
Gardner and —2.87+1.235My,
Knopoff (1974) Uhrhammer (1986) e*1~024+0-804kfw €
Gruenthal LT (O 087410202 ¢ —3-95+(0.62+17.32M )2 .
if M, > 6.5
102.8+0‘024Mw .
otherwise
Parameter Standard Minimum Maximum
Reasenberg
(1985) Tonin 1 0.5 2.5
D1 0.95 0.9 0.99
Ty 0.5 0 1
Tmeff 1.5 1.6 1.8
T fact 10 5 20

2.3.1 Declustering

Once the catalog is compiled, the next step is to separate the catalog in to independent and
dependent events. This is done to make sure that the earthquake catalog follows Poisson dis-
tribution which is a prerequisite for the hazard estimation. Here, it should be noted that the
seismicity parameters are highly sensitive to the number of independent events separated after
the declustering process. The developed catalog of India in the present study is compiled from
various sources in the literature. In such situation, where the catalog has been compiled from
a large number of sources, the use of proper declustering algorithm becomes important. Also,
it can be noted that, there are no previous studies in literature that describe the declustering
space and time window for Indian events. There are several declustering algorithms available
in the literature. The first declustering algorithm has been introduced by Knopoff (1964), us-
ing a ten days window for analysing the clustered data. Later Gardner and Knopoft (1974)
introduced specific space-time window as a function of magnitude. The chances of secondary
and higher order aftershocks are ignored in this study. Apart from the window suggested by
Gardner and Knopoff (1974), there are other windows proposed by Uhrhammer (1986) and

Gruenthal, which are commonly used in the literature. These windows are shown in Table 2.3.
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It is observed that, Urhammer window spans over larger distances for events with magnitude
>6.5, and for smaller magnitude events, Gruenthal window gives higher value. Similarly, for
events of magnitude less than 6.5, the time window from Gruenthal approach is more and it

gets saturated to 1000 days after a magnitude value of 6.5.

Another approach proposed by Reasenberg (1985) considers the aftershock triggering within
a cluster and the space time distance is based on Omori law. The default parameters and their
range for the Reasenberg (1985) method is tabulated in Table 2.3. It can be noted that the
algorithms by Gardner and Knopoff (1974) and Reasenberg (1985) are developed based on
the earthquake sequences in Southern California and Northern California respectively. Hence,
an understanding of how well these methods can be used for Indian earthquakes is to be in-
vestigated. For this, proper details of the aftershocks recorded for a particular event is re-
quired. It can be noted that, a detailed description of the aftershocks of 25th April 2015
M, 7.9, Nepal event, which extended for almost 45 days from the main shock is reported
in Adhikari et al. (2015) and the catalog is available through http://seismonepal.
gov.np/ckfinder/userfiles/files/CATALOGUE_NSC45DAYS.txt. This well-
recorded data can be utilized to test the applicability of Gardner and Knopoff (1974) algorithm
with Uhrhammer (1986) window, Gruenthal window and Reasenberg (1985) algorithm in re-
moving the aftershock of 2015 M, 7.9 Nepal Earthquake. Figure 1 shows the aftershocks
obtained using all these methods. It can be seen that the Gardner and Knopoff (1974) algo-
rithm with Uhrhammer (1986) window is able to separate almost all the aftershocks. However,
the 12th May 2015 M,, 5.7 event, which is reported as the aftershock of 25th April 2015 M,
7.9 event Adhikari et al. (2015), has not identified as an aftershock by this method. Also, the
Gardner-Knopoff-Gruenthal method was able to separate 551 aftershocks out of 553 events
and the independent events obtained are 2nd May 2015 M,, 4.4 event and 12th May 2015 M,,
7 event. Further, the evaluation of the catalog using Reasenberg (1985) method is shown in
Figure 2.3 (Bottom panel). A set of parameters namely Tynin, Tmazs P1s Tmeffs Thy T fact are
varied here to find the sensitivity of the algorithm. As per Van Stiphout et al. (2012), the
minimum, maximum and standard values of these parameters are used for the analysis (Table
2.3). It can be noted that the standard values of the parameters are derived for Northern Cal-
ifornia and the minimum and maximum values correspond to the range for parameters based

on y? goodness of fit test of the same data. Here, the results show that the algorithm with
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Figure 2.3: Declustering the catalog of 2015 M,, 7.9 Nepal event and its aftershocks by var-
ious methods. [Note: Blue colour indicate mainshocks and red colour indicate
aftershocks]. The declustering window parameters for each of the methods is tabu-
lated in Table 2.3

minimum and standard parameter values are not efficient in separating the aftershocks from
the catalog. However, when the parameters are increased and the parameter set of maximum
values is used for the evaluation, better separation of aftershocks is observed. In this case, the
method was able to identify 549 aftershocks out of 553. Since, the aftershock separation is
dependent on the parameters used, it can be noted that the method can only be used with a
modified parameter set. However, the earlier approach of Gardner-Knopoff-Urhammer is able
to remove well the aftershocks from the catalog with the fixed window itself. Hence, in this
study, Gardner Knopoff-Urhammer approach is used for declustering the catalog. Thus, em-
ploying the corresponding algorithm on the assimilated 68016 events resulted in the removal
of 40147 fore-shocks and after-shocks. Thus the final declustered catalogue contains a total of
27869 independent events of magnitude M, > 3 and the corresponding spatial distribution is

shown in Figure 2.4 and the temporal distribution is shown in Figure 2.5.
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Figure 2.4: Seismic events in the catalog before (black cross) and after declustering (red

cross) using Gardner-Knopoff-Uhrhammer algorithm. The total events are indi-
cated within the brackets.

2.3.2 Completeness check

The time depended distribution of the earthquake magnitudes in the de-clustered catalogue il-
lustrated in Figure 2.5 points to two concerns on the catalogue. First, the events with small
magnitude are reliably recorded only in the last few decades, whereas information on larger
events are available for a border temporal period. These differences in the information avail-
ability necessitate the estimation of the completeness period for each magnitude interval for the

assembled catalogue. Furthermore, the reliable estimation of the seismicity recurrence charac-
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teristics of the region can be suitably ascertained from the complete part of the catalogue. In the
present work, catalogue has been checked for completeness by using the widely practiced visual
approaches of Stepp (1972) and Tinti and Mulargia (1985) to demarcate the complete and his-
toric parts for each magnitude intervals. In Stepp method, the annual event occurrence rates for
each magnitude ranges are arrived by dividing the events in to several time windows (10 years,
20 years and so on) extending backward from the latest catalogue period which in present cat-
alogue is 2018CE. The standard deviation of mean exceedance rate (denoted as o(\)) of each
magnitude bin is estimated for varying time window length "T’. A typical completeness interval
check of the current catalogue data taken together is shown in Figure 2.6. It should be noted
that as long as the data is complete it follows a constant standard deviation of 1/ VT. Thus the
completeness interval can be visually identified for each magnitude class based on the point at
which the standard deviation of mean occurrence departs from the constant line as illustrated
in Figure 2.6. In Tinti and Mulargia (1985) method, the events which are divided into each
magnitude class are further represented as the cumulative number for events with time. The
completeness period is identified visually where the trend in the data stabilizes to a straight line
(Figure 2.6). The corresponding complete part is demarcated from the historic catalogue for the
present catalogue from both the approaches with downward arrows and shown in Figure 2.6.
Thus, the completeness intervals for the all India catalogue are estimated using Stepp (1972)
methods is to be 59 years (1960-2019) for magnitudes 4 < M,, < 5; 75 years (1944-2019) for
magnitudes 5 < M,, <, 6; 125 years (1894-2019) for magnitudes6 < M,, < 7; 200 years
(1819-2019) for magnitudes 7 < M,, < 8 and that using Tinti and Mulargia (1985) is 59 years
(1960-2019) for magnitudes 4 < M,, < 5; 77 years (1942-2019) for magnitudes 5 < M,, < 6;
125 years (1894-2019) for magnitudes6 < M,, < 7; 210 years (1809-2019) for magnitudes
7 < M, < 8. The complete period for magnitudes M, > 8 is taken to be the entire available
range. It is noted that for the present catalogue the completeness period obtained from both
the approaches are almost similar. Despite the best efforts, these catalogues are limited to the
information that is available, which makes it difficult to estimate the rupture potential of the
faults that are dormant or possibly with longer recurrence cycles, such as stable continental
regions. In order to overcome this issue, an alternative approach has been used for establishing

the seismicity parameters of sources and is briefly discussed in the following section.
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Figure 2.5: [Top] Temporal distribution of seismic events dating from 2600 BCE up to 2019
CE observed within the study region [Bottom] Magnified view of the records since
1800 CE.

2.4 Seismic Characteristics of the Probable Sources

2.4.1 Zonal recurrence relationship

In the probabilistic seismic hazard analysis framework, Gutenberg-Richter recurrence relations
are utilized to quantify the seismic activity rate in each of the potential sources. For the present
study region, there are 33 seismogenic zones demarcated based on the activity characteristics
(Figure 2.1). Using the Gutenberg-Richter relations the potential rate at which the seismogenic
zone is triggered by an event of a certain magnitude and the possible maximum magnitude
can be estimated for each of the zones. Thus, if N(M,,) represents the number of events >a

[3 b

magnitude ‘M,,” recorded during a time period (7') due to seismic activity in the region of
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Table 2.4: Completeness intervals for the seismogenic zones.

Zone Magnitude
4—45 45—-5 5—-55 b5H—-6 6—-65 65—-7 T—-75 T75—-8
SZ 1 31 51 51 100 150 71 110 630
SZ2 21 51 56 86 110 - - -
SZ3 21 46 56 81 - - - -
S7 4 31 56 56 81 - - - -
SZ 5 31 51 51 91 61 - 110 -
SZ 6 26 46 51 91 91 110 - -
SZ7 46 36 - 6 - 61 - -
S7. 8 36 46 51 170 86 - - -
SZ9 26 41 51 170 200 - 150 230
S7 10 36 46 51 91 100 91 66 -
SZ 11 46 46 56 86 81 61 - 110
SZ 12 21 51 51 86 91 - - -
SZ 13 41 41 51 91 91 - 100 -
SZ 14 21 41 46 - 36 - - -
S7 15 41 41 51 91 86 81 - -
SZ 16 11 26 - - - - - -
SZ 17 91 - - - - - - -
SZ 18 21 21 - - - - - -
S7 19 - - - - - - - -
S7.20 36 51 66 - - - - -
SZ 21 26 41 51 86 51 - - -
S7Z.22 36 56 56 170 76 - - -
S7.23 26 51 51 76 100 - - -
SZ 24 21 51 51 91 - 31 130 -
SZ 25 41 46 91 86 - - - -
SZ 26 46 56 55 91 160 - - 41
SZ 27 16 46 26 - - - - -
SZ. 28 21 50 190 190 190 320 - -
SZ 29 26 36 - - - - - -
SZ 30 41 46 51 86 90 76 110 110
S7 31 36 51 51 - - - - -
SZ 32 16 26 40 - 21 - - -
S7 33 30 50 57 90 120 - - -
interest, then the mean annual rate of exceedance (\(/,,)) can be expressed as
logio (A(My,)) = a — bM,, 2.1
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where a is the intercept which represents the logarithmic value of the mean annual value cor-
responding to the threshold magnitude (Mj); and the slope b indicates the activity rate of the
event of particular magnitude. The value of M is taken to be 4 in the present work. The rea-
son is the inference that the structures are not subjected to significant damage for earthquakes
of magnitudes (M,,) < 4. Furthermore, the catalogue is not coherent for smaller magnitudes.
Additionally, Knopoff and Kagan (1977) suggested that the above recurrence relation in Eqn.
2.1 should be constrained with an upper bound to reflect the maximum potential realistically.
However, the corresponding precise information cannot be determined from the catalogue due
to the randomness associated with the occurrence of future events.

In order to estimate fault level the bounded G-R recurrence parameters (a, b and M,,,,, com-
plete information fault level seismic information is essential, however, the corresponding asso-
ciation is quite difficult. Hence, a common practice is to estimate the recurrence parameters at
seismogenic zone parameters then deaggregate the same to the individual fault level based on
fault characteristics as suggested by Iyengar and Ghosh (20045); NDMA (2010). In this study,
the recurrence parameters such as a, b and M,,,,,. are estimated for all the 33 seismogenic zones
for the updated de-clustered catalogue using the Kijko and Graham (1998) and Kijko (2004)
methods. Furthermore, Weichert (1980) method based on maximum likelihood principle for
the estimation of recurrence parameters is also utilized in this study. This statistical procedure
accounts for the uncertainty in the catalogue information and completeness periods. Thus, the
updated catalogue is divided into complete and extreme parts according to the completeness
interval estimated in section 2.3.2. The uncertainty associated with the reported magnitudes is
taken as 0.5 in the extreme part and 0.3 complete part (NDMA, 2010).

The estimated zonal seismicity parameters estimated using Kijko’s approach for bounded G-R
distribution for all the 33 seismogenic zones of the study region are summarized in Table 2.5.
Additionally, the comparison of the A and b— estimated from Kijko’s and Weichert (1980) are
compared and summarized in Table 2.6. The values slightly differ from each other owing to the
data variability and estimation algorithms. It is noted that the estimates from Kijko’s method is
sensitive to the initial guess while that estimated from Weichert (1980) methods are observed
to be more stable. From the estimated recurrence characteristics, it is noted that most of the
seismogenic zones are having maximum potential magnitude > 7. It is also observed that the

seismogenic zones SZ-1 (Western Himalaya), SZ-2 (Central Himalaya -I), SZ-3 (Central Hi-
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malaya -1I), and SZ-5 (Mishmi Block) have the highest maximum magnitude potential. While
the SZ-30 (Hindukush-Pamir), SZ-33 (Tibetan), SZ-10 (Indo-Burmese Arc) and SZ-15 (East
Andaman II) regions have a relatively higher annual occurrence of earthquakes with magnitude
M,, > 4. All illustration on the zonal recurrence characteristics is also shown in Figure 2.7.
The variability in these parameter estimates should stabilise as the catalogue becomes more
robust. However, with the available information in the hazard estimations, it is advisable to
account the recurrence characteristics from both algorithms with equal weightage. However,
seismic activity rate varies within the individual zones. Hence, the next step is to disintegrate
the zonal recurrence characteristics to each grid point in the zone. One such practice is to asso-
ciate the observed recurrence characteristics suitably to the fault identified within each zone. To
accomplish this, NDMA (2010) followed a heuristic approach to disaggregate the zonal param-
eters obtained here. In this approach, the zonal parameter ‘N(4)’ is disaggregated to individual
faults while conserving the regional seismicity. The corresponding procedure is explained in

detail in the following section

242 M.

The maximum magnitude M, is considered as the upper bound physical limit in hazard com-
putations. The usual way of arriving at the M,,,,,. for each of the seismogenic zone is to obtain
the maximum magnitude from the catalog. As the magnitude of many past earthquakes has
been fixed based on historic transcripts and other geologic evidence, there is a large variation
associated with it. Hence,in this study, the M,,,, suggested by the members of the map com-
mittee is utilized to perform hazard analysis. These M., values are shown in Figure 2.8. The
zones 27, 28, and 8 are subdivided with a higher M,,,, for Kutch, Aravalli ranges and Shillong
Plateau. At Himalayan region, the observed maximum magnitude was M8.8. However, for the
past 700 years the higher magnitude observed in Himalaya is M8.2 at Nepal. In general, largest
Himalayan earthquakes are not expected to have recurrence period larger than 250 — 500 years.
Based on expert elicitation, a value of 8.3 is fixed for Himalaya. As this M,,,, estimation is
rationalized w.r.t 500 to the 2500 year return period accelerations and add that the possibility of
bigger/ in frequent events would need to be considered if accelerations for higher return period

(eg: 10000years) are to be evaluated.
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Figure 2.7: Zonal bounded magnitude-frequency relationships. ‘A(M)’ indicates the mean an-
nual recurrence rate of events with magnitude exceeding M,,.[Top Panel] Using
Kijko’s method [Bottom Panel] Using Weichert (1980) method

2.4.3 Fault level recurrence relationship

Since the faults within the same zone exhibit varying levels of seismicity, it may be even more
appropriate to consider the fault level recurrences. However, the gaps in the existing catalogue
and lack of information on the slip characteristics of the faults make it difficult to achieve a
clear consensus on the rupture potential of all the identified faults. In order to circumvent this
issue, NDMA (2010) followed a heuristic approach to disaggregate the zonal parameters ob-
tained earlier. In this approach, the zonal parameter 'N(4)’ is disaggregated to individual faults
while conserving the regional seismicity. Thus, the fault specific N(4) values are estimated by
taking into consideration the potential of a fault to rupture and known activity. The background
seismicity within a source zone is also taken into consideration by associating these events with
the nearest faults in the zone. The disaggregation factor for an individual fault is obtained as
the average of fault length ratio and fault activity ratio. The fault length ratio is defined as the

ratio of individual fault length (L;) to the sum of the length of all the faults in the zone (L.).
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Figure 2.8: Maximum magnitude fixed for each of the zones based on expert elicitation. Refer
Figure 2.1 and Figure 2.2 for the seismotectonic details

Similarly, the fault activity ratio is defined as the ratio of the number of fault-level events (s;)
to total zonal events (S,). Thus, >N (4)’ of ith fault is determined as,
l;

Si
N;(4) =05 (S—Z + L—Z) N, (4) 2.2)

where N, (4) is the zonal value of N (4). Using this approach, the recurrence parameters of the
source zones have been disaggregated to fault level recurrence parameters. The fault level seis-
micity ’s;’ is estimated by associating the earthquakes with the closest fault. Since it is difficult
to ascertain the magnitude versus rupture potential of individual faults due to the uncertainties
in the fault activity, the b-value of all the faults within a zone is assumed to be the same as
the zonal b-value. The M,,,, value for all the faults in each zone is taken as the maximum
magnitude of past events associated with the fault and an additional 0.5 units to account for
uncertainty in the data. For faults lacking past event records, Wells and Coppersmith (1994a)
relation has been used to evaluate M,,,, based on rupture length. Furthermore, the M,,,, val-

ues for individual faults are constrained by the zonal M, values. These fault level recurrence
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parameters are estimated for all the faults identified in the 33 seismogenic zones considered in
this study. The fault level recurrence relations were obtained from the above procedure. The
curves of high seismic activity is observed to be that of the major faults situated in the active
regions of Himalayas, Andaman, and Assam region. These values define the seismicity of all
these causative faults while performing the PSHA. However, a major limitation is that many
times epicentres are not closely associated with the delineated fault lines and also all the faults
need not be known for a region. Hence a more appropriate approach would be to perform seis-
micity estimates from the spatial distribution of epicentres and fault orientations as discussed

further

2.4.4 Spatial smoothening recurrence relationship

Another approach followed in this study is based on the seismic activity rate estimated from
earthquake catalog. Here, seismic hazard analysis is performed by considering the earthquake
epicentres which are not assigned to specific fault, known as distributed seismicity. As per
Frankel (1995),Lapajne et al. (2003), the study area is divided into grids of suitable dimension
and the count of earthquakes which are having magnitude greater than the threshold magnitude
is taken. In this study, a grid size of 0.1° x 0.1° is adopted with a threshold magnitude per grid
as M,, 4 for the same reason stated in previous section. The number of earthquakes per grid is

then smoothed using circular smoothing procedure proposed by Frankel (1995).

2
_2y

SNie 2
n; = Ly 7 (2.3)

A2
ij

Zj e

where, n; is the number of earthquakes in ;' grid, A;; is the distance between i"and j"
grid points, c represents the correlation distance that accounts for the reported epicentre loca-
tion uncertainties and the radius of smoothing is taken as 3c. In this study, a smoothing radius
of 150km is used in the estimations. The corresponding seismic activity rate is illustrated in
Figure 2.9. As expected, the active regions along the Indian plate subduction region having a
relatively greater occurrence of events are observed to have higher rate compared to the stable

continental region.
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Furthermore,Lapajne et al. (2003) suggested the smoothing process should take into account
for the predominate rupture direction in each sesimogenic zone. Hence, obtained circular
smoothened sesmicity is further elliptical smoothened. The assumption taken here is that the
earthquakes occur on faults or in fault zones of past earthquakes. The fault orientation can
be suitably identified for each zone based on the information given in Figure 2.1. Then, the
seismic activity rate is further smoothed according directions and the corresponding weigh-
tages identified for the seismogenic zones. For this purpose, fault-rupture-oriented elliptical

Gaussian smoothing is used as proposed in Lapajne et al. (2003) such that
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- T -

ne(i) = (2.4)

- T -
S et /265" VTRV,

where n.;) is the number of earthquakes in grid points ¢ estimated from elliptical smooth-
ing. n; is the circular smoothened seismicity value in grid point j, indices j and [ denote all
grid points with in the elliptical smoothing area around i** grid identified based on the fault
orientation. 7" means the transposition and the vector (5;deﬁnes the distance from cell ¢ to cell

7. The correlation matrix R is given by
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Figure 2.11: Elliptically smoothed seismic activity rate for the study region
5 0
2
R=|" (2.5)
0 L

where, o half the length of major principal axis of the ellipse is considered for smoothening
and 7 the corresponding value for the minor principal axis. Furthermore, these lengths are taken
corresponding to the fault rupture possible per zone. The corresponding value can be estimated

based on the maximum possible magnitude in each zone using suitable scaling relations like

43



log L = ¢y + coMan (2.6)

where c; and c» are regression coefficients. The most widely used scaling relation to esti-
mating rupture length is that proposed by Wells and Coppersmith (1994b). Here, for the reverse
faulting mechanism the coefficients c; and c, take the values -2.86 and 0.63 respectively, and
for strike-slip faulting mechanism the corresponding values are -3.55 and 0.74. The axis 7 rep-
resents the width of rupture in each of seismogenic zones and is assumed to be proportional to
length (L) such that 7 = kL where k£ < 1. In the present study k is taken as 0.5 for reverse
faulting mechanism and 0.25 for strike slip faulting mechanism considering the observation
that the rupture influences area differences in fault normal direction for both the mechanisms.
Furthermore, ‘o’ is the predominant fault orientation in each seismogenic zone. For the study
region the corresponding estimates are arrived at based on the predominant angles determined
based on the statistics by dividing the study region into 0.05° x0.05° grids and considering the
available focal plane solutions (from ISC-GEM catalogue and Global CMT databases). The
corresponding information is extracted for each of the 33 seismogenic zones considered in
the study (Figure 2.1) The final azimuth directions along with the corresponding weights and
mechanism for each of the 33 seismogenic zones in the region is summarized in Figure 2.10.
Then matrix V is provided to transform the data according to the identified orientation («) such

that.

V= cosa —sino 27
sina  cosa

The corresponding orientation ensures that the first principal axis of the ellipse is in line
with the particular fault orientation identified for the zone. The corresponding elliptically
smoothened seismic activity rate after performing smoothening in each of the grid points with
in the zone with the consideration of zonal fault orientation, maximum earthquake magnitude,
mechanism, and corresponding weights is shown in Figure 2.11. The overall pattern of seismic
activity is observed to be similar to that obtained for circular smoothening. Whereby, relatively

higher seismicity rate values are observed along the active parts of the study region. However,

the results from the elliptically smoothed seismiciy is observed to orient along the prominent
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fault directions. Thus it is seen that by utilizing this data in the hazard estimations the activ-
ity based on zonal characteristics, earthquake occurrence and fault orientations are included in
the recurrence characterization. Thus, these can be suitably utilized to obtain reliable seismic

hazard at any site with in the region.

Once the recurrence characteristics are obtained the next important aspect is the selection
of suitable GMPEs for the region. A discussion on the development of suitable GMPEs for the
region with a limited database and the global GMPE models which can be applied to the region

are discussed in the next chapter.
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Table 2.5: Seismicity parameters for thirty-two seismogenic zones of the study region using the
updated catalogue (up to 2019 CE) using Kijko’s approach.

Max. No of

Source Zones b value poten- earth-

No. Lambda(4) tial quakes
SZ-1 Western Himalaya 0.89 £ 0.04 5.61 8.3 1153

SZ-2 Central Himalaya-I 0.77 £ 0.06 3.16 8.3 455

SZ-3 Central Himalaya-II ~ 0.79 + 0.06 2.89 8.3 477

SZ-4 Eastern Himalaya 0.72 £ 0.07 1.93 8.3 222

SZ-5 Mishmi Block 0.68 £ 0.06 3.49 8.6 221
SZ-6 Altya Tegh & 092+005 851 7.5 908

Karakoram

SZ-7 Naga Thrust 0.68 £ 0.16 0.35 6.8 37
SZ-8a  Shillong Plateau & Assam valley 0.75 + 0.08 0.89 8 74
SZ-8b valley 0.73 + 0.08 0.91 6.5 124
SZ-9 Bengal Basin 0.76 £+ 0.07 2.06 7.8 331
SZ-10 Indo-Burmese Arc 0.84 £0.04  13.90 7.8 1030
SZ-11 Shan-Sagaing Fault 0.70 £ 0.07 4.01 8.3 253
SZ-12 West Andaman-I 0.71 £ 0.06 3.57 8.2 225
S7Z-13 East Andaman-I 0.64 + 0.06 5.30 7 323
SZ-14 West Andaman-II 0.71 £ 0.04 3.32 8.2 145
SZ-15 East Andaman-II 0.63 +£0.02 12.15 7.3 930
SZ-16 SONATA 0.64 £ 0.16 0.40 6.6 36
SZ-17 Eastern Passive Margin  0.86 £+ 0.15 0.30 6.4 58
SZ-18 Mahanandi Graben & = 75 4 19 29 6 16

Eastern Craton
SZ-19 Godavari Graben 0.86 + 0.20 0.16 6.3 10
SZ-20 Western Passive 91 912 0.48 6.5 155
Margin
SZ-21 Sindh-Punjab 0.84 £0.11 0.81 6.5 115
S7-22 Upper Punjab 1.03 + 0.08 2.23 7.8 292
S7-23 Koh-e-Sulaiman 0.90 + 0.06 5.82 8 510
SZ-24 Quetta-Sibi 0.80 + 0.07 4.00 8 378
SZ-25 Southern Baluchistan 0.77 + 0.08 3.76 8 306
SZ-26 0.96 £+ 0.06 6.90 7.8 744

SZ-

774 Gujarat Region 0.88 £ 0.11 0.68 8.2 71

SZ-

o 0.88 +0.13 0.24 6.3 34

52 0.88 £0.12  0.55 6.6 72

28a Aravali-Bundelkhand ’ ) ’ ’

SZ-

»3b 0.84 £0.12 0.38 6.3 79
SZ-29 Southern Craton 1.11 £0.16 0.36 6.3 67
SZ-30 Hindukush and Pamirs 0.96 +0.02  80.39 8.3 7835
SZ-31 Gangetic region 0.87 £0.17 0.19 6.8 35
S7-32 Bay of Bengal 0.60 £0.14 0.94 6.6 62

SZ-33 Tibet region 4987 +0.05  18.28 8 1065




Table 2.6: Comparison on recurrence parameter values estimated from Kijko’s method and We-

ichert (1980) methods
Source No. Kijko’s method Weichert (1980) method
b value std(b value) Lambda(4) b value std(b value) Lambda(4)
SZ-1 0.82 0.02 6.33 0.89 0.04 5.61
SZ-2 0.81 0.03 5.89 0.77 0.06 3.16
SZ-3 0.78 0.03 5.80 0.79 0.06 2.89
S7Z-4 0.71 0.04 5.17 0.72 0.07 1.93
SZ-5 0.82 0.05 5.62 0.68 0.06 3.49
SZ-6 0.98 0.03 6.89 0.92 0.05 8.51
SZ-7 0.72 0.11 4.45 0.68 0.16 0.35
SZ-8a 0.76 0.08 4.89 0.75 0.08 0.89
SZ-8b 0.67 0.05 4.79 0.73 0.08 0.91
SZ-9 0.69 0.03 5.27 0.76 0.07 2.06
SZ-10 0.97 0.03 6.90 0.84 0.04 13.90
SZ-11 0.76 0.04 5.43 0.70 0.07 4.01
SZ-12 0.81 0.05 5.59 0.71 0.06 3.57
SZ-13 0.79 0.04 5.66 0.64 0.06 5.30
SZ-14 0.82 0.06 5.45 0.71 0.04 3.32
SZ-15 0.84 0.03 6.31 0.63 0.02 12.15
SZ-16 0.69 0.10 4.30 0.64 0.16 0.40
SZ-17 0.80 0.10 4.98 0.86 0.15 0.30
S7Z-18 0.76 0.17 4.25 0.75 0.19 0.29
SZ-19 0.92 0.28 4.66 0.86 0.20 0.16
SZ-20 0.86 0.07 5.64 0.91 0.12 0.48
S7-21 0.76 0.06 5.10 0.84 0.11 0.81
SZ-22 0.83 0.04 5.78 1.03 0.08 2.23
S7-23 0.91 0.04 6.36 0.90 0.06 5.82
SZ-24 0.81 0.04 5.81 0.80 0.07 4.00
SZ-25 0.85 0.05 5.90 0.77 0.08 3.76
SZ-26 0.98 0.04 6.81 0.96 0.06 6.90
SZ-27a 0.63 0.07 4.36 0.88 0.11 0.68
SZ-27b 0.64 0.10 4.11 0.88 0.13 0.24
SZ-28a 0.78 0.08 4.99 0.88 0.12 0.55
SZ-28b 0.71 0.07 4.72 0.84 0.12 0.38
SZ-29 0.78 0.09 4.93 1.11 0.16 0.36
SZ-30 1.04 0.01 8.06 0.96 0.02 80.39
S7-31 0.70 0.11 4.35 0.87 0.17 0.19
SZ-32 0.73 0.08 4.72 0.60 0.14 0.94
SZ-33 0.86 0.02 6.45 0.87 0.05 18.28
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CHAPTER 3

Ground Motion Prediction Equation

3.1 Introduction

Ground motion prediction equations (GMPE) are essential in understanding the regional char-
acteristic of seismic waves and resultant hazards. However, it is challenging to estimate reliable
GMPE, especially in regions with sparse recorded data. Many researchers utilize the recorded
data to develop GMPEs (Douglas, 2018). But reliability and applicability of these GMPEs are
limited to the data used in the modelling. Additionally, the most commonly adopted method
for such regions with sparse recorded data is by resorting to a synthetic database (Iyengar and
Raghukanth, 2004). In that case, also the results will be biased towards the input parameters
used in the simulations as well as on the other computational limitations of the methodol-
ogy used in generating database. Furthermore, it is well known that accounting for all the
inhomogeneities exhibited in the process of generation and propagation of seismic waves is
computationally very expensive. Thus the best representatives of the region’s ground mo-
tion characteristics are the recorded ground motion databases. Taking this into consideration,
Campbell (2003) proposed a hybrid empirical technique, where modification factors for West-
ern North American records are estimated, to scale the records to Eastern North America which
is having relatively fewer records. These factors are estimated using the regional seismologi-
cal model parameters reported in the literature. Similar studies have been reported in Tavakoli
and Pezeshk (2005); Pezeshk et al. (2011). One can observe that the modification factors are
obtained using stochastic seismological model approach and hence the estimates are affected
by the uncertainty regarding the parameters chosen in estimating the ground motion transfer
function. Recently, there are numerous researches pointing to the efficiency of artificial neural
network in handling the complex ground motion characteristics (Derras et al., 2014; Dhanya
and Raghukanth, 2018). It is observed that the neural network based ground motion prediction

can adapt all the features of ground motion with minimum number of unknowns and lesser



standard deviation. However, effectiveness of neural network based approaches in handling

regions with sparse records is not discussed in literature.

In India, Himalayan mountain ranges which are formed from the Indo-Eurasian subduction
are seismically very active due to the continuous tectonic movements. The vulnerability in the
region is also high due to the proximity of several mega-cities including the capital city Delhi to
these seismically active faults. However, the seismic instrumentation got commissioned for the
region only in the recent decades and hence there is only limited recorded information. Owing
to the sparsity in recorded data, Sharma et al. (2009) combined the available ground motion
record for the Himalayas with the Zagros region of Iran having a similar geological regime
and utilized the data for the prediction of spectral acceleration. The results are only based on
6 Indian and 10 Iranian events. Moreover, as all the ground motion records are considered
together, one cannot avoid the possibility of results getting biased to the data from Zagros used
in developing the model. In another direction, Natural Disaster Management Agency (NDMA,
2010), Raghukanth and Kavitha (2014) used simulation based approaches to predict GMPE
for spectral accelerations for India. It should be noted that these GMPEs are valid for only
at rock type soil condition. Hence, the application of the model to Himalayas and adjoined
regions constituting a wide range of geological characteristics is limited. To address local
site conditions typically modification factor and scaling are proposed in literature (IBC, 2015).
However, the methodology adopted is based on equivalent linear site responses and hence the

3D scattering of wave is not accounted for in models.

3.2 Ground motion database

The database for Western Himalayas and North-Eastern India is obtained from records available
in COSMOS (Consortium of Organizations for Strong-Motion Observation Systems, https:

//strongmotioncenter.org/)and PESMOS(Program for Excellence in Strong-Motion
Studies) networks. Additionally, ground motions records provided by CESMD (Center for En-
gineering Strong Motion Data) for the 2015 Mw 7.8 Nepal earthquake and its aftershocks
and records from 14 stations in IG-Basin during the main-event recorded by the CIGN (Central

Indo-Gangetic Plains network) (Chadha er al., 2015) are included in the database. The recorded
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Figure 3.1: Spatial Distribution of the events along with recording stations (blue squares) for
Western Himalayas and North Eastern India in the period 1986-2017 considered
for the analysis performed in this work along with the location of some major cities
in the region [Note: Circles filled with red color indicate the Western Himalayan
events and those filled with green color indicate North Eastern Indian events]

data is segregated into Western Himalayas and North-Eastern India owing to the variabilities
associated with the geological and tectonic conditions in both regimes. The distribution of
events along with the recording stations is illustrated in Figure 3.1. The distribution consists of
108 events in the magnitude range Mw 3-7.8 in the Western Himalayan region and 38 events
with Mw 4-6.8 in North-Eastern India during the period 1986-2017. It is clear from the figure
that the recording stations are spread over a larger domain, which constitutes the Indo-Gangetic
basin. It should be noted that the hypocentral depths of Western- Himalayan events range from
2-80 km whereas that of North-Eastern Indian events vary between 5-56 km. It should also be
noted here that the events from the Indo-Burmese region are not considered in the present study
owing to the variability associated with the tectonic characteristic attributed from deep subduc-
tion events. Thus, there are a total of 374 records for Western Himalayas and 124 records for
North-Eastern India. Among the events in Western Himalayas, 8 (45 records) are strike-slip
event , 98 (322 records) are with reverse mechanism and 1 (1 record) with normal faulting
mechanism. For North Eastern India the corresponding tally is 21 (67 records), 16 (56 records)

and 1(1 record) respectively. Note that the events are sorted into different faulting mechanisms
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Figure 3.2: Spatial Distribution of the events considered for developing Artificial Neural Net-
work based Ground motion Prediction Equations [Note: Color is given to differen-
tiate the events in different regions]

based on the rake angle. The available records for Western Himalayas from the sites with V3
between 167 to 828 m/s and for North-Eastern India between 150 to 840 m/s It should be noted
that the processing of the recorded data is performed as per the study of Gupta (2018). Fur-
thermore, 5% damped rotd50 horizontal spectra, which corresponds to the median values for
response spectra of a ground motion when rotated over all horizontal orientations between 0°
and 180°, is taken for analysis in this work. The distribution of the database with respect to
magnitude and distance is illustrated in Figure 3.3. It is clear from the figure that the available
data for the region is not comprehensive having a considerable gap between the records. A
suitable way to address this issue is to combine the available data with a more comprehensive
database. In this study, we chose to combine the available data for the region with well tested
NGA West2 database. The choice is judicial as NGA-West2 also comprises of data from ac-
tive regions similar to the region under consideration. We sorted out 13294 records from the
reported 21540 records in the database based on data quality analysis as reported in Dhanya

and Raghukanth (2018). Thus the database considered in the model is from 286 events, the
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distribution of these events along with that for Western Himalayas and North-Eastern India is
shown in Figure 3.2. Among the events considered 179 (7851 records) from strike-slip, 69
(3100 records) from reverse and 38 (318 records) from normal faulting mechanisms. From the
distribution shown in Figure 3.3, it is evident that the NGA West2 database covers a broader
and more comprehensive range of records in comparison with that available for regions un-
der study. Thus it can be seen that NGA-West 2 is a suitable candidate, especially in models
based on data-driven methods for ascertaining the ground motion features. This information
can be suitably combined with regions with sparse records to arrive a more efficient GMPE as

discussed further.
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Figure 3.3: Distribution of ground motion records with respect to Magnitude (M,,) and Epi-
centre distance ([2.p;) corresponding data available form NGA West2 database and
that form PESMOS and COSMOS for Western Himalayas and North-Eastern India

3.3 Hybrid Ground motion Prediction Equation for Western

Himalayas and North Eastern India

The hybrid ground motion prediction equation idea postulated from this study is to combine the

records from regions with sparse data along with that from the more comprehensive database
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Table 3.1: Weights and bias between the input and the hidden layer

Number of hidden neurons (k)

Weights Input parameter (7)

1 2 3 4 5 6
Wik M, -0.859 -0.933 -0.892 -0.817 0.682 -0.902
log10(Vs30) 0.239 0.078 0.126 0.240 -0.338 0.306
Repi 10.082 -2.429 -2487 0.006 1.024 0.027
logio(Repi) -1.504 7.880 8.514 0.350 0.348 0.309
Frrecn -0.111  0.138  0.156  0.027 -0.052 0.034
Fioc -0.342  1.771 1939 0.227 -0.144 0.320
biasy, ; 9451 -4.097 -4.234 -0977 0871 -1.329

and segregate with regional flags. The formulation chosen for the ground motion prediction

can be represented as follows:

lOgl()(PA)

50910(5610.013)

_50910 (Sa4_005)_

10g10(Sag.o2s) | = f(Muw, 10910(Vszo), Repi, 10g10(Repi); Fineen, Fioc)

3.1

where, PA represents peak acceleration, Sa denotes spectral acceleration, M, the moment

magnitude, V3o the shear wave velocity from top 30m of the soil, 1z, the epicentral distance,

Foeen, represents the flag for faulting mechanism (1 for strike-slip, 2- normal and 3- reverse

mechanisms) and Fj,. represents the regional flag. It should be noted that Fj,. = 1 is given for

records from the NGA-West2 database, 2 for those from Western Himalayas and 3 for those

from North-Eastern India. The network architecture considered for the modelling is shown in

Figure 3.4. The number of hidden nodes is taken after proper trial and error between the size of

the input and output layers and less than twice the size of input nodes as suggested by Berry and

Linoff (1997). A minimum of six hidden nodes is found ideal for the data under consideration.

Here, tanh function is used between the input and hidden nodes and linear function between

the hidden and output nodes. The resultant functional form for ground motion prediction can

be represented as
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Table 3.2: Weights and bias values between the hidden and output layer

Output parameter

Number of hidden neurons (k)

Weights (7). 1ogio(.) I 5 3 q 5 6 bias; -
W2 PA -0.065 1.444 -1.289 -5.149 -0.296 5.490 1.581
Sag o1 -0.065 1.442 -1.288 -5.145 -0.297 5.491 1.585
Sag g2s -0.065 1.440 -1.285 -5.167 -0.299 5.526 1.600
Sag o35 -0.063 1411 -1.260 -5.194 -0.301 5.624 1.652
Sag g4 -0.059 1.392 -1.246 -5.265 -0.308 5.782 1.731
Sag o5 -0.055 1.404 -1.257 -5332 -0.315 5907 1.796
Sag 065 -0.050 1.409 -1.266 -5.332 -0.318 5934 1.819
Sag o755 -0.045 1.443 -1.300 -5310 -0.323 5901 1.816
Sag o9s -0.044 1476 -1.330 -5.210 -0.320 5.745 1.759
Sag 105 -0.044 1480 -1.333 -5.043 -0.312 5.507 1.652
Sag 15 -0.058 1.598 -1.435 -4.837 -0.301 5.070 1.476
Sag 20s -0.076 1.664 -1.490 -4.647 -0.282 4.652 1.239
Sag 305 -0.104 1.658 -1.482 -4.356 -0.238 4.089 0.939
Sag 405 -0.133 1.626 -1.456 -4.298 -0.201 3.895 0.820
Sag 505 -0.148 1.527 -1.370 -4.152 -0.165 3.684 0.718
Sag 60 -0.163 1462 -1.313 -4.152 -0.138 3.657 0.657
Sag 70s -0.169 1.372 -1.235 -4.072 -0.112 3.576 0.590
Sag 75 -0.177 1374 -1.238 -4.168 -0.106 3.654 0.599
Sag g0 -0.180 1.380 -1.244 -4.223 -0.099 3.711 0.624
Sag 905 -0.187 1349 -1.220 -4.236 -0.082 3.725 0.602
Saj gos -0.192 1314 -1.190 -4.263 -0.069 3.757 0.610
Saj 90 -0.197 1.186 -1.080 -4.255 -0.039 3.824 0.638
Saj 506 -0.208 1.070 -0.979 -4.437 -0.008 4.099 0.747
Sas gos -0.205 0.869 -0.805 -4.521 0.027 4.372 0.860
Sas 505 -0.206 0.792 -0.746 -4.614 0.049 4.625 0.959
Sas gos -0.198 0.714 -0.682 -4.668 0.065 4.818 1.066
Sas gos -0.191 0.609 -0.598 -5.037 0.091 5449 1.335
m 1—exp (—2 (biask,l + 3 Wik,lXi>)
Y; = biasja+ Y Wika = (3.2)
k=1 1+ exp <—2 (bz’asm +> Wik,lXi))
i=1

where, Y represents the values for output parameter, .X; represents the input parameters, W, |

and biasy,; represents the weights and biases between the input and hidden nodes and W, » and

bias; o are the connection weight and biases between hidden and output nodes, n is the number

of input nodes and m is the number of hidden nodes respectively. In the network architecture

chosen for the study n=m=6. It should be noted that the choice of tanh function for the model
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Figure 3.4: Artificial Neural Network (ANN) architecture considered for developing the
Ground Motion Prediction Equations (GMPE) for the region

is because the problem belongs to regression analysis. Further, the input and output parameters

are scaled between —1 and +1 such that

Tmaz — Lmin
Y =a(Y = Ymin) + Tmin where a=——"—"+ (3.3)
Ymaz — Ymin
where, 2., = —1 and .4, = +1, and Yy, and Y, corresponds to the minimum and

maximum value of the parameter that need to be mapped. In total there are 231 unknowns to
predict spectral accelerations at 27 periods for 3 regions taken for the study. The network is
trained using Ga-ANN methodology as proposed by Dhanya and Raghukanth (2018). Thus
Ga algorithm is used for initializing the weights and further training is performed based on

Levenberg-Marquardt(LM) technique. To ensure the predictive capacity of the model the data
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is divided as 70% for training 15% for validation 15% for testing. The corresponding random
distribution is done such as representative sample of each region are equally distributed in all
sets without overlap. Further, the residual analysis is performed following the mixed effect
regression procedure as proposed by Abrahamson and Youngs (1992). The resultant weights
and biased obtained after the training process for the database under consideration is summa-
rized in Table 3.1 for that between input and hidden nodes and that between hidden and output
nodes are summarised in Table 3.2. The next step in modelling is to ascertain how good are the

prediction. The details of performance analysis are summarized in the following section

Furthermore, it is important to estimate the standard deviation of the residues. The cor-
responding values are important in quantifying the uncertainties in hazard estimations. It is
known that the earthquake records show variability between events and within events. Hence
it is more acceptable to split the obtained residues into inter (7;) and intra (¢;;) event residuals.

The corresponding functional form can be expressed as:
10910 = f(Mu, Vso, Repis Fncens Fioes W, b) + 135 + €45 (3.4)

where i indicate the event and j represent the recording at j* station for the i*" event and
f(.) is the mean prediction. As the proposed GMPE has interconnected nodes the best way to
estimate residuals is through a mixed effect algorithm proposed by Abrahamson and Youngs
(1992). The algorithm is applied similar to that explained in Dhanya and Raghukanth (2018).
The corresponding procedure is briefed for better clarity. Here, first estimate the initial weights
and biases using the fixed effect regression technique for the data and functional form under
consideration. Then, estimate 72 and ¢ using the weights and biases employing maximizing
the likelihood using equation (7) of Abrahamson and Youngs (1992). Further, estimate the ran-
dom inter-event term 7); using equation (10) in Abrahamson and Youngs (1992). Estimate new
weights and biases for (logw (Y — m) ) . Repeat the procedure till the likelihood in the second
step is maximized. Following this procedure inter and intra event residuals are extracted for the
developed model and the corresponding values are summarized in Table 3.3 for Western Hi-
malayas and North-Eastern India separately. It can be observed that the regional level standard
deviations is in the range of 0.302 to 0.498, which are less or almost of the same order in com-

parison with that available in literature (Sharma et al., 2009; Raghukanth and Kavitha, 2014).
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Figure 3.5: Inter-Event Residual with respect to moment magnitude (M,,) and Intra-Event
Residual with respect to epicentral distance ([R.,) and Shear wave velocity
(Viso)corresponding to PA (T = 0s), Sa at T = 0.20s, 1.00s and 4.00s consider-
ing events at Western Himalayas.

Furthermore, to check for any bias with the input variables, the variation of inter event residue
with magnitude and intra event residue with epicentral distance and shear wave velocity. The
corresponding plots for the Western Himalayan region is shown Figures 3.5 and that corre-
sponding to records from North-Eastern India is Illustrated in Figures 3.6. It is evident from
the all these illustrations that the residual distribution pattern that the developed ANN model

is unbiased for the regional records. Furthermore, it would be interesting to check whether the
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Figure 3.6: Inter-Event Residual with respect to moment magnitude (M,,) and Intra-Event
Residual with respect to epicentral distance ([R.,) and Shear wave velocity
(Viso)corresponding to PA (T = 0s), Sa at T = 0.20s, 1.00s and 4.00s consider-
ing events at North-Eastern India.

regional level ground motion prediction equation can capture all known attenuation features
of seismic waves. Hence, spectral acceleration is estimated for varying magnitude, distance,
shear wave velocity, and fault mechanisms as shown in Figure 3.7 for Western-Himalayas and
North-Eastern India. It can be noted by comparing the figures that the amplitudes are differ-
ent for both the regions. However, both regions can exhibit general ground motion patterns.

Whereby, with distance, the amplitudes are reduced and the peak period is shifting towards
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Table 3.3: Standard deviations of the residuals (aleatory uncertainty) in the developed ANN
model considering separately the records at Western Himalayas and North-Eastern

India
Western Himalaya North-Eastern India
Inter-Event  Intra-Event Total Inter-Event  Intra-Event Total
Parameter 7 (logio ¢ (log1o a(logio 7 (logo ¢ (logio a(logio
units) units) units) units) units) units)
PA 0.053 0.340 0.344 0.044 0.270 0.274
Sag 015 0.055 0.343 0.347 0.044 0.270 0.274
Sag g2s 0.112 0.334 0.353 0.095 0.264 0.281
Sag o35 0.060 0.350 0.355 0.046 0.273 0.277
Sag o4s 0.067 0.354 0.360 0.048 0.276 0.280
Sag oss 0.071 0.350 0.357 0.051 0.283 0.288
Sag 065 0.071 0.348 0.355 0.056 0.283 0.288
Sag o755 0.068 0.341 0.348 0.054 0.291 0.296
Sag 9 0.066 0.340 0.346 0.055 0.295 0.301
Sag 105 0.066 0.340 0.347 0.054 0.287 0.292
Sag 155 0.062 0.361 0.366 0.048 0.298 0.302
Sag 905 0.060 0.373 0.378 0.051 0.373 0.376
Sag 305 0.062 0.402 0.407 0.049 0.353 0.356
Sag 405 0.068 0.396 0.402 0.047 0.327 0.330
Sag 50, 0.075 0.399 0.406 0.058 0.320 0.325
Sag 60s 0.085 0.403 0.412 0.063 0.321 0.327
Sag 705 0.097 0.416 0.427 0.072 0.322 0.330
Sag 755 0.101 0.399 0.412 0.076 0.312 0.321
Sag s0s 0.105 0.410 0.423 0.078 0.320 0.330
Sag g0 0.110 0.393 0.408 0.087 0.307 0.319
Saj gos 0.115 0.401 0.418 0.094 0.322 0.335
Saj 20 0.126 0.386 0.406 0.111 0.317 0.336
Saq 505 0.135 0.394 0.417 0.128 0.323 0.348
Sas gos 0.144 0.383 0.409 0.160 0.332 0.369
Say 505 0.146 0.408 0.434 0.179 0.307 0.356
Saz gos 0.147 0.399 0.425 0.199 0.348 0.401
Say gos 0.153 0.440 0.466 0.235 0.334 0.409

longer periods. Thus from the illustrations, it is can be seen that the developed ANN model is

unbiased and capable of capturing the known ground motion patterns.

3.4 Ground motion Prediction Equations for India

The list of GMPEs developed for India which are used in the present work along with their

characteristics are discussed further
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Figure 3.7: Attenuation characteristics of spectral acceleration with respect to epicentral dis-
tance ([2,;) corresponding to GMPE developed for [top] Western Himalayas [bot-
tom] North-Eastern India

1. NDMA (2010) reported GMPEs for seven regions in India namely Himalaya, North-East
India, Indo-gangetic, Gujarat, Central India, Peninsular India and Andaman-Nicobar for
A type Soil Class based on synthetic database generated using seismological model. The
functional form of corresponding equation to predict Spectral Acceleration (.5,) is as
follows

g
fo = maz(In(r/100),0) (3.5)

In (&) = Oy + CoM + CsM? + C4R + Csln (R + CGeC7M) + Cslogio(r) fo + In(e)

Where M is magnitude, R is hypo-central distance andC', are the corresponding coeffi-
cients. The attenuation of GMPE with distance for the regions is illustrated in Figure
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2. Singh et al. (2017)developed GMPE for Indo-Gangetic Basin based on the 2015 Nepal
earthquake and its after shocks. The corresponding functional form is as follows

E C E(CRE 172
In(y) = Cy + CoM + Cyln | Z1CE) = BG4 1) (3.6)

2
o

rg = 1.4447 030N

where, y is the geometric mean of the two horizontal components, E(z) is the well-
known exponential integral function, M is moment magnitude and R is closest distance
to rupture.

3. Gupta and Trifunac (2018a) proposed GMPE corresponding to pseudo spectral velocity
(PSV) for Hindukush Subduction and Western Himalayas based on uniformly processed
strong motion database for the region available in PESMOS. The corresponding func-
tional form is as follows

1og1o(PSV) =M + Agln(A) + C + CoM + CsM? + Cyv
+ Css + C§SY + CsS; + Ce 57 (3.7

Here, M denotes the earthquake magnitude,~ denotes the component of motion ( v =0
for horizontal and 1 for vertical component), s denotes the site geology parameter ( s =
0 for alluvium, 1 for intermediate sites, and 2 for basement rock sites), and S?, Si, and
S? are variables taking on the value of 1 for the site soil parameters sz, =0, 1, and 2 rep-
resenting rock soil, stiff soil, deep soil, respectively, and zero otherwise. A corresponds
to representative distance and Ay is the period dependent attenuation function derived
separately for Hindu-Kush Subduction and Western Himalayas.

4. Gupta and Trifunac (2018b) proposed GMPE corresponding to pseudo spectral velocity
(PSV) for Burmese Subduction zone and North-Eastern India based on uniformly pro-
cessed strong motion database for the region available in PESMOS.. The corresponding
functional form is similar to Eqn. 3.7. Where, A, is the period dependent attenuation
function derived separately for Burmese Subduction zone and North-Eastern India and
the corresponding coefficients are also estimated based on the regional database.

3.5 Ground motion Prediction in Global database

As there are limited data or GMPE available for the region, It is would be idealistic to consider
GMPE:s in Global Database from similar tectonic regime. The active regions in India like Hi-
malayas, NorthEastern India, etc. are having predominantly having shallow crustal earthquake
similar to NGA West2 database. Furthermore, stable continental regions like Peninsular In-

dia are similar to that of NGA East 2. The description on the GMPEs developed from these
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Figure 3.8: Attenuation Characteristics of GMPEs applicable to Active Crustal regions
[Note:"BSSA 2014"-Boore et al. (2014); "CB 2014"-Campbell and Bozorgnia
(2014); "CY 2014"-Chiou and Youngs (2014); "SSSA 2017"-Singh et al. (2017);
"GT 2018"-Gupta and Trifunac (2018a); DR 2019- Hybrid GMPE explained in sec-
tion 3.3; ASK 2014-Abrahamson et al. (2014) ]
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Figure 3.9: Attenuation Characteristics of GMPEs applicable to Subduction regions[Note:"AB
2003"-Atkinson and Boore (2003); "Youngs 1997"-Youngs et al. (1997);"Zhao
2006"-Zhao et al. (2006); "Kanno 2006" Kanno et al. (2006); "BCHydro 2016"-
Abrahamson et al. (2016)]
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Figure 3.10: Attenuation Characteristics of GMPEs applicable to Stable Continental regions
[Note:"NGA East 1-17" Goulet et al. (2018); "AB 2006"-Atkinson and Boore
(2006)]

database is discussed further.

3.5.1 GMPE:s for Active Crustal Region

The GMPEs developed from NGA West2 updated database or European database or Mediter-
ranean database are

1. Abrahamson et al. (2014)

2. Boore et al. (2014)

3. Chiou and Youngs (2014)

4. Campbell and Bozorgnia (2014)

5. Dhanya and Raghukanth (2018)

The attenuation characteristics of selected GMPEs are illustrated in Figure 3.8. Further, a

comparison of these GMPEs for the recorded event in the region is illustrated in Figure 3.11.
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3.5.2 GMPE:s for Subduction Region

The GMPEs developed for active subduction regions

1. Youngs et al. (1997)

2. Atkinson and Boore (2003)
3. Kanno et al. (2006)

4. Zhao et al. (2006)

5. Abrahamson et al. (2016)

The attenuation characteristics of selected GMPEs are illustrated in Figure 3.9. Further, a

comparison of these GMPEs for the recorded event in the region is illustrated in Figure 3.11.

3.5.3 GMPE:s for Stable Continental Region

Stable Continental regions are most challenging in terms of developing a suitable GMPE. These
regions lack a dense set of database due to the relative less seismic activity. One of the pre-
liminary GMPEs developed for the region is that reported in Atkinson and Boore (2006). Re-
cently,there have been efforts to generate synthetic database of such region. Some of the recent
efforts to generate suitable GMPEs for NGA-East (belonging to stable continental region) are
compiled in Goulet et al. (2018). The report proposed 17 ground motion models for the region
corresponding to 24 spectral intensities. The GMPEs are valid for moment magnitude range
of 4.0 to 8.2 and distances up to 1500 km. The results are valid for A type soil class. The
amplification of reported GMPEs at A type soil class to B type with V37 = 760m/s can be taken
from that reported by Stewart et al. (2019). The attenuation characteristics of these GMPEs are
illustrated in Figure 3.10. Further, a comparison of these GMPEs for the recorded event in the

region is illustrated in Figure 3.12.

3.5.4 GMPEs for PGD and PGV

Long period characteristics such as PGD and PGV have significance in the design of important

life-line structure. However, very few GMPEs are available for the corresponding parameters
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Figure 3.12: Comparison of selected GMPEs with the recorded data of Koyna region

mainly due to the lack of information attributed from the processing of recorded data. However,

a preliminary attempt is made in the present study to ascertain hazard corresponding to PGV
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Figure 3.13: Residual of the GMPE prediction with respect to recorded data for the events in
Himalayan region

and PGD. Here, for the estimation of hazard corresponding to PGV, Boore ef al. (2014) model
is used for active regions and Atkinson and Boore (2006) for stable continental region. In case

of PGD, the GMPE proposed by Cauzzi et al. (2015) is used for the study region

3.6 Ranking of GMPEs

Since the models developed are for regions other than India, there is a need to rank the GMPEs
for selecting the best fitting GMPE with the recorded data. The deviation between the observed

ground motion measure and corresponding predicted measure can be evaluated in many ways.
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Figure 3.14: Residual of the GMPE prediction with respect to recorded data for the events in
Indo-Gangetic region

One of the comprehensive approach is the residual analysis. Here, the residuals are calculated
as log(observed data) - log(Median predicted value). The observed data are taken from the
database generated from PESMOS and COSMOS network (Section 3.2).

Also, the appropriateness of a model to the recorded dataset can be tested from likelihood stud-
ies such as Likelihood (LH) method and Log likelihood (LLH) methods. The likelihood method
proposed by Scherbaum et al. (2004), determines the exceedance probabilities corresponding
to normalized residuals. Here, each ground motion model is assumed as lognormal distribu-
tion with mean p(M, R, f) and standard deviation o (M, R, f), where M,R and f are the given
magnitude, distance and frequency for an observed value of In(Y"). The normalized residuals

can be obtained as z = % Then, an LH distribution derived from residual distribution and
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Figure 3.15: Residual of the GMPE prediction with respect to recorded data for the events in
North East India region

the likelihood parameter can be expressed, following Scherbaum et al. (2004), as:

o) _ 2

1l = = [ e

)dz (3.8)

where, 2 1s the normalized residuals with respect to the standard deviation of the GMPEs. The
LH distribution is characterized by its median value. The median value of 0.5 represents the
residual distribution as standard normal distribution. As the deviation of median LH value from

0.5 increases, the matching of the model with the observed dataset also decreases.
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However, the estimation of best fit parameters to the model can be done based on the max-
imum likelihood method. According to this, Scherbaum et al. (2009) proposed log likelihood
method to rank GMPEs. The backbone of this method is information theory based model
selection, consisting of two continuous functions f(x) and g(x). It is assumed that the distribu-
tion of observed data points follow the function f(x) and the distribution of the corresponding
ground motion estimate is lognormally distributed with the meadian value pg )y pp and standard

deviation g pg. The likelihood of a model g, given the sample set x is

N
L(glr) =[] 9(=) (3.9)

=1
The corresponding loglikelihood value, which is independent of sample size can be obtained as

follows:

1 N
LLH(g,2) = =5 > logs(g(x1)) (3.10)
n=1

where, N is the number of observed data points in the record. When a model represents the

dataset more or less matchingly, the log likelihood value will be small.

Another method of ranking that make use of the residual analysis concept is Euclidean
distance-based ranking (EDR) proposed by Kale and Akkar (2013). The main difference
from other methods is that this method considers the bias between the observed and predicted
datasets. Also, the aleatory variability in ground motion is addressed by the standard deviation
of the GMPE. The Euclidean distance can be defined as the absolute difference between ob-

served and estimated data. i.e., if p; are the observed data points and g; are the corresponding

predicted data points, then DE = \/ SN (pi — ¢:)? is the Euclidean distance. The residuals
(D) is considered as Normal distribution with mean pp and standard deviation op. where
op = ogupe and pp is obtained from the difference of observed data and the median value
predicted from the model. If d; is the discrete values of D and Pr(|d;|) is the corresponding

probability values, then the Modified Euclidean Distance (MDE) is calculated as:

MDE =" |d;|Pr(|d;]) (3.11)

J=1
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Figure 3.16: Distribution of normalized residuals and likelihood values(LH) for Himalayan re-
gion

The EDR value, which is independent of the size of the data, is calculated by incorporating the

correction factor for the bias of the model as follows:

N
1
EDR = |k —- MDE? 3.12
R N 2 MDE; (3.12)

where, N is the data size and k is the correction factor for model bias, obtained as the ratio of
original D E as well as the corrected D E. The corrected D E'is obtained from the observed data
and the median corrected GMPE by fitting a straight line for observed as well as the predicted

data points.
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Figure 3.17: Distribution of normalized residuals and likelihood values(LH) for Indo-Gagetic
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Often, different ranking schemes give different ranks to each GMPEs. However, it is suitable
to use a single value which can be obtained from combining and normalizing all the ranking
schemes. The corresponding normalized ranking index can be arrived as,

e
RlIy; = ——"1 (3.13)
ndeTpest

where, index; is the ranking index for the i GMPE. indexs.s: is the ranking index for the top
ranked GMPE. For LH method, index.. is taken as 0.5. Hence, LHy, LLHy , EDRy are
the normalized ranking indices for LH method, LLH method and EDR method respectively.
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Figure 3.18: Distribution of normalized residuals and likelihood values(LH) for North East In-
dia region

The final Ry value is arrived from the normalised ranking indices by giving weights of 0.25
each for Likelihood (L Hy) as well as Log likelihood (L L Hj;) method and 0.5 for ED Ry,
values (Kale (2019)). The final weightages are obtained from the final ranking index Ry using

the expression,
2—log2(RN)
;= .14
ST (3.14)

=

where Ry is the normalized ranking index. Following this scheme, the GMPEs used in the
active region having instrumental data is suitably given weightage. The residual between the

recorded and the GMPE prediction for the regions are illustrated in Figure 3.13 for Himalayan
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region, Figure 3.14 for Indo-Gangetic region and Figure 3.15 for North-East India. Additionally

the normaized residuals and the log-likelihood values is shown in Figure 3.16 for Himalayan

region, Figure 3.17 for Indo-Gangetic region and Figure 3.18 for North-East India. Further-

more, the ranking parameters values obtained for each of the GMPEs considered in this study

are summarized in Table 3.6. For the region with no recorded information, equal weigtages are

assigned to the utilized GMPEs. The corresponding logic tree along with the estimated weigh-

tages are illustrated in Figure 3.19 for Himalayan Region, Figure 3.20 for Indo-Gangetic Plain

region, Figure 3.21 for stable continental regions like Central India, Peninsular India, Gujarat

and Figure 3.22 for the subduction regions like North-Eastern India subduction and Andaman

regions.
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Figure 3.20: Logic Tree to estimate seismic hazard values in Indo-Gangetic Plain Re-
gion[Note:"BSSA 2014"-Boore et al. (2014); "CB 2014"-Campbell and Bozorg-
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Figure 3.21: Logic Tree to estimate seismic hazard values in Stable Continental region Region
[Note:"NGA East 1-17" Goulet et al. (2018); "AB 2006"-Atkinson and Boore
(2006)]
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Figure 3.22: Logic Tree to estimate seismic hazard values in Subduction Region [Note:"AB
2003"-Atkinson and Boore (2003); "Youngs 1997"-Youngs et al. (1997);"Zhao

2006"-Zhao et al. (2006); "Kanno 2006" Kanno et al. (2006); "BCHydro 2016"-
Abrahamson et al. (2016)]
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CHAPTER 4

Seismic Hazard Maps

4.1 Introduction

Characterization of seismic source zones and estimation of recurrence parameters are discussed
in Chapter 2. Suitable GMPEs are selected based on the ranking schemes of Kale (2019) and
the weights to each of the logic tree branches are obtained as discussed in Chapter 3. Now, it
remains to link the assembled results together to arrive at the ground motion probabilities at ev-
ery grid point at the spacing of 0.1 ° x 0.1 °, which covers the whole Indian land mass. Around
each of the grid points, a radius of 500km is considered such that any site gets affected by the
events occurring within this radius of influence. Within this circle of influence, normally there
will be several sources that can give rise to earthquakes of differing strengths. Now, this in-
formation of sources and attenuation relation are combined in a deterministic and probabilistic

approach to obtain the final hazard for the region.

4.2 Deterministic Seismic Hazard Analysis (DSHA)

The DSHA involves the development of a particular seismic scenario, upon which a ground
motion hazard evaluation is carried out. The DSHA approach uses the known seismic sources
near the site and available historical seismic and geological data to generate discrete, single-
valued events or models of ground motion at the site. The site ground motions are estimated
deterministically, given the magnitude, source-to-site distance, and site condition. The steps

involved in DSHA (Kramer 1996) are described in brief as follows

1. Identification of all sources capable of producing significant ground motion at the site.
Source characterization includes a definition of source details and earthquake potential.

2. Selection of Controlling Earthquakes is based on ground motion parameter(s). Consider
all sources, assume M,,,, occurs at Rmin for each source. Compute ground motion



parameter(s) based on M,,,, and R,,;, . Then, determine the critical value(s) of the
ground motion parameter(s).

3. Definition of hazard using controlling earthquake involves the use of M and R to deter-
mine parameters such as Peak acceleration, spectral acceleration and Duration

The deterministic analysis performed for the region using source characteristics, and the
different attenuation relations discussed in Chapter 3. Here, DSHA is performed by consid-
ering the earthquake<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>