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Probabilistic seismic hazard analysis (PSHA) is carried out for the archaeological site of Vijayapura in
south India in order to obtain hazard consistent seismic input ground-motions for seismic risk assessment
and design of seismic protection measures for monuments, where warranted. For this purpose the standard
Cornell-McGuire approach, based on seismogenic zones with uniformly distributed seismicity is employed.
The main features of this study are the usage of an updated and unified seismic catalogue based on
moment magnitude, new seismogenic source models and recent ground motion prediction equations
(GMPEsS) in logic tree framework. Seismic hazard at the site is evaluated for level and rock site condition
with 10% and 2% probabilities of exceedance in 50 years, and the corresponding peak ground accelerations
(PGASs) are 0.074 and 0.142 g, respectively. In addition, the uniform hazard spectra (UHS) of the site are
compared to the Indian code-defined spectrum. Comparisons are also made with results from National
Disaster Management Authority (NDMA 2010), in terms of PGA and pseudo spectral accelerations
(PSAs) at T'= 0.2, 0.5, 1.0 and 1.25s for 475- and 2475-yr return periods. Results of the present study
are in good agreement with the PGA calculated from isoseismal map of the Killari earthquake, My, = 6.4
(1993). Disaggregation of PSHA results for the PGA and spectral acceleration (S,) at 0.5s, displays the
controlling scenario earthquake for the study region as low to moderate magnitude with the source being
at a short distance from the study site. Deterministic seismic hazard (DSHA) is also carried out by
taking into account three scenario earthquakes. The UHS corresponding to 475-yr return period (RP) is
used to define the target spectrum and accordingly, the spectrum-compatible natural accelerograms are
selected from the suite of recorded accelerograms.

Keywords. Seismic hazard; GMPEs; PGA; uniform hazard spectra; spectrum-compatible natural
accelerograms.

Materials and Technology Promotion Council
(BMTPC) of Government of India, 59% of the total
land mass of the country is prone to earthquakes
(BMTPC 1997). Peninsular India (PI) is no
exception as far as the seismic hazard is concerned.
In order to assess the risk to a structure or facility

1. Introduction

Just as many other natural hazards, earthquakes
pose major economic and societal consequences as
can be seen over time and again in the aftermath
of the many large earthquakes worldwide. The

Indian subcontinent witnessed some of the greatest
earthquakes in the world. According to Building

from the ground shaking hazard induced by earth-
quakes, we must first estimate the ground-motion
1
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intensities from an earthquake at a particular site
and evaluate the structure of interest under that
intensity for its seismic performance. The quanti-
tative assessment of ground-motion intensities in
PI is challenging, although damaging earthquakes
of severe to moderate magnitudes have occurred
(e.g., Kutch 1819 M, 7.8; Koyna 1967 M, 6.3;
Killari-Latur 1993 M,, 6.4; Jabalpur 1997 My, 5.7
and Bhuj 2001 M,, 7.7), but the general level of
seismicity is subdued. Probabilistic seismic haz-
ard studies for the region are limited even after
the devastating 1993 Killari My, 6.4 earthquake,
in which 7928 persons were killed (Jain 2016). A
few studies (NDMA 2010; Nath and Thingbaijam
2012) were carried out for the entire land mass of
the India, however they have adopted rather coarse
grid size and seismic zonation for the region; hence
the results may be indicative. Some of the previ-
ous researchers (Jaiswal and Sinha 2007; Sitharam
et al. 2012; Desai and Choudhury 2013) used global
GMPESs which are based on limited data compared
to recent Next Generation Attenuation (NGA)
models. Selection and ranking of the appropriate
GMPEs for modelling the intrinsic epistemic uncer-
tainty can be challenging, given the fact that their
number has significantly increased (Douglas 2016).
Some studies have been attempted in assigning a
ranking system for selection of the GMPEs based
on data driven methods (Nath and Thingbaijam
2011; Anbazhagan et al. 2013, 2016). In the present
study, the appropriate ranking system has been
used for the selection of GMPEs based on the
trellis plots. The use of the most recent GMPEs
(Next Generation Attenuation Models, NGA-W2,
NGA-East, pan-European models) is anticipated to
minimise the uncertainty incurred due to arbitrary
selection and use of older models.

Heritage structures are precious as they form
inextricable components of history, culture and
human evolution. They are testimony to the
ancient building technology, aesthetics, cultural
practices, arts, defences and governance of the
region. These buildings are the main source of rev-
enue for local governments and community, and
in many countries such as India, form part of the
living heritage. Historical masonry structures were
built based on empirical knowledge of structural
behaviour, such a trial-and-error process mainly
took care of static loads, but they are often vulner-
able to dynamic loads such as earthquakes because
of a large mass of its masonry walls, poor connec-
tions between structural elements and structural
distress due to deteriorated material properties.
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Conservation of such historical buildings from
natural disasters is the paramount responsibility
of the modern society so that it may be pre-
served for future generations. National Policy for
Conservation of the Ancient Monuments,
Archaeological Sites and Remains (NPC-AMASR
2014) protected by the Archaeological Survey of
India (ASI) requires monuments and their struc-
tural components such as material and construc-
tion technique to be evaluated to ascertain their
behaviour, and to undertake necessary minimum
retrofitting measures of the monument. This would
mitigate possible damages to structures and facil-
ities during and after disasters. In this regard,
seismic safety assessment of historical built her-
itage requires seismic inputs in the form of hazard
curves, uniform hazard spectra and spectrum-
compatible natural acceleration time-histories.

In this study, probabilistic seismic hazard
analysis (PSHA) is carried out to estimate the
seismic hazard due to ground-motion at the archae-
ological site of Gol Gumbaz, Vijayapura, which lies
in the state of Karnataka, and is about 384 km
west of the city of Hyderabad in south India (see
figure 1a). Vijayapura city is a testimony to Indo-
Islamic architecture built during the rule of the
Adil Shahi Dynasty. The Gol Gumbaz, a monumen-
tal structure, which is the mausoleum of Muham-
mad Adil Shah (AD 1626-1656), is world famous
among several other monuments of Indo-Islamic
architecture (see figure 1b). The Gol Gumbaz is
known for its sheer massiveness, unique acoustic
feature and it is roofed with a masonry dome that
came to be rated as the fourth largest in the world
(Scandella et al. 2011), and first in terms of unin-
terrupted area covered (1672m?). Seismic history
of the city dates back to 1653—-1654 AD; there is a
mention about the occurrence of an earthquake in
the book ‘Basatin-us-Salatin’, a history of Vijaya-
pura from origin of the dynasty to its last repre-
sentative records by Muhammad Ibrahim Zuberi
(Iyenger et al. 1999a). The largest recorded earth-
quakes in the region around Gol Gumbaz, Vijaya-
pura are My, 6.4 Killari earthquake, 1993 (160 km
from the site) and My, 6.3 Koyna earthquake, 1967
(226 km from the site) (refer figure 1a). There are
no strong-motion records available for these earth-
quakes. The isoseismal map of the M,, 6.4 Killari
earthquake (refer figure 2) shows that during the
event the area had experienced an intensity of VI
on the Modified Mercalli Intensity scale (MMI).

Seismic input plays a very important role in
seismic risk estimation and design of seismic
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Figure 1. (a) Inset: Map of India showing the area of study (open square). Map of PI showing the location of the archaeo-
logical site, Gol Gumbaz, large circle indicates the control region. (b) Gol Gumbaz.
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Figure 2. Isoseismal map of 1993 Killari earthquake (modi-
fied after GSI 2000).

retrofitting measures for historical monuments.
PSHA is a widely used tool to quantitatively assess
the nature of earthquake ground-motions at a par-
ticular site due to future earthquakes occurring in

and around the site, within an influence region,
in a specified time frame. This paper describes
the state-of-the-art PSHA methodology aimed at
producing the probabilistic hazard curve, uniform
hazard spectrum (UHS) for reference return peri-
ods (i.e., 72, 224, 475, 975 and 2,475 yrs) and
spectrum compatible accelerograms on stiff and
level ground at the archaeological site of Gol Gum-
baz. The standard Cornell-McGuire approach has
been used for the PSHA, which was first formalized
in late 1960s by Cornell (1968) and generalized by
McGuire (1976). The study has utilized a unified
seismic catalogue based on moment magnitude,
new seismogenic sources and recent ground-motion
prediction equations (GMPEs) within the logic tree
framework to evaluate the hazard at the site.

2. Tectonic setting and geology

India separated from supercontinent Gondwana-
land about 140 million years ago, and it was moving
with high speed (i.e., 18-20 cm/yr), which gradu-
ally slowed to ~ 5cm/yr after continental collision
with Asia about 50 million years ago (Kumar
et al. 2007). The south India plate is a combi-
nation of several crustal blocks formed by geody-
namic processes operating from mid-Archaean to
Neo-Proterozoic time (Gupta et al. 2003). For a
very long geological period, these crustal blocks
have not undergone deformation. PI consists of
four major cratonic features: Dharwar, Bastar,
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Figure 3. Cratonic blocks of PI made up of various rock complexes of Archean Eon (Valdiya 2016).

Singhbhum and Bundelkhand Cratons in south-
ern, central, eastern and western India, respectively
(Valdiya 2016). The major prominent rifts are
(i) Son-Narmada rift valley which demarcates the
northern and southern Cratons, (ii) Mahanadi
graben which separates the Singhbhum Craton
from the Bastar Craton, and (iii) Godavari rift val-
ley which separates the Bastar and the Dharwar
Cratons (Valdiya 2016) (refer figure 3).
Earthquakes in India are characterized by rel-
atively frequent large earthquake and relatively
infrequent moderate earthquakes (M > 6 to 7),
making earthquake risk mitigation a challenge.
About 0.5% of global strain energy is released
in the form of intraplate earthquakes along the
weak zones present in the plate interior (John-
ston and Kanter 1990; Mandal et al. 1997). These
intraplate earthquakes are mainly attributed to
strain energy release by sudden movement a long
pre-existing weak zones in response to stress dis-
ruption, which is caused by forces along plate
boundary or by localized weakening of crustal
materials, surface and subsurface loading and reser-
voir loading (Mandal et al. 1997). The PI produced

both rift and non-rift associated earthquakes (refer
figure 4).

Copley et al. (2014) suggested two main causes
for the seismicity in PI. The first one proposed by
Bilham et al. (2003) noted that the Indian plate
underthrusts the Tibetan Plateau causing flexural
bulge in central India and flexural trough in the
southern India. The observed distribution of earth-
quakes and seismic energy release are consistent
with these bulge and trough bending stresses. The
recent Killari (1993) and Bhuj (2001) earthquakes
occurred near to this region of high-stress con-
centration. Similarly, Vita-Finzi (2004) reviewed
large earthquakes (M > 5) of PI and concluded
that majority of them occurred on reverse faults
indicating shortening of azimuth between NW-
SE and NE-SW or on strike-slip faults oriented
NNE. Based on these studies, Vita-Finzi proposed
the spatial distribution of large earthquakes in
PI, based on buckling resulting from plate con-
vergence. In lieu, Copley et al. (2014) proposed
that “the fluid pressure that is exerted on the
Indian peninsula due to the difference in crustal
thickness between India and the Tibetan Plateau
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Figure 4. Seismotectonic units of PI with prominent earthquakes with fault plane solution and major faults, lineaments and

rifts (Kayal 2000).

is enough to reactivate the faults”. Both these
mechanisms would result in dip-slip faulting as
observed in PI (1993 Killari, 1997 Jabalpur and
2003 Bhuj earthquakes). Most parts of the PI are
characterized by diffused seismicity; nevertheless,
several localized seismicity associated with rift and
shear /thrust zones can be observed. Vijayapura
situated in the geological provinces of Dharwar
Craton is an Archaean continental fragment of the
PIL.

2.1 Trends in regional seismicity and potential
seismic sources

PI resides within an intraplate setting (a region far
from well-defined plate boundaries) in which very

little crustal deformation is observed. Hence earth-
quakes are generally less likely to occur than near
plate boundaries, as in the foothills of the mighty
Himalayas. There are 30 neotectonic faults in
stable PI, mostly limited to paleorift systems
(Verma and Bansal 2016). It is to be noted
that the information on the fault-plane geometry,
mechanism (strike-slip, normal, oblique, thrust or
subduction), extension, and activity rates is inade-
quate in order to adopt these faults within a PSHA
framework. Paleoseismological studies constrained
the recurrence intervals of the earthquake in the
stable continental regions such as PI to 10,000
years (Verma and Bansal 2016).

The control region considered for the present
study includes a circular area of 300 km radius
considering Gol Gumbaz, Vijayapura as its centre.
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Figure 5. Seismogenic zonation composed of three zones along with digitized faults and epicenters of earthquakes.

In this control region, many faults, lineaments,
shear zones have been identified, and different seis-
mic events compiled. The Geological Survey of
India (GSI 2000) prepared and published an atlas
entitled Seismotectonic Atlas of India and its
Environs, which contains 43 maps in 42 sheets
covering India and adjoining regions of neigh-
bouring countries on 1:1 million scale (Dasgupta
et al. 2000). This has been taken as a reliable
reference for digitizing and georeferencing vari-
ous earthquake sources such as faults, lineaments
and shear zones using ArcMap in separate lay-
ers. Various researchers such as Anbazhagan et al.
(2009) for Bangalore, Desai and Choudhury (2013)
for Mumbai, James et al. (2014) for Kalpakkam
nuclear power plant site and Anbazhagan et al.
(2017) for Kanpur have used these maps for seismic
source characterization. The earthquake catalogue
is superimposed on this digitized tectonic source
map and all layers are combined to form the
complete source map (figure 5). The ENE-WSW
trending Krishna River fault runs halfway along

the Krishna River and Dharma—Tungabhadra fault
runs all along the Tungabhadra River in ENE-
WSW direction. These two faults are treated as
fault sources in proximity to the archaeological site
at Vijayapur. Within the study area, background
seismicity is concentrated in the Koyana—Warna
and Killari regions. Majority of the earthquakes
in these regions cannot be attributed to particu-
lar faults. There are 23 earthquakes of My>5.0,
about 215 earthquakes of M, 4.0—5.0, and many
smaller earthquakes. There are considerable
debates about the causes of earthquakes (induced
vs. tectonic) in these areas. Diffuse bands of seis-
micity are present in the southern region of the
study area (see figure 5).

3. Earthquake catalogue
Collection of well-defined earthquake catalogue

is an important step in order to model seis-
mic sources along with thorough understanding of
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Figure 6. Temporal distribution of earthquakes in the study area.

seismotectonic, geological settings of the study
area. Thus, preparation of an updated, compos-
ite and homogeneous, earthquake catalogue is the
starting point in any PSHA study. An updated
composite earthquake catalogue for Vijayapura
within a control area of 300 km radius (the choice
of radius being dictated by the distances to the
seismic source zones that contribute to seismic
hazard at the site) has been compiled from differ-
ent internationally recognized earthquake database
agencies such as, India Meteorological Department
(IMD), National Earthquake Information Center
(NEIC), International Seismological Center (ISC)
and Global Centroid-Moment Tensors (GCMT).
Historical and instrumented earthquakes have also
been compiled from the published literature (Chan-
dra 1977; Rao and Rao 1984; Guha and Basu 1993;
Iyenger et al. 1999; Jaiswal and Sinha 2007). When
earthquake data is collected from different agen-
cies, there is always the possibility of reporting the
same event more than once. Such duplicate events
are removed by comparing the location, time of
occurrence and magnitude of each event. It is nec-
essary to homogenize the measure of earthquake
magnitude in a composite catalogue into moment
magnitude M,,, because of its clear relationship
with the physical property of the source (seis-
mic moment). Johnston (1996) proposed empiri-
cal equations based on worldwide data of events
from stable continental regions (SCR), including
India, to convert the body-wave magnitude (my,),
local magnitude (My,) and surface wave magnitude

(M) to the moment magnitude (My,). The pre-
instrumental earthquakes, expressed qualitatively
in terms of macroseismic epicentral intensity (Iy),
are converted into M,, using an empirical conver-
sion relationship proposed by Menon et al. (2010)
for peninsular Indian earthquakes. The composite
catalogue for Vijayapura spans 257 years from 1757
to April 2016 AD consisting of 437 earthquakes
with My, > 3 (refer figure 6).

4. Processing of earthquake catalogue

4.1 Declustering

Declustering is the process of separation of the
clusters involving foreshocks and aftershocks from
the main earthquake events. The computational
approach to PSHA is based on the widely used
Poisson model, which assumes that earthquake
occurrences are spatially and temporally indepen-
dent events. In order to fulfill the assumption
of a Poisson process, it is necessary to identify
the earthquake clusters (dependent events) and
remove them from the earthquake catalogue. The
declustering algorithm developed by Gardner and
Knopoff (1974) for southern California, imple-
mented in ZMAP software (Wiemer 2001), has
been used in the study. This algorithm assumes
magnitude dependent spatial and temporal win-
dow for removal of foreshocks and aftershocks.
Figure 7(a) shows the spatial distribution of declus-
tered catalogue containing 224 main events,
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Figure 7. Maps showing the spatial distribution of seismicity of the region from 1757 AD: (a) after declustering and

(b) before declustering.

whereas figure 7(b) shows all the events includ-
ing the main events. There were about 96 clusters,
which constitute 200 dependent events out of a
total of 424 events, i.e., 47.2% of the events have
been removed.

4.2 Estimation of completeness periods

Completeness levels of the catalogue must be
checked before using them for earthquake rate
calculation. The completeness period defines the
magnitude above which all earthquakes have been
included in that period. Thus, the completeness
level depends on time and reflects historical pat-
terns of the colony (i.e., settlements of human
beings to report an occurrence of the earthquake)
and availability of seismic instrumentation. Small
earthquakes in historical records may go unnoticed
depending on the demography of the region. Hence,
historical catalogues are generally more complete
for larger magnitudes. There are many methods
to check the completeness of the catalogue. In
the present study statistical approaches are used,
which is based on the cumulative number of events
against time. In the assumption of Poisson distri-
bution, the plot between the cumulative rates of
events vs. time should remain constant; hence, vari-
ations in this rate can be seen as incompleteness.

In these approaches, the periods of completeness
for different magnitude intervals are inferred by
identifying breaks in the slope on a linear plot of
cumulative rate against time. Completeness analy-
sis has been performed for different magnitude bins
having bin width = 0.5, and for each of the seis-
mogenic zones. Two different methods are chosen
to perform the completeness analysis, viz., CUVI
(Visual Cumulative) method (Tinti and Mulargia
1985) and Stepp method adopting a bin width =
0.5 and 10-yr time intervals (Stepp 1972). The com-
pleteness periods for different magnitude ranges are
summarized in table 1.

5. Methodology

Seismic hazard analysis of any given site consists of
two main models: firstly, the seismic source char-
acterization (SSC) model, which quantitatively
describes all possible earthquake sources with the
help of seismotectonic and geological data along
with the earthquake catalogue in the vicinity of the
site (generally about 300 km radius from the site
of interest) and, secondly a ground-motion (GM)
model, expressed by the ground-motion prediction
equation (GMPE), which estimates the expected
distribution of ground-motion parameters (e.g.,
spectral acceleration) at a site due to a particular
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Table 1. The G-R recurrence parameters and completeness periods for different magnitude bins.

Scenario  Zone M, range Method b a My >35 Myg>4 My >45 My>5 My >55
I X 3.5-6.4 Visual 1.09 5.13 1998 1982 1968 1965 1764
Stepp 1.09 4.96 1984 1984 1964 1824 1774
11 1 3.5-6.4 Visual 1.16 5.43 1998 1997 1991 1993 1764
Stepp 1.04 4.63 1975 1975 1965 1965 1745
2 3.5-6.3 Visual 0.83 3.27 2000 1992 1993 - -
Stepp 0.76  2.87 1995 1985 1993 - -
3 3.5-5.9 Visual 1 4.0 1998 1997 1993 1826 -
Stepp 0.83 3.07 1995 1975 1965 1815 -
earthquake scenario. The GMPE is characterized Management Authority (NDMA 2010) and

by a logarithmic mean value and an associated
logarithmic standard deviation also called sigma
which represents intrinsic variability.

5.1 Seismic source characterization

Seismic source characterization is a suite of loca-
tions, geometries, magnitudes and recurrence rates
of seismic sources affecting the concerned site
(Senior Seismic Hazard Analysis Committee,
SSHAC 1997). There are always uncertainties in
these descriptors, hence one can include alter-
native models and model parameters in a logic
tree framework with appropriate weighting factors.
The seismic sources are usually represented as line
sources (i.e., faults) or area sources. In this study
area seismic sources, also referred to as seismic
zones have been employed. They are often used
where specific fault data and long historic earth-
quake records do not exist (Molina et al. 2001;
Allen et al. 2015), but large earthquakes might
reasonably be expected based on seismotectonic
analogues, such as in the PI. Area sources assume
a uniform rate of earthquake occurred within the
spatial region. Therefore, every location within the
area has an equal probability that an event will
occur. The hazard in some regions is sensitive
to the placement of boundaries of a source zone.
In this study, an effort has been made to delin-
eate source boundaries based on the knowledge of
seismotectonics, geological and historical seismic-
ity (see figure 5). Furthermore, two seismic zone
scenarios have been included in the present study.

In seismic zone scenario I (SZI), the entire cir-
cular area of the control region is considered as
one source zone (see figure 7a). This criterion, by
and large, conforms to the previous studies by
Chandra (1977), Gupta (2006), National Disaster

Kolathayar and Sitharam (2012).

Seismic zone scenario II (SZII) is mainly based
on the regional seismotectonic and seismicity of the
study area. This scenario consists of three zones:
Zone 1, Zone 2 and Zone 3 (see figure 5). Zone
1 covers the NW region, largely populated with
earthquakes due to the Koyna-Warna reservoir
region, which consists of the north-westerly trend-
ing Warna and Chiplun faults. Zone 2 covers parts
of NW and NE regions consisting of the Latur lin-
eament and the Upper Godavari faults. Zone 3
comprises the southern region with the Krishna
river fault and the Bennihall lineament.

5.1.1 Recurrence model

The distribution of earthquake magnitude of
identified seismic sources in a given period is
described by Guttenberg-Richter (G-R) recur-
rence relationship (Gutenberg and Richter 1944).
Based on the results of two completeness anal-
ysis methods, the parameters of the G-R recur-
rence relationship, ‘a’ and ‘b’ are determined
(see table 1). Since the original G-R relation-
ship suffers from boundlessness, a double-truncated
G-R recurrence law (McGuire and Arabasz 1990;
Kramer 1996) involving a lower threshold magni-
tude, M,;, = 3.5, and a limiting upper bound mag-
nitude, M,,.x have been employed. Typically, the
choice of M.y in PI is highly uncertain because
of low seismic activity, lack of fault length or fault
area, and seismic catalogues being much shorter
than the recurrence time of big earthquakes. In
such scenarios, the statistical procedure proposed
by Kijko (2004) can be used if sufficient data are
available in the catalogue. The maximum magni-
tude can be obtained by considering an increment
to the largest observed magnitude (Aldama-Bustos
et al. 2009; Menon et al. 2010; Corigliano et al.



16 Page 10 of 24

Table 2. Key attributes of preselected GMPEs.
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No. of No. of No. of Recommended  Recommended  Recommended
GMPEs records earthquakes  stations My R (km) Vssom/s
NDMA10 Finite fault stochastic model 4-8 1-300 1500
PEA2011 Hybrid empirical method 5-8 0-1000 > 2000
ASB14 1041 221 322 4-7.6 0-200 150-1200
BSSA14 2100 600 - 3-8.5 0-400 150-1500
G16 5026 48 - 4-8.5 0-1000 450-2800

2012). In the present study, two values of maximum
magnitudes have been considered: the maximum
historical magnitude ever recorded in the region
and the previous value increased by 0.5 units. The
maximum magnitude adopted in this study is in
line with the NDMA (2010) and Anbazhagan et al.
(2015a) record for the Southern Craton.

5.2 Ground-motion prediction model

After the seismic source is characterized, GMPEs
or attenuation relations are used to evaluate the
ground-motion intensity measure at the required
site due to the identified seismogenic sources. The
GMPE is a closed-form equation linking ground
motion intensity measures (IMs) (e.g., PGA, peak
ground velocity (PGV) and elastic pseudo-spectral
accelerations (PSAs) at various structural periods),
to different predictor variables such as earthquake
source, path of wave propagation, local site and
fault mechanism (Douglas 2003). The southern
part of PI is a region of relatively low seismicity and
sparse digital strong-motion networks. The strong-
motion records are almost inexistent, except for
My, 5.7 1997 Jabalpur earthquake and M, 5.7 2001
Bhuj aftershock in the PI. There is no GMPE avail-
able for PI based on the recorded data. In view of
this fact we took recourse from worldwide accepted
and well-known GMPEs. Hundreds of GMPEs are
available in the literature due to which a seismic
hazard analyst is faced with ambiguity in decid-
ing on the GMPEs to be used for a given project.
The decision of selecting appropriate GMPEs is a
very important step in hazard analysis due to their
major influence on the hazard results. Therefore,
the GMPEs developed for other regions with sim-
ilar seismotectonic features have been examined.
The preselection of GMPE is carried out by first
utilizing the exclusion criteria proposed by Bom-
mer et al. (2010). The pre-selected models are:

(i) National Disaster Management Authority
(2010), (abbreviated as ‘NDMA2010’),
(ii) Pezeshk et al. (2011), ‘PEA2011,
(iii) Akkar e al. (2014), ‘ASB2014’,
(iv) Boore et al. (2014), ‘BSSA2014’, and
(v) Graizer (2016), ‘G16’.

Table 2 sums-up important attributes of the
preselected GMPEs including the number of
earthquakes, recording stations and records, rec-
ommended magnitude, distance and site condition.
The control region of the present study site
consists of Koyna—Waran and Killari region which
are the most active regions of peninsular India.
Sharma et al. (2007) studied attenuation of P, S,
and coda waves in Koyna region, and concluded
that attenuation characteristics of the Koyna
region are close to active regions of the world.
The stress drop considered by various researchers
for active tectonic environments such as Western
US is in the range of 80-135 bar (Campbell 2003;
Atkinson and Silva 2000; Shahjouei and Pezeshk
2016), which is close to stress drop during Killari
earthquake (45-100 bar, Seeber et al. 1996). Hence,
considering these facts, both active and stable con-
tinental region GMPEs have been employed.

5.2.1 GMPE comparison with strong-motion data
from PI

Attenuation of ground-motion with distance pre-
dicted by the preselected five GMPEs is com-
pared with the strong-motion records of two earth-
quakes from PI. Six strong-motion records, given
in table 3, from the Jabalpur (1997) earthquake
and the Bhuj (2001) aftershock, both of magnitude
M, 5.7 (Singh et al. 2003), are used for the com-
parison (refer figure 8). The preselected GMPEs
use different source-to-site distance definitions, and
hence to facilitate a direct comparison and to use
them within the logic tree framework, the distances
are converted into Joyner-Boore (Rj,) distance
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Table 3. Strong-motion records used for com-
parison with selected GMPEs (after Singh et al.

2003).

amax (8)
Station R (km) N E z
M, 5.7 2001 Bhuj aftershock
BHUJ 101 0.0075 0.0079  0.0042
DGA 249 0.0017 0.0013 0.0011
BOM 576 0.0003 0.0002 0.0002
M, 5.7 1997 Jabalpur earthquake
BLSP 237 0.0125 0.0116 0.0042
BHPL 271 0.006  0.0086 0.0048
BOKR 600 0.0007 0.0009 0.0004

0.01 |

F —— ASB2014
i BSSA2014
R NDMA2010
PEA2011

= Mw 5.7 2001 Bhuj Aftershock
1E4L ® Mw5.7 1997 Jabalpur Earthquake

5,565 Eaial e :
5 10 100 1000

Rih Distance (km)

PGA (g)

Figure 8. Comparison between preselected GMPEs and
recorded PGA for Jabalpur earthquake and Bhuj aftershock
(Mg 5.7).

using the algorithm based on the simulated data
and gamma distribution models (Scherbaum et al.
2004). The GMPE-PEA2011 predicts unreason-
ably high PGA values (see figure 8), hence the same
is discarded. The predicted values by NDMA2010
and G16 tend to be upper bounds compared to
ASB2014 and BSSA2014. However, the former
match the data of Jabalpur (1997) earthquake
rather well. The predictions by the other two mod-
els, ASB2014 and BSSA2014, match well with the
Bhuj (2001) aftershock record.

The selected four GMPEs can be compared on
common sets of axes in terms of their spectral
shapes, distance-scaling and magnitude-scaling,
called as trellis charts, similar in format to those
used in the global earthquake model (GEM) project
(Stewart et al. 2015). These charts are helpful
to display multidimensional information such as
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magnitude, source to site distance and structural
period along with the predicted ground-motions
in various ways to provide perceptivity into the
selected GMPEs (Stewart et al. 2015). The main
objective of using these charts is to identify devia-
tions related to nonphysical behaviour and to assist
in choosing the appropriate models to address the
epistemic uncertainty. The trellis charts are pre-
pared for rock site condition (i.e., Vszo = 800m/s)
for all the four GMPEs.

Figure 9 depicts PSA trellis chart for My, = 5,
6 and 6.4 and Ry, = 10, 35 and 100 km using the
selected GMPEs. The variability between attenua-
tion models is much greater at short period for all
magnitude and distance combinations. The same
is also observed for large magnitude at short dis-
tance, which is obvious for the reason that available
strong-motion data from large magnitude earth-
quakes at short distance is generally less. Different
GMPEs have maximum spectral acceleration at
different time periods because different functional
forms and datasets are used by different devel-
opers. The NDMA2010 and G16 models predict
consistently high values of PSAs for all magni-
tude and distance combinations as compared to
ASB2014 and BSSA2014, which include relatively
large databases.

Figure 10 shows attenuation of selected GMPEs
against distance for PSA at three oscillator periods
T =0 (PGA), 0.3 and 1.0 s and My, = 5, 6 and
6.4. All the models exhibit magnitude dependent
attenuation. The effect of the inelastic attenua-
tion can be seen from curvature in the attenuation
trends. The BSSA2014, NDMA2010 and G16 mod-
els exhibit inelastic attenuation from 10 to 100 km,
whereas ASB2014 does not exhibit this property.
These observed inelastic attenuations are clearly
apparent for PGA and 0.3 s PSA, but at 1.0 s PSA
it is not apparent.

Figure 11 depicts magnitude scaling of selected
GMPEs for Ry, = 10, 35 and 100 km and oscil-
lator periods T' = 0, 0.3 and 1.0 s. The models
NDMA2010 and ASB2014 suffers from magnitude
saturation (i.e., linear scaling of PSA with M,
over considered range) because of which they can
give unreasonably high or low ground-motions at
the boundaries of interested magnitude and dis-
tance combinations (Stewart et al. 2015).
Magnitude saturation effects are well established
by models BSSA2014 and G16. These observations
coming from the trellis charts are used in assign-
ing the weights to the GMPEs in the logic tree
framework.
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Figure 9. Trellis charts showing predicted PSAs for selected GMPEs for My, = 5, 6 and 6.4; Ry, = 10, 35 and 100 km.

6. Hazard computations

The classical Cornell-McGuire (Cornell 1968;
McGuire 2004) approach is employed in hazard
computations. According to Baker and Gupta
(2016), the annual frequency () that some ground-
motion intensity measure (IM) (for e.g., PGA,
PSA) exceeds a selected ground-motion level z at
a site is computed as follows:

AIM > z) = Y XM; > Minin)
i=1
Mmax T"max

X / /P(IM>x\m,r)

Mmin 0

(1)

X fai(m) fri(r) dmdr

where ngource 18 the number of earthquake sources
considered, Mpyi, is the minimum magnitude of
interest, and for source 4, the magnitude and
distance distribution is indicated by M;, R;,

respectively, fan(m) and fg;(r) are the probability
density functions (PDFs) for magnitude and dis-
tance of an earthquake on source i, respectively and
A(M; > mypiy) is the annual seismic activity rate
above the threshold magnitude m,,;;, on source 1.
The terms A(M; > Muin), fui(m) and fgi(r) con-
stitute the seismic source characterization (SSC)
part of the calculation. The term P(IM > x|m,r)
is the GM characterization part of hazard calcu-
lation; it is the conditional probability that an
earthquake of magnitude m at distance r from the
site produces a ground motion intensity measure
IM > z. The above-described PSHA methodology
is implemented in the code CRISIS 2014 (Ordaz
et al. 2011), which is used for hazard computations
in the current study.

7. Logic tree

The quantification of uncertainty is crucial in
PSHA. There are two kinds of uncertainty namely,
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Figure 10. Trellis charts showing distance decay for selected GMPEs for My, =5 6 and 6.4; T = 0, 0.3 and 1 s.

epistemic uncertainty and aleatory uncertainty, the
latter also called random uncertainty. Aleatory
uncertainty is natural randomness in earthquake
occurrence (size, location and time) and ground-
motion generation, which are addressed by PDFs
that are directly integrated into hazard calculation.
It is the result of simplified modelling of complex
process, which cannot be reduced by additional
collection of data unless including more predic-
tive parameters. Epistemic uncertainty is scientific
uncertainty in the simplified model of the earth-
quake process, which can be reduced by additional
collection of data. It is addressed traditionally by a
logic tree (Kulkarni et al. 1984), in which alterna-
tive models are placed on different branches and
assigned the weighting factor which reflects the
confidence of expert on those models. A seismic
hazard is evaluated for each end branch with total
weighting factor equal to product of the weights
on the branches leading to the corresponding

end branch. Thus, epistemic uncertainty leads to
family of hazard curves with weights that sum
to unity. From this family of curves, the ana-
lyst can calculate mean hazard curve (McGuire
2004).

In the present study, a logic tree with 32
branches (figure 12) has been constructed: it con-
sists of two seismogenic zoning scenarios (SZI
and SZIT), two earthquake catalogue complete-
ness analysis methods (Visual cumulative, VC and
Stepp), two maximum cut-off magnitudes (M1
and M2) and four GMPEs (ASB14, BSSA14, G16
and NDMA10). The assigned weighting factors
are also shown in figure 12. Equal weights are
assigned to the two seismogenic zoning scenarios
and maximum magnitudes because there is no rea-
son to prefer one alternative over the other. The
completeness analysis method based on CUVI has
been given a slightly higher weight (0.6) over the
Stepp method (0.4). After thorough observation of
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Figure 11. Trellis charts showing magnitude-scaling for selected GMPEs for My, = 5, 6 and 7; Rj, = 10, 30 and 100 km.

the trellis charts and comparisons of GMPEs with
strong-motion records (see section 5.2.1), the mod-
els BSSA14 and G16 are assigned a weight of 0.3
each, and a weight of 0.2 each is assigned to models
NDMA10 and ASB14. The sum of the probabilities
of all branches connected to a terminal node must
be one (1.0).

8. PSHA results and discussion

8.1 Seismic hazard curves

A key outcome of PSHA is the seismic hazard
curve, which is the relationship between the prob-
ability of exceedance (PE) and intensity measures
(IM) such as PGA and PSAs within a specified
time interval. Figure 13 shows the mean hazard
curves of PGA and PSAs at T'= 0.05,0.1,0.5, 1.0 s
obtained at the archaeological site of Gol Gumbaz
in Vijayapura.

8.2 Uniform hazard spectrum

Uniform hazard spectrum (UHS) is PSA ordinates
with the same probability of exceedance for a
considered time span. The UHS is a common result
of the PSHA, often used in response spectrum anal-
ysis of structures or as the target spectrum for
acceleration time-history selection and scaling. The
uniform hazard spectra (UHS) for 5% damping
with return periods of 72, 224, 475, 975 and 2475
years at level and stiff /rock ground conditions for
the horizontal component of ground motions are
derived from the hazard curves (refer figure 14;
table 4).

From table 4, it can be observed that PGA and
PSA values for 475- and 2475-yr return periods
obtained by NDMA (2010) are less in comparison
to the present results. The main reason for this
underestimation can be attributed to the use of a
single GMPE, which is based on the finite source
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Figure 13. Seismic hazard curves for Gol Gumbaz site for
different intensity measure levels.

attenuation model. The isoseismal map of Killari
during 1993 M, = 6.4 earthquake (refer figure 2)
shows that the present site had experienced an
intensity of VI on the MMI scale. According to

the correlation of Trifunac and Brady (1975), the
equivalent PGA for VI intensity is 0.067 g, which
is in close agreement with the PGA for 475-yr RP
obtained in this study. Table 5 gives the PGAs at
the site calculated from different GMPEs due to
Killari 1993 M,, = 6.4, and maximum earthquake
considered (Mpyax) in the study region (M, = 6.9).
Table 5 also compares equivalent PGA of Kil-
lari 1993 earthquake with PGAs obtained from
GMPEs.

The 475-yr RP hazard level is considered as rep-
resentative of moderate events that are reasonably
likely to affect the structure in its design life, which
is often designated as the design basis earthquake
(DBE). The 2475-yr RP hazard level represents
the most severe earthquake effects considered for
important structures, which is often designated
as the maximum considered earthquake (MCE).
Vijayapura lies in Zone III of Indian seismic code
(IS: 1893 Part 1 2002) where the expected PGA for
DBE and MCE, are 0.08 and 0.16 g, respectively.
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Figure 14. Comparison of the median horizontal UHS for different return periods and DBE and MCE elastic response

spectra as per BIS 1893 (2002).

Table 4. Comparison of PSAs (g) of the present study with NDMA and IS: 1893 for different return periods.

Present study

NDMA (2010)

IS: 1893 Part 1 (2002)

T=0 02 0.5 1 T=0 0.2 0.5 1 T=0 02 0.5 1
RP (year) PGA PSA PSA PSA PGA PSA PSA PSA  PGA PSA PSA PSA
72 0.029 0.060 0.024 0.010 - - - -
224 0.054 0.110 0.044 0.019 - - - -
475 0.074 0.152 0.063 0.028 0.014 0.0175 0.0087 0.0042 0.08 0.2 0.16 0.08
975 0.101 0.211 0.089 0.039 - - - -
2475 0.142 0.303 0.134 0.059 0.0267 0.0333 0.0173 0.0088 0.16 0.4 0.32 0.16

Table 5. PGAs (g) at site calculated from different GMPEs due to Killari 1993

My, = 6.4 and Mmax = 6.9 earthquake.

R = 160 km NDMA2010 G16 ASB2014 BSSA2014 Isoseismal
M,, =64 0.0267 0.0332 0.0075 0.0078 0.067
M, =6.9 0.0464 0.0589 0.014445 0.0115 -

The DBE and MCE of IS: 1893 Part 1 2002 can be
associated with 475- and 2475-yr RPs respectively,
though the current code definition is not probabilis-
tic in nature. Figure 14 and table 4 also compare
the UHS for 475- and 2475-year RPs at the site
with the elastic design code spectra for DBE and
MCE, respectively. It is seen that the PGA val-
ues compare well with the present results. However,
at longer structural periods, IS code recommends
higher spectral accelerations. The present results
are in close agreement with some of the previous

PSHA studies carried out for different regions of
PI (e.g., Jaiswal and Sinha 2007 for PI; Menon
et al. 2010 for Tamil Nadu; Corigliano et al. 2012
for Kancheepuram in southern India).

8.3 Disaggregation

The integrative process of PSHA is incapable of
directly providing the parameters characterizing
an earthquake (e.g., acceleration time-histories)
that are representative of the computed hazard.



J. Earth Syst. Sci. (2018) 127:16

(8)

Page 17 of 24 16
(b)

=
=
=

=

.00

fsuaq fanaeacid

=
2
=

00057

fysuan fypoeaoid

Figure 15. Disaggregation of hazard. For 475-yr RP: (a) PGA, (b) PSA at T = 0.5 s; for 2475-yr RP: (c) PGA, (d) PSA

at T = 0.5 s.

This drawback is described by McGuire (1995)
as the loss of design earthquake concept, which
is addressed by the disaggregation process. The
disaggregation analysis is a crucial step in defin-
ing driving scenarios (magnitude and source to
site distance pairs) as outlined in Bazzurro and
Cornell (1999). Disaggregation results depend on
intensity measurement and hazard level considered,
i.e., the ordinates of UHS at different oscilla-
tion periods will produce different disaggregation
results. Figure 15 shows the disaggregation results
of the seismic hazard for 475- and 2475-yr RPs
for PGA and PSA at 0.5 s. For a 475-yr RP,
small to moderate magnitude earthquakes (M, =
4.75—5.25) occurring at short distances (Rjp =
5—50km) will contribute to the hazard in terms
of PGA and PSA at 0.5 s (figure 15) at the archae-
ological site of Gol Gumbaz, Vijayapura. For a
2475-yr RP, slightly higher magnitude earthquakes

(My, = 5.75—6.25) at short distances (Rj, =
5—50km) will contribute to the hazard at the site.
Therefore, the controlling scenario earthquake for
the Gol Gumbaz site can be taken as My, = 4.8—6.3
occurring at distances, Ry, = 5—50 km.

9. Deterministic seismic hazard analysis

Deterministic seismic hazard analysis (DSHA) is a
special case of PSHA in which a few controlling
earthquake scenarios (combination of magnitude
and source-to-site distance) are considered. In the
present study, three scenario earthquakes are con-
sidered based on the disaggregation results and
earthquake catalogue: an earthquake representa-
tive of low seismicity with M,, = 4.8 at distance
of 10 km; an earthquake representative of mod-
erate seismicity with M,, = 6.3 at a distance of
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Figure 16. Comparison of the horizontal acceleration spec-
tra (5% damping) selected based on deterministic approach
with UHS of 475 and 2475 years RP.

60 km and maximum earthquake considered in
the controlling area of study region, i.e., My, =
6.9 at 160 km (i.e., the epicenter of 1993 Killari
earthquake from the site). Figure 16 shows a com-
parison between horizontal acceleration spectra
(5% damping) calculated based on the determin-
istic approach and horizontal UHS of the 475 and
2475 yrs RP. The GMPEs and their weights uti-
lized in the PSHA have been used to calculate the
horizontal acceleration spectra (5% damping). The
effect of aleatory variability in the ground-motion
prediction, normally presented as a fraction of € of
the standard deviation of the GMPE, may play an
important role in comparing the results of PSHA
and DSHA (Sabetta 2013). There are no specific
guidelines given in the literature about the frac-
tion of sigma to be used in the DSHA to account for
the aleatory variability in the ground-motion pre-
diction (Bommer and Abrahamson 2006; Sabetta
2013). Since small magnitude earthquakes are more
likely to occur in the study region, we have used
1 sigma (i.e., ¢ = 1 corresponds to 16% chance
of exceeding the ground-motion at the site if the
selected scenario earthquake occurs) for the earth-
quake scenario of My, = 4.8 at 10 km distance. For
the remaining two scenarios, we have considered
0.5 sigma. The basic difference between the DSHA
and PSHA is that the former considers just one
(or sometimes a few) magnitude-distance-epsilon
(M-D-¢) scenario, whereas the PSHA calculates the
rate at which different levels of ground-motion are
exceeded at the site by considering the effects of all
possible combinations of M, D and & (Bommer and
Abrahamson 2006).
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10. Spectrum-compatible natural
ground-motions

The performance-based design philosophy requires
earthquake time histories as input for linear and
nonlinear response history analysis of any engi-
neering system subjected to earthquake excitation.
The response history analysis (RHA) predicts more
efficiently the hierarchy of failure mechanisms,
the energy absorption, force redistribution phe-
nomena that result from gradual plastic hinge
formation in a structure and contact issues (Kat-
sanos et al. 2010; Sextos 2014). It is also used
in the case of significant material nonlinearity.
Earthquake time histories typically selected and
scaled to be consistent with the UHS obtained from
the PSHA, over the desired period range. Seismic
safety assessment of existing structures and seis-
mic design of new structures usually require at
least seven to eleven acceleration time-histories, as
prescribed by some seismic codes (e.g., Eurocode
8; FEMA 2012). The results of disaggregation
analysis for the Gol Gumbaz site has provided
controlling scenario earthquakes having magni-
tude and distance ranges as M,, = 4.8—6.3
and Rj, =10—60km, respectively. These control-
ling scenario earthquakes along with geological
characteristics of the accelerometric station (i.e.,
Vszp = 760—1500m/s) are used in preselecting
15 time-history records from the Pacific Earth-
quake Engineering Research Center (PEER) Next
Generation Attenuation (NGA) West-2 Ground
Motion database (http://ngawest2.berkeley.edu/).
Six compatible time-history records from NGA
East Ground Motion Database (http://ngawest2.
berkeley.edu/) have been preselected. Since NGA
East has a limited number of earthquake ground
motions from the seismic activity, restrictions on
restrictive on Vsgo and Rj, were eased (Bom-
mer and Acevedo 2004; Haselton et al. 2017).
A further refinement is performed by additional
criteria as discussed in Zimmaro (2015) to con-
strain the choice of the suite of ground-motions
to 11.

(i) Removal of pulse-like motions: The observa-
tion of pulse-like motions due to near-fault
rupture is highly unlikely in the study area;
hence, these were removed from the prese-
lected ground-motions list.

(ii) No multiple inputs from same events: Only
a single record is selected from a particular
earthquake event.


http://ngawest2.berkeley.edu/
http://ngawest2.berkeley.edu/
http://ngawest2.berkeley.edu/
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Table 6. Selected horizontal ground motion components.
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(iii)

(vi)

(vii)
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Lowest usable frequencies (longest usable
period): Wang et al. (2015) recommended that
“selected records should possess lowest usable
frequencies equal to or lower than the lowest
frequency of interest”. In the present study,
ground motions with a lowest usable frequency
equal or lower than of 0.4 Hz have been cho-
sen.

No outlier motions: The mean spectrum of
suite of acceleration time-histories that match
well with the target spectrum may include
ground-motions whose individual
spectra fall far above or below the mean at
some periods. Such outlier motions must be
removed because they significantly affect the
nonlinear response (Kramer et al. 2012).
Time domain linear scaling: There will be a
significant effect of scaling on the selected
ground motion. Uniform time-domain linear
scaling is adopted in order to reduce the
scaling induced modifications in the selected
ground-motions. In the present study, the scal-
ing factor (SF) is set in the range of 0.2-4.0
for NGA West-2 and in the range of 0.2-18,
for NGA East.

Spectral matching period range: The
National Institute of Standards and Technol-
ogy (NIST) published a report (NIST 2011)
on selecting and scaling earthquake ground
motions for performing response history anal-
yses, which recommends the use of a period
range or interval for scaling ground motions
consistent with the UHS. However, no period
range is given for masonry structures, hence
in the present study, we used the period range
(T') between 0.05 and 1s since most structural
periods of brittle masonry structures should
be expected to fall in this range.

Mean squared error (MSE): It measures
quantitatively how well the selected accelero-
grams matches with the chosen target spec-
trum over the selected period range. The MSE
is computed using equation (2) over a user-
defined period range of interest.

MSE =
22 w(T){In[Sararget (T;)] = In[SF - Sarecora (T1)]}*

> w(Ty)
(2)

where SF' is a linear scale factor, used to apply
for the whole response spectrum of the record, T;
is the ith period and w(T;) is a weight function
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Figure 17. (a) The target spectrum for 475-yr RP and the mean and standard deviation response spectra of the suite and
(b) elastic response spectra of the 11 selected and scaled accelerograms along with the target spectrum.
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Figure 18. Selected 11 unscaled natural accelerograms corresponding to the UHS of 475-yr RP.

used to allot relative weight to different portion
of the interested period range. The trivial case of
w(T;) = 1 is used to assign the weight for all
the period of interest, i.e., from 0.05 to 1s. The
MSE provides a measure of the misfits between the
spectral acceleration of the selected record and of
the target spectrum, calculated using logarithms
of spectral period and spectral acceleration. The

actually recorded acceleration time-histories,
selected to match the target spectrum of the 475-yr
RP, are listed in table 6, with the MSE, SF, PGA
and predominant perlod (Tp). The average Values
of MSE and SF are 0.182 and 3.46, respectively.
Figure 17(a) shows the UHS (i.e., target spec-
trum) for the 475-yr RP obtained from the PSHA
and the mean and mean+1standard deviation (sd)
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response spectra of the suite for structural damp-
ing ratio 5%. The elastic response spectra of the 11
natural accelerograms corresponding to the 475-yr
RP along with the target UHS are shown in fig-
ure 17(b). The corresponding unscaled 11 natural
accelerograms are shown in figure 18.

11. Conclusions

A comprehensive PSHA has been carried out for
the archaeological site of Gol Gumbaz in Vijaya-
pura, south India in order to obtain hazard-
consistent natural accelerograms. Significant
improvements in the PSHA have been made by
adopting updated and homogeneous earthquake
catalogue of the study area, new seismogenic source
models and recently developed state of the art
GMPE models. The quantitative enhancement of
the historical earthquake information should be
given a top priority in the future to have higher
quality predictive computations in the future. The
GMPE models are selected by comparing with a
few recorded ground motions available for the PI
and from the observations obtained from the trellis
plots. These plots are used to assign the appro-
priate weights to the branches of the logic tree.
The processing of all the above data with the CRI-
SIS2014 program using the logic tree approach has
led to a set of different outputs, representative of
the seismic hazard at the site.

Results of the PSHA consist of horizontal hazard
curves and UHS at the site for reference return
periods of 72, 224, 475 and 2475 years on the
rock/stiff and level ground condition. The horizon-
tal PGA values obtained from the mean hazard
curves of the logic tree at the site with 10% and
2% probabilities of exceedance in 50 years are
0.074 and 0.142 g, respectively. The spectral ordi-
nates of the present study are comparable with
the Indian code defined spectral ordinates (DBE
and MCE) at short periods (0-0.125 s), whereas
at long periods the code specifies higher values.
The distance between source and site plays an
important role, since much more active but remote
area sources such as Koyna, Killari region do
not impact the hazard. Based on the disaggrega-
tion of PSHA results for PGA and PSA at T=
0.5s, it is seen that the controlling scenario earth-
quakes for the study area are in the range of
My, = 4.8-6.3 and Ry, = 10—60km. Compu-
tations related to the evaluation of spectrum-
compatible natural ground-motions recorded on
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rock (i.e., Vg30=760—1500m/s) sites have been
conducted for 10% probability of exceedance which
corresponds to the UHS of 475-yr return period.
Based on the pre-set selection criteria, a suite of
11 recorded acceleration time-histories are selected
to match the target spectrum corresponding to the
UHS of 475-yr RP, details of which are provided in
the paper. These acceleration time-histories play
a crucial role in the seismic risk estimation and
design of seismic retrofit or strengthening measures
for heritage structures.

Though the study is focussed on the application
of internationally accepted approaches for seismic
hazard assessment, the paper provides a method-
ology to arrive at different forms of seismic input
required for structural assessment, that could be
adopted for a region characterised by low to mod-
erate seismicity, but with past seismic activity not
too far away, and with almost no instrumental
record of earthquakes.
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