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Abstract.

4- and 8-storey reinforced-concrete frame buildings are analyzed under the suites of the near-fault pulse-like, and

the corresponding spectrally equivalent far-fault ground-motion records. Seismic fragility curves for the slight, moderate,
extensive, and complete damage states are developed, and the damage probability matrices, and the mean loss ratios
corresponding to the Design Basis Earthquake and the Maximum Considered Earthquake hazard levels are compared, for the
investigated buildings and sets of ground-motion records. It is observed that the spectrally equivalent far-fault ground-motion
records result in comparable estimates of the fragility curve parameters, as that of the near-fault pulse-like ground-motion
records. As a result, the derived damage probability matrices and mean loss ratios using two suites of ground-motion records
differ only marginally (of the order of ~10%) for the investigated levels of seismic hazard, thus, implying the potential for
application of the spectrally equivalent ground-motion records, for seismic fragility and risk assessment at the near-fault sites.
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1. Introduction

The Indian Himalayan region, starting from Jammu and
Kashmir in the North, to the Arunachal Pradesh in the North
East is considered to be one of the most tectonically active
regions of the world. The Indian Himalayas and its
adjoining regions are seen from a geological perspective,
relatively young geological formations, which produced
several devastating earthquakes in the past century
including, 1934 Nepal Bihar earthquake (M,=8.0), 1950
Assam-Tibet earthquake (M,=8.6), 1986 Dharamshala
earthquake (M,=5.5), 1991 Uttarkashi earthquake
(M,=6.8), 1999 Chamoli earthquake (M,=6.8), 2005
Kashmir earthquake (M,~7.6), 2011 Sikkim earthquake
(M,=6.9), and 2016 Manipur earthquake (M,=6.7). This
region is mostly characterized by high seismicity, with a
majority of the underlying area falling under the category of
the seismic zones IV and V, with an Effective Peak Ground
Acceleration (EPGA) of 0.24 g and 0.36 g, respectively
(BIS 2016a). The Indian Himalayan region has active faults
located within a few kms away (typically ranging between
0-30 kms) from sites at many locations (e.g., Mussoorie site
in Uttarakhand, located in close proximity of the Main
Boundary Thrust). Ambraseys and Douglas (2000) reported
that categorization of a near-fault site not only depends on
the closest distance from the site to the fault rupture (7), but
it also depends on magnitude of the earthquake. However,
in literature, closest distances between the site to the fault
rupture even up to 60 kms, and independent of the size of
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the earthquake event (i.e., magnitude) are frequently
employed (e.g., Stewart et al. 2002, Bazzurro and Luco
2006, FEMA P695 2009) to categorize the near-fault sites.
Thus, based on this categorization, many sites in the Indian
Himalayan region fall under the category of the near-fault
sites.

World-over ground motions recorded in the near-fault
region, under some of the recent past earthquake events
(e.g., 1994 Northridge earthquake, 1995 Kobe earthquake,
and 1999 Chi-Chi earthquake) are distinctly noticeable,
from those recorded in the far-fault region. Sometimes, at
near-fault sites, high amplitude acceleration or velocity
pulses are observed, which usually occurs in the fault
normal component of the ground-motion record. These
types of ground motions are classified as “near-fault pulse-
like” ground motions. These strong pulses in ground
motions are observed at the sites, where the rupture velocity
is close to the shear wave velocity, and this effect is termed
as “forward directivity effect” (Somerville et al. 1997). As a
consequence of the presence of strong velocity pulses, a
significant proportion of the energy of the ground-motion
arrives in a single burst at the site, and usually at the
beginning of the ground-motion record (Somerville et al.
1997). It has been noticed (e.g., Kumar et al. 2016) that the
presence of these velocity pulses, in general lead to
amplified spectral demands for spectral periods in close
proximity to the pulse period (7},). Further, in some cases,
even for the very same ground-motion record, these pulse
effects are observed to be very different in the different
orientations of the ground-motion, and this effect is termed
as “directionality effect” (Shahi and Baker 2014).

Due to the combined effects of the scarcity of the
ground-motion recording stations, and limited duration of
the installation of a dense network of strong-motion
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recording stations (e.g., mostly installed after 2004, please
see, Kumar et al. 2012) for the Indian Himalayan region,
very limited records with these pulse-like characteristics
have been identified explicitly. Kumar et al. (2016)
identified the presence of the strong velocity pulses in a
very few of the ground motions recorded in the Himalayan
region (e.g., 1986 Dharamshala earthquake at ‘Shahpur’
station, 1991 Uttarkashi earthquake at ‘Bhatwari’ station,
1999 Chamoli earthquake at ‘Gopeshwar’ station) in the
recent past. As a result of the aforementioned facts, the
likelihood of the occurrence of the near-fault pulse-like
ground motions cannot be completely disregarded, in the
context of the Indian Himalayan region.

Significant research efforts have been given in the
recent past to characterize the pulse-like ground motions
(e.g., Baker 2007, Zamora and Riddell 2011, Chang et al.
2019). Ansari ef al. (2018) evaluated the effect of vertical
component of near-fault ground motions on seismic demand
experienced by columns. Some studies (e.g., Mavroeidis et
al. 2004, Bazzurro and Luco 2006, Tothong and Cornell
2008) identified the effects of pulse-like ground-motion
characteristics (i.e., the amplitude of the pulse, the pulse
period, 7,, and the number of half cycles) on the structural
response, whereas, the others (e.g., Ruiz-Garcia 2011,
Iervolino et al. 2012) focused on estimation of the inelastic
displacement ratios for the pulse-like ground motions and
compared seismic response of moment resisting frame
buildings, under the pulse-like and the far-fault (ordinary)
ground-motion records (e.g., Akkar et al. 2005, Alavi and
Krawinkler 2004, Mansouri ef al. 2019). These studies (e.g.,
Akkar et al. 2005, Alavi and Krawinkler 2004, Mansouri et
al. 2019) identified that the pulse-like ground motions
impose higher demands on the structures, as compared to
the far-fault ground motions. Champion and Liel (2012)
assessed collapse risk of reinforced-concrete (RC) frame
buildings subjected to near-fault pulse-like ground motions,
and showed that pulse-like ground motions exhibit on
average 6% collapse risk in 50 years, which was observed
to be six times higher than targeted risk for seismic design
of ordinary buildings, in the United States building code.
One of the major reasons for the aforementioned
observations could be attributed to characteristically
different spectral shape of the pulse-like ground motions as
compared to their counterpart far-fault ground motions.

Recent studies (e.g., Baker and Cornell 2006, Haselton
et al. 2011) showed the severe impact of the spectral shape
of the ground-motion records in the seismic fragility
assessment. For example, FEMA P695 (2009) suggested the
enhancement in the collapse capacity up to 60%, due to
spectral shape effects, for some sites in the United States.
To consider the effect of spectral shape of ground-motion
records in structural response estimation and seismic
fragility assessment, the advanced ground-motion selection
techniques such as Conditional Mean Spectrum (CMS,
Baker 2011), Conditional Spectrum (CS, Jayaram et al.
2011), and Generalized Conditional Intensity Measure
(GCIM, Bradley 2010) consistent with the site-specific
seismic hazard analysis have been developed over the past
decade. Most of these ground-motion selection techniques
are structure, and site-specific in nature. As an alternative to

these ground-motion selection techniques, Eads et al. (2015,
2016) developed the advanced ground-motion intensity
measure (IM), e.g., Sqagdefined as the geometric mean of
spectral acceleration over a period range between 0.27 and
3T (here, T is the fundamental period of the building).
These ground-motion selection techniques were developed
for the far-fault sites, and later on modified to select ground
motions, even for the near-fault sites with pulse-like effects
(e.g., Chioccarelli and Iervolino 2013, Almutfti et al. 2015).
Recently, Kohrangi et al. (2019) underlined that accuracy
and practicality in the near-fault seismic risk assessment can
be ensured, if pulse-like ground motions are selected based
on the 7, distribution obtained from the hazard
disaggregation at given value of Sy avg.

The existing studies related to development of the
seismic fragility functions for RC frame buildings (e.g.,
Haldar and Singh 2009, Haldar et al. 2012) for the Indian
Himalayan region are based on nonlinear static analysis
based ‘Capacity Spectrum Method’ and do not account for
the special characteristics (e.g., the pulse period, 7, and the
spectral shape) of the pulse-like ground-motion records.
Further, the reported studies in the literature are limited to
the comparison of the drift demands (Akkar et al. 2005,
Alavi and Krawinkler 2004) and the collapse risk
assessment (Champion and Liel 2012). Further, the above
discussed ground-motion selection techniques for choosing
the near-fault pulse-like ground motions (e.g., Chioccarelli
and Iervolino 2013, Kohrangi et al. 2019) are difficult to
implement in the regional seismic fragility and risk
assessment studies, particularly, due to following reasons:
(i) multiple constraints for selection of ground motions
(e.g., accounting for the spectral shape through Sgave
dependent on the spectral period of interest, and at the same
time maintaining 7, distribution), (ii) selection of ground
motions for multiple hazard levels (to capture full
probabilistic distribution of IM and engineering demand
parameter (EDP) for various damage states, e.g., slight,
moderate, extensive and complete), and (iii) limited
availability of the recorded near-fault pulse-like ground
motions. In addition, only very limited regional ground-
motion prediction equations are available so far for the
advanced IM such as S, g (Which accounts for the spectral
shape of the ground-motion). Therefore, performing seismic
hazard analysis in terms of S, is also not possible in all
the cases, thus, also restricts the applicability of the
available ground-motion selection procedures, based on
Saavg in the most parts of the world. As a result of these
limitations, the simple and alternative methods for practical
application in seismic fragility and risk assessment for the
near-fault sites are to be investigated and explored.

Based on the aforesaid discussions, the present study
aims to investigate the potential of spectrally equivalent
ground motions in seismic fragility assessment at the near-
fault sites, as an alternative to the near-fault pulse-like
ground motions. Accordingly, the regular in configuration,
RC moment resisting frame buildings with 4- and 8-storeys,
with different plan dimensions in the two orthogonal
directions are considered. These buildings are analyzed
under two different suites of the ground-motion records,
i.e., the near-fault pulse-like ground-motion record suite and
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the corresponding spectrally equivalent ground-motion
record suite, with each suite having 192 horizontal
components of the ground motions. The seismic fragility
curves for ‘slight’, ‘moderate’, ‘extensive’ and ‘complete’
damage states are developed, in terms of two different
physical ground-motion IMs, i.e., S«7, 5%), and S,ug
(0.27-3T, 5%), hereafter referred as S, and Siavg
respectively. The obtained sets of seismic fragility curves
from both the suites of ground-motion records are
compared. The developed fragility curves in terms of Sa for
investigated cases of the buildings are further used to
estimate and compare the damage probability matrices
(DPMs) and the mean loss ratios (MLR), corresponding to
the Design Basis Earthquake (DBE) and the Maximum
Considered Earthquake (MCE) hazard levels.

2. Seismic fragility assessment

In the literature, a variety of methods have been
developed for seismic fragility assessment. The developed
methods differ from each other based on the fact that how
the correlation between the ground-motion IM and physical
damage is considered. These methods of seismic fragility
assessment includes: (i) the empirical methods (e.g.,
Rossetto and Elnashai 2003, Jaiswal et al. 2011, Magsood
et al. 2016) which mostly relies on the collected damage
data from the past earthquakes, in conjunction with
intensity scales such as Modified Mercalli Intensity (MMI,
Wood and Neumann 1931) to include the severity of
ground-motion records, and (ii) the analytical methods (e.g.,
Singhal and Kiremidjian 1996, Rossetto and Elnashai 2005),
which can vary from simple nonlinear static method (e.g.,
Capacity spectrum method) to the cumbersome nonlinear
dynamic analysis based stripe analyses (e.g., multiple stripe
analysis), which generally uses the physical ground-motion
parameters (e.g., peak ground acceleration, PGA, 5%-
damped spectral acceleration at the fundamental mode
period, S, etc.) as the ground-motion IM. In absence of the
damage data from the past earthquakes or limited
availability of damage data, a combination of the empirical
and analytical approach can also be implemented, and often
referred as hybrid approach (e.g., Barbat et al. 1996,
Kappos et al. 1998, Lang 2013).

Though, empirical methods are considered to be the
most practical and suitable method of seismic fragility
assessment, the unavailability of the damage data from the
past earthquakes in the Indian Himalayan region and its
systematic documentation makes it very challenging for its
practical application (Haldar and Singh 2009). Thus, the
analytical methods of fragility assessment serve as one of
the viable option for the regional seismic risk assessment.
The analytical methods of seismic fragility assessment
involve the application of the one of the following
approaches on the estimated IM and EDP relationships from
dynamic structural analyses: (i) Method of Least Square
(LS), (i) Method of Maximum Likelihood Estimation
(MLE), and (iii) Method of Sum of Squared Error (SSE), to
establish a probabilistic relationship between the ground-
motion IM and the EDP. In case of the LS approach, the

relationship between IM and EDP is pre-defined in the form
of a power law, whereas, the MLE approach does not
assume any pre-defined relationship, and thereby, MLE
approach is considered to be more suitable for the cases
where the dynamic analysis results are constrained (Gehl et
al. 2015). Further, in case of the LS approach, the assumed
power law can also vary over the various damage states e.g.
piece-wise LS regression for different damage states
(Carausu and Vulpe 1996). Furthermore, the LS approach
utilizes the complete information from the dynamic analysis,
whereas the MLE utilizes the information from dynamic
analyses in the form of binary outputs only, e.g. damage or
no damage (Kim and Shinozuka 2004, Zenter 2010), and
thus, results in the loss of the exact information, with
respect to the extent of damage. Gehl ef al. (2015) reported
that using the LS approach, the convergence of the
analytical fragility curve to a reference fragility curve can
be achieved, even using only a few dozen of ground-motion
records.

In the present study, to obtain the seismic fragility curve
parameters for different damage states, ground-motion
suites and ground-motion IMs, the IM-EDP response
obtained for nonlinear dynamic analyses is used in
conjunction with piece-wise LS regression method. The
boundaries of different damage states are defined based on
the maximum inter-storey drift thresholds (as defined later
in this article). For example, to perform piece-wise LS
regression for ‘moderate’ damage state, IM-EDP pairs (in
each of the investigated cases atleast 40 in number) falling
between the maximum inter-storey drift thresholds
corresponding to the ‘slight’ and ‘extensive’ damage state
are considered, and the median and standard deviations are
computed.

3. Numerical study

Extensive field surveys conducted in the two popular
tourist destinations (i.e., Mussoorie and Nainital) of the
Indian Himalayan region reveals that RC frame buildings is
the most often observed building typology (Surana et al.
2018) in this region. Accordingly, to conduct the present
study, RC moment-resisting frame buildings, with a generic
building plan representative of the typical (average)
characteristics (in terms of the number of bays, bay widths
etc.) of existing housing stock in the Indian Himalayan
region is chosen (Surana 2019) and the corresponding plan
details are shown in Fig. 1. Buildings with 4- and 8-storeys,
(classified under the category of mid-rise and high-rise,
respectively, as per the definition of FEMA 2002) are
considered in the present study. Based on the average height
of the storeys in the typical existing housing stock in the
Indian Himalayan region (Surana et al. 2018), the storey
height of 3.30 m is considered for all the storeys.

Numerical structural models of the considered RC
moment-resisting frame buildings are developed in the
proprietary Finite Element package ETABS 2016 (CSI
2016). 3D frame elements are used to model beams and
columns, and slabs are defined as rigid diaphragms. To
consider the cracked section stiffness for beams and
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Fig. 1 Plan of the representative buildings chosen for the
present study. All dimensions reported in the figure are in
meters. The broken lines in the floor plan along Y direction
represent the boundaries of floor slab, which are assumed to
be rigid in its own plane

columns, ASCE 41 (2013) guidelines are used. Gravity
loads on the buildings are modelled based on the guidelines
recommended in the Indian Standards (BIS 1987a, 1987b).
The buildings are designed for Indian seismic zone IV (at
rock site) as Special Moment Resisting Frames (with a
‘response reduction factor’ of 5) and detailed as per the
recommendations of the Indian Standard (BIS 2016b). The
design seismic hazard in Indian seismic zone IV
corresponds to short-period design spectral acceleration, Sps
= 0.45 g and design spectral acceleration at 1s, Spi=0.18 g,
respectively. The considered design spectral ordinates for
the investigated buildings are comparable with seismic
design category C in the United States. The design base
shear coefficients for 4- and 8-storey buildings are 0.065
and 0.040, respectively. P-delta effects (second order) are
considered in both analysis and design. The sizes of the
structural elements (i.e., beams and columns) are chosen
consistent with the design practice in the high seismic zones
of India, ie., Northern and Northeastern India, and
structural members are proportioned to result in
longitudinal reinforcement between 0.75 - 1.5% (on each
face) for beams, and 2 - 4% for columns. The modal
analysis of the considered buildings resulted in the
fundamental (translational mode) periods of 4-storey
building equal to 1.21s and 1.77s in the X and Y directions,
respectively, whereas, equal to 2.60s and 4.10s, for 8-stroey
building, in the X and Y directions, respectively.

3.1 Nonlinear modelling

The considered RC moment-resisting frame buildings
are designed and detailed for capacity shear provisions,
ensuring the flexural failure of the structural elements (i.e.,
beams and columns), under seismic action. Accordingly,
in the present study, the flexural failure of the beams and
columns is modelled using the concentrated hinges, at the
ends of the structural elements. The moment (M3) hinges
for beams, and axial-flexure interacting (P-M2-M3) hinges
for columns are assigned. The backbone curve parameters
for both M3 and P-M2-M3 hinges are obtained from ASCE
41 (2013) guidelines. As ASCE 41 define backbone curves
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Fig. 2 Pulse period distribution for the chosen set of pulse-
like ground motions

based on cyclic envelopes, and hence, these curves
inherently include the strength degradation effects under
cyclic loadings. Further, to consider the stiffness
degradation effects in the successive cycles, energy based
degrading hysteretic model has been wused. The
corresponding model parameters to consider the energy
dissipation (in the pre- and post-capping range of the
backbone curves) are obtained from an earlier study
(Surana et al. 2018). The additional details related to the
calibration and derivation of the degrading hysteretic model
parameters is available in Surana ef al. (2018).

3.2 Ground-motion selection

The objective of the present study is to compare the
seismic fragility functions, discrete damage probabilities,
and loss ratios obtained from the near-fault pulse-like
ground-motion suite with the corresponding spectrally
equivalent far-fault suite and to investigate whether the
spectral equivalency alone could serve as a criterion for the
selection of ground-motion records for seismic fragility
assessment in the near-fault sites. Accordingly, in the
present study, two different ground-motion record suites,
each comprising of 192 ground motions as identified in an
ecarlier study (Kohrangi et al. 2019) are chosen. The first
suite corresponds to the near-fault pulse-like ground
motions, whereas, the second suite corresponds to the
spectrally equivalent (i.e., the spectral shape of the far-fault
ground-motion record is similar and comparable to the
corresponding near-fault pulse-like ground-motion record,
in the period range of interest) far-fault ground motions. It
is to be noted here that the pulse-like record suite consist of
natural (unscaled) records, whereas, the spectrally
equivalent records consist of the amplitude scaled records.
The spectral equivalency of the ground-motion records is
considered for the spectral periods between 0.05-6.00s
(Kohrangi et al. 2019). The chosen range of the spectral
periods appropriately considers the typical range of the
fundamental periods of the investigated set of buildings,
as well as the expected elongation in the fundamental
period of the buildings, due to inelastic response.

The moment magnitude, the closest distance, and the
PGA of the chosen set of pulse-like ground motions range
between 5.00-7.60, 0.1-92.7 kms, and 0.05-1.49 g,
respectively, whereas, the corresponding values in case of
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the spectrally equivalent ground motions range between
6.00-7.90, 7.57-198.62 kms, and 0.05-1.26 g, respectively.
It is to be noted here that the reported values of PGA in
case of the spectrally equivalent ground-motion records
correspond to scaled ground motions. The scale factors
for these spectrally equivalent ground motion records vary
between 0.21-4.96, with an average value of 2.54. The
near-fault pulse-like ground motions have the presence
of velocity pulses with a pulse period varying between
0.26-13.12s. The bin-wise distribution of the pulse
period and number of ground motions in each of the
considered bins is shown in Fig. 2. The additional details
(e.g., site class, horizontal component H1 or H2, etc.) of the
chosen sets of the ground-motion records are available in
Kohrangi et al. (2019).

Fig. 3 presents a comparison of the 5%-damped elastic
acceleration response spectra for the near-fault pulse-like
(PL) and the corresponding spectrally equivalent (SE)
ground-motion records for example cases. It is evident
that the spectrally equivalent records (scaled) compared
on one-to-one basis are comparable in spectral shape and
magnitude with their corresponding pulse-like ground-
motion records, in the spectral period range between 0.05-
6.00s. A similar degree of the comparison also exist for the
other ground motions as well, however, the plots
corresponding to those cases are not reported here for
brevity.

3.3 Nonlinear dynamic analysis

The developed structural models are subjected to uni-
directional earthquake excitations using both the suites of
ground-motion records, and the structural response in terms
of the EDP (i.e., maximum inter-storey drift ratio, MIDR) is
obtained for each of the ground-motion record, in both the
record suites. To conduct the nonlinear dynamic analyses,
Viscous damping in the building structure is assumed to be
5%, and defined as Rayleigh damping corresponding to the
fundamental mode and the mode resulting a cumulative
modal mass participation of 95%, in the direction of
excitation.

0.5 I 1 1 1

PL (510) ——
SE (3548)

04

03

0.2

S, (T, 5%)(g)

0.1

T(s)

the response spectra of the near-fault pulse-like (PL) and the corresponding spectrally equivalent
motions. The number in the parentheses represents the PEER NGA sequence number of the

4. Structural response cloud and fragility curve
parameters

Nonlinear dynamic analyses using the near-fault pulse-
like and the spectrally equivalent ground-motion record
suites are conducted and the structural response is presented
in the form of the ground-motion IM and EDP. Figs. 4 and 5
present the clouds of the structural response of the
investigated 4- and 8-storey buildings, in both directions
(i.e., X and Y), using two different ground-motion IMs, i.e.,
Sq and Sy ave, respectively. It can be observed that clouds of
the structural response are well spread in the IM-EDP plane,
and some of the ground motions even caused collapse
(shown corresponding to a drift ratio of 8%, Figs. 4 and 5)
of the investigated set of buildings. In case, when S, is
chosen as the ground-motion IM, the dispersion in IM-EDP
plane is smaller for MIDR’s up to 2% (Fig. 4), and it further
increases with an increase in the MIDR. On the other hand,
in case of the S, g, the dispersion in IM-EDP plane is more
or less uniform throughout the range of the MIDR’s. The
observed dispersion in case of Sy, is somewhat lesser for
higher values of MIDR’s (greater than 3%), when compared
with the corresponding dispersion, while S, is chosen as the
ground-motion IM. These observations can be attributed to
the facts that in case of the lower MIDR’s (e.g., up to 1%)
the structural response is nearly elastic or moderately
inelastic. As all the investigated buildings are the
fundamental mode dominated structures, their response is
well predicted by S., thus, resulting a smaller dispersion.
With an increase in the ground-motion intensity, the
dynamic behaviour of the buildings gets affected by: (i) an
increase in the contribution of the higher modes of
vibration, and (ii) elongation in the fundamental period of
the building. As a result, for the severely inelastic response
of the building structure (e.g., ‘extensive’ and ‘complete’
damage states), the ground-motion IM accounting for the
spectral ordinates corresponding to higher modes as well as
the elongated period, in general, results the smaller
dispersion.

The fragility curve parameters for all the buildings are
estimated for the different damage states (i.e., ‘slight’,
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‘moderate’, ‘extensive’ and ‘complete’), using both the
ground-motion suites and in terms of both the ground-
motion IMs, i.e., S; and Siae To estimate the fragility
curve parameters, the piece-wise LS regression technique is
applied on the obtained IM-EDP pairs. The median values
of the maximum inter-storey drift thresholds for different
damage states are defined based on the corresponding
values defined in FEMA (2002), as listed in Table 1. As the
piece-wise LS regression allows both the power law
relationship between ground-motion IM and EDP and the
dispersion, to vary for different damage states, accordingly,
the standard deviation of the error term is computed by
using a piece-wise LS regression over various damage
states. The seismic fragility curve parameters are computed
using the corresponding power law relationship as

In(EDP) = aIn(IM) + In(b), S.d. = 8. )

The median demand (ausi) and its dispersion (fusi) for
each assumed threshold (ds;), are obtained as

a, :exp(ln(d%)/a)andﬁds :/Z: 2

Table 2 presents the derived fragility curve parameters
(o, and By,;) using the method of Least Squares after
correcting as per recommendations of FEMA (2015) for
the considered 4- (mid-rise) and 8-storey (high-rise)
buildings, investigated in the present study. The adopted
correction procedure (FEMA 2015) to the seismic
fragility curve parameters modifies the median value of
IM for a given damage state and recommends to use
average value of the dispersion (obtained considering
all the damage states together), and thus ensures that
two seismic fragility curves do not intersect with each
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Table 1 Threshold values of the maximum inter-storey drift ratios for different damage states

Building Height

Damage states

Slight Moderate Extensive Complete
Mid-rise 0.33% 0.67% 2.00% 5.33%
High-rise 0.25% 0.50% 1.50% 4.00%
Table 2 Fragility curve parameters for the considered buildings
Record Building i 1M _ adsi _ Bdsi
Type Height Slight  Moderate Extensive Complete All damage states
X Sa 0.055 0.156 0.500 0.505 0.34
Mid-rise Saavg 0.048 0.121 0.303 0.360 0.44
Near-fault v Sa 0.016 0.047 0.201 0.399 0.26
pulse-like Saag  0.017 0.038 0.123 0.289 0.42
records X Sa 0.022 0.034 0.101 0.268 0.51
High-rise Sa,avg 0.022 0.028 0.065 0.177 0.66
v Sa 0.001 0.003 0.028 0.094 0.51
Saag  0.001 0.003 0.020 0.072 0.84
X Sa 0.078 0.156 0.463 0.743 0.25
Mid-rise Saag  0.056 0.111 0.298 0.602 0.33
Spectrally v Sa 0.019 0.054 0.204 0.428 0.25
equivalent Saag  0.018 0.038 0.132 0.301 0.35
far-fault X Sa 0.010 0.024 0.110 0.268 0.43
records High-rise Saag  0.005 0.015 0.073 0.182 0.53
v Sa 0.002 0.005 0.036 0.123 0.56
Saag  0.002 0.004 0.023 0.074 0.68
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other (Surana et al. 2020). The estimated fragility curve
parameters for all the investigated buildings are reported
for both the directions (X and Y) and in terms of both
the ground-motion IMs, ie., S, and S, It can be
observed that the median capacities obtained for different
damage states using two different suites of the ground-
motion records are in reasonable agreement for all the
buildings, excepting the case of 4-storey (mid-rise) building
in the X direction, and particularly for the complete damage
state. One of the major reasons for this inconsistency could
be the wide dispersion in the IM-EDP plane (Fig. 4(a))
corresponding to this damage state, thus, resulting a poor
piece-wise power law relationship between IM and EDP.
The dispersion in pulse-like and spectrally equivalent
ground motions are well comparable, especially, for the
slight and the moderate damage states, whereas, a higher
dispersion is obtained in case of the pulse-like ground
motions, especially, for the extensive and the complete
damage states, when compared with the corresponding
values obtained for spectrally equivalent ground motion
records. As average values of dispersion are reported in
Table 2 (as per the correction procedure of FEMA 2015),
therefore, the pulse-like ground motions set results in
general higher record-to-record variability, as compared to
the corresponding estimates, obtained using the spectrally
equivalent set of ground-motion records.

It is reported (FEMA P695 2009, Meslem et al. 2014)
that in addition to the record-to-record variability (fsi),
there exist several sources of variabilities which are to be
further considered in the seismic fragility assessment. These
sources of variabilities include: (i) the modelling variability,
(ii) the test data variability, (iii) the design requirements

variability, and (iv) the variability in the prediction of the
median damage state thresholds. In the present study, the
modelling, the test data, and the design requirement
variabilities are taken based on the recommendations of
FEMA P695 (2009). Each of the corresponding values is
taken as 0.20, based on the assumption of having a good
confidence in the robustness and completeness in the test
data, the modelling, and the design requirements for the
considered RC frame buildings, as those are representative
of Special Moment Resisting Frames. The variability in the
estimation of the threshold of the damage states is taken as
0.40, based on the study by Meslem et al. (2014). All these
sources of variabilities are considered to be independent and
combined with record-to-record variability (Table 2) using
the square root of sum of squares (SRSS) to estimate the
total variability. It is observed that when all the sources of
variabilities are combined, the higher record-to-record
variability (fusi) observed in case of pulse-like ground
motions is suppressed by the other sources of variabilities,
discussed in this section. As a result, the ‘average’ values of
the total variability for the investigated structural systems,
and height ranges typically range between 0.58-1.00 for
various damage states, with an average value of 0.71. The
estimated values of the total variability (after combining all
sources of variabilities) in the present study (even for the
near-fault pulse-like and the spectrally equivalent ground
motions) are in reasonable agreement with earlier studies
and literature (e.g., Kappos and Panagopoulos 2010, FEMA
P58 2015), which suggested total variability typically in the
range of 0.60-0.70 (e.g., Kappos and Panagopoulos 2010)
for well configured (regular) structures.

Figs. 6 and 7 present the seismic fragility curves derived
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spectrally equivalent (SE) far-fault ground motions. The firm lines correspond to the near-fault pulse-like ground motions,
whereas the dotted lines correspond to the spectrally equivalent far-fault ground motions

using the estimated values of median thresholds and total
variabilities in the present study. The seismic fragility
curves are plotted in terms of two different physical ground-
motion IMs i.e., S, and S, and for all the damage states.
The fragility curves in firm lines correspond to the near-
fault pulse-like ground motions record suite, whereas, the
fragility curves in dotted lines correspond to the spectrally
equivalent far-fault ground motions record suite. It can be
observed that the derived fragility curves using both the
suites of ground motions are in close agreement for all the

damage states, except for extensive and complete damage
states, in case of 4-storey mid-rise building in the X
direction. As explained earlier, this observation can be
attributed to relatively larger scatter in IM and EDP for
these damage states, particularly, in case of the pulse-like
ground motions. The presented observations not only
highlight that the spectrally equivalent ground motions
could serve as an alternative to the pulse-like ground
motions for the near-fault sites, but it also highlight that
comparable estimates of the predicted damage can be
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obtained, even for the near-fault sites, by choosing an IM
like S,, for which a number of ground-motion prediction
models are available world-wide.

5. Damage probability matrices and mean loss
ratio

To further study the effects of chosen sets of ground-
motion records on the estimated physical damage, the
damage probability matrices are computed for the
DBE and MCE levels of seismic hazard for Indian
seismic zone IV (at the Mussoorie site), using the seismic
fragility curves developed in the present study. All the
estimates are reported based on the seismic fragility
curves developed using S, as the ground-motion IM for
both the suites of the ground motions. S, for DBE and
MCE hazard is computed based on the design response
spectrum recommended in the Indian seismic design code
(BIS 2016a).

Fig. 8 presents a comparison of the discrete damage
probabilities obtained for the DBE and the MCE
hazard (at Mussoorie site) using the near-fault pulse-like
and the corresponding spectrally equivalent ground-
motion records. It can be observed that the obtained
estimates of the discrete damage probabilities are well
comparable. In case of the DBE level of seismic
hazard, the most of the damage is concentrated in the
‘slight’ and ‘moderate’ damage states, (as the structural
response is expected to be nearly elastic to moderately
inelastic), whereas, in case of the MCE level of seismic
hazard, the estimated damage is mostly concentrated in
the ‘moderate’ and ‘extensive’ damage states (as the
structural response is expected to be moderate to severely
inelastic).

In literature, excepting for the ‘collapse’ (in the present
study the ‘complete’ damage state definition has been
adopted based on FEMA (2002), which include both the
‘partial’ as well as ‘total collapse’) damage state, the
appropriate values of the discrete damage probabilities for
other damage states are not available. For example, FEMA
P695 (2009) suggests 10% conditional probability of
collapse (average value for a group of buildings), at the
MCE hazard level to be adequate, from the ‘collapse safety’
perspective. The estimated (average) values of the
conditional probability of the ‘complete’ damage at the
MCE hazard are within the limits suggested by FEMA P695
(2009), implying acceptability of the design provisions of
the Indian seismic design codes, at the design seismic
hazard. However, in case of 8-storey building (e.g., Y
direction), especially, while subjected to the near-fault
pulse-like ground-motion suite, the estimated collapse
probability at the MCE hazard is observed to be
significantly higher (i.e., 29%, Fig. 8) as compared to that
obtained from the spectrally equivalent ground-motion suite
(i.e., 18%).

To quantify the impact of using spectrally equivalent
ground motions as an alternative to the near-fault pulse-like
ground motions, for the seismic risk assessment at the near-
fault sites, the MLR estimated based on damage estimates

obtained wusing the near-fault pulse-like and the
corresponding spectrally equivalent ground-motion record
suites, for the investigated buildings are compared for the
DBE and the MCE hazard levels. One of the greatest
advantages of using MLR lies in the fact that the effects of
discrete damage probabilities for different damage states are
combined in a single metric, thus it provides a more
meaningful way of comparison of seismic loss associated
with a building archetype. The MLR for the investigated
buildings, for a given level of seismic hazard is computed
using Eq. (3) as:

> P(D=DS,).EL
MLR =| = ?)

N

S (0=Ds)

i=1

where, P(D=DS;) is the probability of experiencing the
discrete damage state i for any given hazard level of
interest, and EL; is the ratio between the cost for repairing
the specific damage state i to the building's replacement
cost. In the present study, the fractions of the economic
loss corresponding to the slight, moderate, extensive, and
complete damage states are taken as 2%, 10%, 50% and
100% (in terms of building's replacement cost),
respectively, as per the recommendations of HAZUS
(FEMA 2002).

Fig. 9 presents a comparison of the estimated MLRs for
all the investigated buildings, using two different suites of
the ground-motion records, at two different seismic hazard
levels (i.e., DBE and MCE), and choosing S, as an IM. It
can be observed that the use of the spectrally equivalent
ground-motion records lead to comparable estimates of
MLR for the DBE hazard, with a maximum
underestimation of about 8% only. With an increase in
seismic hazard level (i.e., MCE), the MLR is
underestimated by about 13% for the investigated set of RC
frame buildings. The observed differences in MLR obtained
using two different suites considered in the present study
can be considered to be marginal and acceptable, thereby,
showing a potential for the applicability of the spectrally
equivalent ground-motion records in seismic fragility and
loss assessment for the near-fault sites.

6. Conclusions

Nonlinear dynamic analyses have been conducted on 4-
and 8-storey RC moment-resisting frame buildings, using
the suites of the near-fault pulse-like and the corresponding
spectrally equivalent far-fault ground-motion records. The
derived fragility functions, and corresponding damage
probability matrices, and mean loss ratios, obtained using
the two suites are compared to assess the applicability of the
spectrally equivalent ground-motion records in the seismic
fragility and risk assessment in the near-fault sites. The
major findings of this study are summarized below:

* The spectrally equivalent ground motions results in

comparable estimates of the median capacities

associated with the various damage states, when
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compared with their counterpart’s near-fault pulse-like
ground motions.

* The spectrally equivalent ground motions resulted
lesser record-to-record variability, when compared with
the near-fault pulse-like ground motions. However, this
difference in the record-to-record variability almost
vanished, when different sources of the variabilities (i.e.,

the modelling, the test data, the design requirement and
the damage state threshold) are considered and
combined to estimate the total variability, and only
marginal differences (up to 10%) in total variability
exist, for seismic fragility curves obtained using two
different suites of ground motions. As a result, the well
comparable seismic fragility curves are obtained using
two suites of the ground motions.
» The damage probability matrices and mean loss ratios
for the investigated buildings are also observed to be
comparable. The negligible differences observed in the
estimated mean loss ratios (up to a maximum of 13%,
for the investigated buildings and levels of seismic
hazard) clearly highlight the potential for the application
of the spectrally equivalent ground-motion records, as
an alternative to the pulse-like ground-motion records,
for seismic fragility and risk assessment in the near-fault
sites.

The presented observations are applicable to the height
ranges of RC frame buildings considered in the present
study. To be able to generalize these observations, the
presented work needs to be extended for other building
typologies, seismic zones, and building heights as well.
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