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In the present study, an updated ground motion simulation framework based on spectral compatible time his-
tories is proposed for the evaluation of seismic performance of mid-rise reinforced concrete structures with multi-
stripe analysis (MSA) based probabilistic seismic hazard analysis. The seismic fragility functions are generated
for two numbers of three storied instrumented test buildings of which one is founded on individual flexible
footings and other one is a base isolated building. The fragility analysis is carried out for different performance
levels under a series of input ground motions (IGMs) by considering uncertainty in soil structure interaction and
uncertainty in ground motion. IGMs are obtained from the uniform hazard response spectrum (UHRS) with
different return period thus conserving the frequency content of input motion during the scaling of high intensity
earthquakes. The UHRS compatible synthetic time histories are applied at rock level and amplified surface
motion obtained from soil amplification studies considering soil nonlinearity are applied to the buildings sup-
ported on soil springs. Nonlinear time history analysis is performed by modelling hysteretic characteristic of
columns using modified Takeda model. The fragility curves obtained from the proposed methodology are
compared with that using simple scaling of accelerograms generally performed in literature. The proposed
technique gives conservative result for structure with individual flexible footings while no marked differences are
observed for base isolated structure.

1. Introduction

for earthquake loads. Typically, the most dominant contributors of the
uncertainty in the seismic analysis are the input ground motion vari-

Most of the old low to medium rise RC framed buildings are not
efficiently designed to withstand high level of seismic excitation and
thus do not cater the more stringent latest seismic criteria. Development
of fragility curves for such structures at different performance levels is a
pre-requisite for seismic vulnerability assessment [4,22,25,43,50,54].
The fragility curve represents a continuous relationship between prob-
ability of exceedance (POE) of a pre-defined limit state of the structure
and ground motion intensity measure. The assessment of structural
collapse requires efficient and accurate analytical model to represent the
nonlinear behavior of the structure and realistic scaling of input ground
motions.

The central philosophy of the fragility estimation is to take into ac-
count the uncertainty and randomness of variables used in the analysis
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ability and uncertainty in the soil parameters [47]. The uncertainty in
the soil parameters gives rise to uncertainty in soil-structure interaction
(SSI) which is an important part of seismic analysis of structures. When
the seismic waves travel through the soil layer, a modification of the
frequency content and amplitude of the ground motion is observed due
to the heterogeneity of the soil layer and soil nonlinearity.

Most of the researchers [21,40,49,58] in the past few decades
considered that the underlying foundation soil is represented as an
equivalent spring during performance of non-linear time history analysis
(NLTHA) of the structure without considering the effect of soil nonlin-
earity. The main drawback of the above-mentioned procedure is that,
the variation of the characteristics of seismic motion with varying soil
nonlinearities and intensity of input motion is eliminated. Pitilakis et al.
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Fig. 1. (a) Plan and elevation of conventional and isolated building showing position of isolators; (b) Isometric view of the buildings located in Guwahati. (adopted

from Bandyopadhyay et al. [11].

[45] considered the SSI effect during the study of the generation of
fragility curves of the buildings by applying the direct one-step
approach, in which inertial and kinematic interactions were accounted
simultaneously and soil was modelled using 2D plane strain soil
element. He reported that considering SSI effect increases the vulnera-
bility values. Karapetrou et al. [31] also generated fragility curves of a
structure with consideration of the SSI and he also reported similar
phenomenon. Khosravikia et al. [33] represented the foundation soil as
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an equivalent spring and performed the fragility analysis for different
types of structures. He reported that building resting on soft soil has less
effects in seismic vulnerability compared to the fixed base structure.
Various researchers [5,12] reported that free-field motion was amplified
with respect to bed rock motion during site response analysis (SRA) of
the soft soil column. However, Lopez-Caballero et al. [37] reported that
free field motion was de-amplified during soil response analysis. This
shows that hysteresis behaviour of the soils plays an important role in
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the response of the free field motion.

The key parameters to measure the uncertainties is using correlation
of demands and capacities for evaluation of structural response under
earthquake load. These demand v/s capacity correlation for a structural
system subjected to series of ground motions can be determined using an
analytical method introduced by Vamvatsikos and Cornell [60] and later
extended in 2005 [61,62], which is called as Incremental Dynamic
Analysis (IDA). IDA is a parametric non-linear dynamic analysis method,
which is used to estimate the structural performance under several input
ground motions (IGMs) and it includes the development of one or more
curves of a specific damage measure (DM) (i.e., maximum story drift as a
percentage) versus an intensity measure (IM) of the earthquake (peak
ground or 1st mode spectral acceleration). The represented input mo-
tions are selected from the strong motion database and scaled linearly to
get structural response from linear range to plastic state. Researchers
[17,36] pointed out a key drawback of the IDA technique that this
method is unable to represent the actual frequency content of the motion
during high intensity scaling and IDA is computationally cumbersome.
Another most common procedure, used for generating fragility curves
by obtaining relationship between DM and IM based on IGMs, is multi-
stripe analysis (MSA). Scozzese et al. [51] investigated the effectiveness
of MSA procedure with a series of parametric studies on a three-story
frame. Iervolino and Cornell [28] pointed out that different earth-
quakes with same PGA produced different response spectra. Hence, the
point of concern is obtaining representative input ground motions for
study area, where mild to major recorded ground motion are not
available or available with the exception of a few.

In order to fill this gap area, a realistic and proper way of obtaining
the IGMs from the range of mild to severe ones is required to be
generated by conducting probabilistic seismic hazard analysis (PSHA) of
the site. Hence, there is a pressing need to propose a novel methodology
to generate fragility curves using these realistically generated IGMs. In
the present work, a new technique to carry out multi-stripe analysis for
evaluation of fragility curves using PSHA with the local site effects
which includes realistic scaling of ground motion as well as soil uncer-
tainty, is proposed. The novelty of the study is that the scaling of IGMs is
performed by generating UHRS of higher return period (RP) at the study
area and these representative ground motions obtained by UHRS are
used for generating fragility curves. The important motive that the soil
and geology change the characteristics of the ground motion as the in-
tensity increases is thus taken care in fragility estimation of the
structures.

In the present work, failure probabilities of two RC framed structures
of which one is founded on individual flexible footings and other one is a
base isolated structure, are estimated by performing fragility analysis
using MSA technique for different limit states. The buildings are located
in Guwahati region of India and hence ten different site-specific
response spectra of Guwahati region with ten dissimilar attenuation
relations are obtained by performing PSHA for Assam region [10] and
scaling of these spectra is done using return period varying from 100
years to 50000 years. The UHRS compatible synthetic time histories are
applied at rock level and amplified surface motion obtained from soil
amplification studies considering soil nonlinearity effect are applied to
the buildings supported on soil springs. Nonlinear Time History analysis
(NLTHA) is performed by considering structural nonlinearity using
modified Takeda model for the columns. Fragility curves using MSA are
then estimated for different performance levels of the structures with
above-mentioned new scaling methodology considering soil uncer-
tainty. Lastly, the fragility curves obtained from this proposed new
technique are compared with those obtained by conventionally carried
out linear scaling of synthetic ground motions compatible to the above
mentioned ten site specific spectra of 100 yrs RP considering soil
uncertainty.
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Table 1

Geometric and material data of the buildings.
No of storeys G+3
Total height 129 m
Floor height 1.8 m (Foundation to plinth level) and 3.3 m (Typ)
Beams B1 (250 mm x 350 mm) (Along shorter span) and

B2 (250 mm x 450 mm) (along longer span)

Columns C1 (300 mm x 400 mm)

Equivalent X direction beams
along shorter span

Equivalent Y direction beams
along shorter span

Concrete Strength fg,

250 mm by 350 mm
250 mm by 400 mm

25 MPa, Strain at peak stress = 0.002, failure
strain = 0.0094

Yield strength of steel fy 415 MPa, Proof strain = 0.002

Density of infills 1800 kg/m>
Young’s Modulus of infill 1500

(MPa)
Compressive strength of infill 3

(MPa)

2. Description and FE modeling of structures

Two instrumented three-storied buildings are considered for the
study, one is regular structure founded on individual flexible footings
and other one is base isolated structure placed over a lead rubber base
isolator (LRB) as shown in Fig. 1. The first structure is referred further as
flexible base non-isolated structure (FBNIS) and the other structure is
referred as Flexible base Base Isolated structure (FBBIS). These struc-
tures are constructed in Guwahati region of India to gather real time
earthquake data and study their response during real earthquakes.
Buildings are designed based using Indian standard seismic code [14].
The measurement of real time earthquakes and numerical simulation of
the FBNIS subjected to these earthquakes with linear dynamic analysis is
explained by Bandyopadhyay et al. [11]. Moreover, the nonlinear
modelling of base isolators for the FBBIS is also explained in details by
Bandyopadhyay et al. [11] along with numerical simulation of FBBIS
subjected to very large earthquake. In the present work, same buildings
are considered for fragility evaluation by performing series of Linear
Time history analysis for lower-level earthquakes and performing
NLTHA for higher level earthquakes considering both the structural and
soil nonlinearity. Details of modeling of the structures is explained
henceforth.

2.1. Superstructure modelling

The FBNIS shown in Fig. 1 consists of 4 columns and each column is
founded over a flexible individual isolated footing. The FBBIS has
additional base isolators attached at the plinth level. Both the buildings
have brick infill masonry in their external walls and these infills are
considered to be prevented from out of plane collapse when subjected to
large earthquake by properly retrofitting them by strips of steel or car-
bon fibers. Thus, considering this postulation of prevention of out-of-
plane failure of brick walls, the brick wall modeling is incorporated as
an equivalent strut, as per the guidelines given in IS-1893 (part1), details
of which are explained by Bandyopadhyay et al. [11]. The geometric
data of the building is presented in Table 1 and c/s details of beams and
columns are shown in Table 2.

All the beam and column members of both the structures are
modelled in MIDAS FEA NX using the inelastic beam element. This in-
elastic beam is classified in two types in the FEA software, one is lumped
type and other one is distributed type. In present analysis, lumped type
inelastic beam element is adopted. This element is a beam element
which is assigned inelastic hinge properties and it basically comprises an
envelope curve to represent the global behavior of the complete cross-
section in terms of moment-curvature. The formulation is thus repre-
sented by inserting inelastic rotational springs of non-dimensional
lengths at both ends of beam element, which can deform plastically,
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Table 2
C/S details of the sections.

Structures 54 (2023) 330-347

Beam-B1

Mid Span

2129

1-169

=250~

Near
Beam-column joint

Stirrups 8¢ 100 c/c

Beam-B2

2-12¢

450

|

1-164

|~ 250 -

Mid Span
Stirrups 8¢ 100 c/c

Near

|+2504

Beam-column joint

Y

o o

I
0

Column-C1
ll 4-12¢
|
y o ‘“ =
| 10¢ lateral ties
4 | 75mmc/c

into the beam element. The remaining parts other than the lumped type
inelastic hinges are modelled as an elastic beam. The modeling of the
plastic hinges is thus carried out by including a zero-length element link
between two adjacent beam elements, in which a constitutive law is
defined. Moreover, when yield occurs due to irregular cyclic load such as
seismic load the non-linear cyclic behavior of the RC frame structure is
incorporated using hysteresis model at the same location of hinges.
Thus, the inelastic beam element is capable of modeling the respective
behavior of the structural system in macro way.

For beam members of the framed structure model, the axial load
effects are ignored as the rigid floor diaphragm effect is considered and
moment curvature characteristics are evaluated as shown in Fig. 2. It is
observed from the orientation of the columns in Fig. 1 (a) that the
structure is more flexible in X direction and the peak load capacity is
lesser in X direction. The effect of axial load on plastic hinges is
considered using a P-M interaction diagram for each RC section of the
columns and the moment - curvature (M-¢) curves for the columns of
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ground floor, first floor, second floor and third floor in X direction are
shown in Fig. 3. The structures are detailed as per IS 13920 (1993)
ductile detailing. The detailing provisions specified in IS 13920 (1993)
exclude the possibility of shear failure of beam-column joint hence no
shear hinge formation is considered in the analysis. Such detailing of the
structure ensures confinement effect in the concrete columns and beams
hence the Kent and Park [32] model for confined concrete is used for
modelling the concrete within the stirrups for the column and beam
members. Large bar-slip decreases the joint shear strength, which cause
early shear failure of the beam-column joint. However, due to the ductile
detailing provision used for the joints the beam-column joints are
assumed to be rigid and strong enough to avoid any premature failure
before forming a mechanism by the failure of other members (see Fig. 4).

For performing nonlinear dynamic analysis, the appropriate hyster-
esis model is adopted and this is achieved by the proper optimization
and calibration of the parameters defining the hysteresis model which in
the present work is input using Takeda Trilinear hysteresis model. This
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model is widely used in seismic simulation of structures due to few
control parameters and precise physical meanings.

Fig. 4 shows the schematic representation of the modified Takeda
model. It illustrates that the initial stiffness is ko, and post yielding
stiffness factor is represented by r. The rate at which the displacement
ductility dependent unloading stiffness decreases is stated as parameter,
a. The stiffness degradation thus depends upon the ratio of yield cur-
vature to maximum curvature experienced by the element during the
cyclic loading. The reloading stiffness factor f, gives the point on the
backbone curve where a current excursion will intersect the previous
excursion curve. The above explained input parameters are selected
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F,= Yield Force

K,= Initial stiffness

K,= post yield stiffness

A= Yield displacement

A= Maximum displacement

Fig. 5. Schematic diagram of the Bouc-Wen Hysteretic.

based on “Takeda Fat” (TF) hysteresis and “Takeda Thin” (TT) hyster-
esis. TF hysteresis is generally chosen for beam members and assumes
that @ = 0.3 and = 0.6 while TT hysteresis assumes @ = 0.5 and # =0 to
represent the energy dissipation expected for members with high axial
load (e.g. - columns). In the present work, the columns do not have very
high axial load hence unloading stiffness calculation coefficient () is
considered as 0.4 and f is considered as O for the analysis. The other
control parameters including r and initial stiffness (K,) of moment cur-
vature curve of modified Takeda model for the columns are already
represented in Fig. 3. In FBBIS, lead plugs are installed to dissipate en-
ergy. Here, base isolator characteristics are modeled using bilinear
Bouc-Wen Hysteretic model as shown in Fig. 5. The nonlinear link
element is used in FEA NX software to model the base isolator. The
isolator parameters which are reported in Bandyopadhyay et al. [11],
are as follows, initial stiffness K; = 7.1 kN/mm, yield stiffness, K = 0.82
kN/mm, yield displacement, Ay = 4.1 mm, Characteristic strength = Qq
= 26 kN, and yield force Fy = 29 kN.

The maximum force of the isolator, Fy,« is the force taken by the
isolator (192 kN.) at its design maximum displacement. The maximum
displacement of the isolator is 200 mm, obtained from experiments.

2.2. Soil modelling

The two super structures viz. FBNIS and FBBIS are modelled along
with the underlying soil. Three-dimensional soil model is made along
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Conventional Building

Fig. 6. Finite element configuration used in SSI study.

with the structures, and in SSI, inertial and kinematic interactions, both
are considered simultaneously. Fig. 6 shows the FE model of the system.
Soil, is modelled as 8 nodded 3D - Brick element. The structures are
connected with the soil at one common node and provide an appropriate
constraint to ensure equal movement of connected node of soil and
structural foundation. 100 m x 100 m by 30 m depth of soil domain is
modelled (Fig. 6). SSI analysis using series of nonlinear dynamic time-
history analysis in time domain was performed earlier by Sharma
et al. [53] considering the optimum size of soil domain and minimiza-
tion of the reflection of the seismic wave from the boundary. They varied
the lateral extents of soil domain along with soil material non-linearity
and ground motion PGA and gave a relationship between soil domain
length ‘L’ and width ‘W’ of the foundation as mentioned in Eq. (1) for
higher PGA levels

—0.1W + 11.5for PGA > 0.82g )]

Thus, from the Eq-1, minimum soil domain to foundation width ratio
is obtained as 11.5. Roesset and Ettouney [48] also recommended a
domain length of 5 W for soils with high internal damping and 10 W-20
W for soils with low internal damping. In the present work, the soil
domain length to width of foundation ratio is considered as 22.2 which
will give higher accuracy. The soil below the building has three layers of
thickness of 5m, 8 m and 17 m. The layers have shear wave velocity 120
m/s, 250 m/s sand 350 m/s respectively. The average shear wave ve-
locity V; g of the soil is 245 m/sec and the fundamental frequency of the
soil column is 2.1 Hz.

The mesh density of the soil domain depend on the soil density, small
strain shear modulus, element formulation, integration technique and
desired maximum frequency of analysis. In case of the soil used in the
model, the geometry of the mesh needs to be chosen in such a way that
the propagation of shear waves at that frequency is ensured. This will be
possible if a mesh type is chosen such that a sufficient number of nodes
fit within the minimum shear wavelength. The Lysmer [38] suggested 8
linear elements per wavelength. The minimum soil wavelength size in
lateral direction is given by Amin = V5/fmax. Where is Vs is shear wave
velocity of soil and fiax is the cutoff frequency of interest, which rec-
ommended as 15 Hz (Sharma et. al. 2020) which is more than the 2nd
fundamental frequency of the conventional building structure. Lysmer
[38] thus recommended that, the size of element will be as mentioned in
Eq-2
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Here, in the present work the shear wave velocity varies from 120 m/
s to 350 m/s thus the maximum size of element used considering Eq. (2)
is 1 m. As per ASCE (4-16) the dynamic characteristics of the soil are
addressed perfectly by maintaining the dimension of the elements
smaller than one-fifth of the smallest wavelength (associated with the
highest frequency) of interest or cut off frequency. The element size
adopted as 1 m, thus also satisfies ASCE 4-16 criteria. In order to avoid
reflection of wave from the boundary, free field elements are imple-
mented at the boundary. Further details of soil properties and numerical
modelling are available in Bandyopadhyay et al. [11]. Simplified soil
model like, Modified Ramberg-Osgood model is used to simulate the
nonlinear behavior of soil by a nonlinear shear degradation curve [59].
Small strain shear modulus of soil is obtained from shear wave velocity
of the layer using Eq-3.

Effect of water table is not considered in the modelling while elastic
bedrock is considered at 30 m below the soil layer with a shear wave
velocity of 1100 m/sec. The vertical direction and the lateral boundaries
of the base are considered rigid. Horizontal input motions are applied at
the base of the model at elastic bed rock.

2.3. Validation of numerical model

Validation of the numerical model for linear analysis is required in
order to prove its reliability, hence a brief description of the validation
with actually measured real earthquake response is mentioned hence-
forth. The details of numerical analysis and in-depth comparison of
structural responses are available in Bandyopadhyay et al. [11]. Build-
ings were subjected to real earthquakes of very small magnitude. These
buildings were instrumented and accelerometers were placed at centre
of ground floor and 3rd floor (roof) of the buildings as shown in the
Fig. 7. The structural response was recorded on 29th Nov., 2007
earthquake, which occurred at Indo-Myanmar border region at a focal
depth of 114.8 km. The local magnitude of this earthquake was 5.1 Mb
and distance of epicenter (23.390°N, 94.675°E) from site was 433 km.
The response spectra is generated from the recorded floor response time
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Fig. 7. Position of accelerometers in the prototype conventional and base
isolated buildings at ground floor level and Roof level. (after Bandyopadhyay
etal [11].

history. By performing numerical analysis, floor response spectra are
also generated at the same level and compared with the recorded
spectra. Fig. 8 (a)-(d) show the comparison between actually measured
response of the FBBIS and FBNIS during the earthquakes with the
response obtained from the numerical analysis of the building for 5%
damping. In the location nomenclature, TG represents transverse
directional response of ground floor and TR represents transverse
directional response of roof. Transverse direction is shorter direction of
the building [11]. It is observed that the numerical results predict the
performances well in terms of major frequencies. For the FBBIS, the
numerical analysis shows two frequencies.The first frequency for the
structure with isolator (FBBIS) is 1.9 Hz for both longitudinal and
transverse directions.The second frequency is the structural frequency
(with foundation soil) and this frequency is obtained numerically as 8.4
Hz and 7.8 Hz in the longitudinal and the transverse directions,
respectively. The measured value of first mode frequency for FBBIS is
1.2 Hz for both longitudinal and transverse directions.. The first mode of
frequency of the base isolated building is predicted higher than the
measured value, which may be due to the uncertainities/variabilities
existing in the actual structure and the foundation soil. It is observed
that for the FBNIS the predicted peak floor response and the 1st mode of
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the building are matching with the recorded data, but for the second
mode of the structure numerical results predict higher floor spectral
acceleration values than the recorded floor response spectrum (FRS)
values.. The first and the second frequencies of the FBNIS observed from
the numerical model considering foundation soil is 5.05 Hz and 14.38
Hz in the longitudinal direction and 4.74 Hz and 13.25 Hz in the
transverse direction. The recorded values are also having similar fre-
quencies as shown in Fig. 8.

2.4. Modelling approaches for nonlinear dynamic analysis

Overall, four approaches are considered for modelling of the non-
isolated structures for carrying out nonlinear dynamic analysis when
the buildings are subjected to very high ground motions in order to
evaluate the fragility functions. In the first approach, nonlinear full soil
strata model along with the model of structure and soil explained in the
preceding sections is considered. Thus, in this approach nonlinear dy-
namic analysis is performed on the comprehensive soil model with the
structure. This approach is called FBNIS-Direct approach which is the
most realistic approach of modelling. In the second approach, modelling
is carried out such that the SSI analyses are performed in two steps.

In 1st step, 1D-site response analysis (SRA) is performed using open-
source software, DEEPSOIL considering non-linear behavior of the FE
model of the soil and free field motion is evaluated at the free surface.
Subsequently, in 2nd step, the obtained free field motion is applied at
the base of the structure as a base motion, and soil underlying the
structures is represented as an equivalent spring as per ASCE 4-16. This
approach is stated as FBNIS-SRA approach. The third approach is the
one in which fixed base analysis is performed simulating that the
structure is founded over a rock. This approach is called as Rigid Base
Non Isolated Structure-Rock (RBNIS-Rock) approach. In RBNIS-Rock
method, input motions at rock outcrop are directly applied at the base of
the fixed base structure. The last approach comprises of the structure
placed over the soil with Rigid fixed base condition which is termed as
RBNIS-SRA approach. In RBNIS-SRA procedure, the free field motion
obtained by carrying out 1D-SRA is applied at base of the structure with
Rigid base. A schematic representation of all the approaches is shown in
Fig. 9.

3. Seismic analysis of the structures

Seismic analysis of the structures is carried out by first performing
nonlinear static pushover analysis of the structures by considering, rigid
(fixed) base condition of the conventional structure. The nonlinear static
analysis is performed till failure of the structure to get the inherent
characteristics of the structure without soil flexibility effect. Next, free
vibration analysis is performed for the above mentioned fixed base
structures. Subsequently, the nonlinear dynamic analysis is performed
for all the modelling approaches discussed above.

3.1. Capacity curve for the rigid base structure

The pushover analysis of RBNIS is undertaken to have an overall
understanding of the nonlinear behaviour of the structure. Before the
pushover analysis, the RBNIS is first subjected to gravity loads and static
analysis is performed by giving acceleration in vertical direction. The
total mass of the structure is 117 Ton. The state of stress from this
analysis is saved and subsequently starting from this state the static
pushover analysis is conducted in X-direction (Transverse direction) for
the fixed base structure. The incremental parabolic lateral forces are
applied to the conventional fixed base structure and P-A effects are not
included in the analysis. The output of a nonlinear static analysis is
presented in the form of a ‘pushover curve’ which is the base shear vs.
roof displacement curve and is shown in Fig. 10 for the structure in X-
direction. The response of the rigid base structure in terms of the global
stiffness and peak strength are 18,043 kN/m and 415 kN respectively. It
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Fig. 10. Pushover curve of the structure for X direction.

can be thus inferred from the capacity curve of the structure that when
the structure is subjected to earthquake excitation, the structure will
show hysteretic deformation, and reach maximum capacity at about
0.4g PGA. The plastic hinges are initially developed in the columns only
and plastic hinges are initiated in the lower story of the building
resulting a soft story behaviour.

The fixed base frequency of the RBNIS for longitudinal (Y- Direction)
and transverse (X direction) direction are 5.72 Hz and 4.82 Hz respec-
tively. The first mode mass participation factor is more than 90% for
both the structures thus demonstrating that the structures are first mode
dominated buildings. The free vibration analysis of base isolated struc-
ture is performed and, the frequency of this structure is 1.9 Hz and 1.85
Hz for longitudinal (Y direction) and transverse direction (X direction)
respectively when fixity is considered below isolator springs.

3.2. Input ground motions

The buildings considered in the present work, are located in Guwa-
hati, India. Though, Guwabhati is located in high seismic zone of India, as
per authors knowledge no strong motion recorded data is available for
Guwabhati city. Hence, required earthquake data is to be generated from
the artificial histories [18,39] which are required to be compatible with
the elastic response spectra defined for the site. In the present study, the
representative spectrum compatible ground motion is obtained from
uniform hazard response spectra(UHRS) developed for the Guwahati
site [10] by employing Probabilistic seismic hazard analysis(PSHA).
This target UHRS spectra is generated at the bed-rock level. Spectrum
compatible time history of each target spectra are obtained using total
time duration, rise time duration, strong motion duration and decay
time duration of 20 sec, 5 secs, 10 secs and 5 secs respectively as per EN
1998-1 (2005). The accelerograms are then generated by using SIMQKE
[26]program for further use in numerical simulations.

The target artificial spectrum compatible time history is generated
using SIMQKE software [26] such that the average root-mean-square
deviation (Dypsbetween the generated spectrum and the target spec-
trum is minimum [Bommer and Acevedo (2004)]. Minimum D5 value
signify the closer replication of input motion to the target specturm. The
approach employed in SIMQKE software is to generate a power spectral
density function from the smoothed response spectrum, and then to
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Table 3
GMPEs used in the present study.
Sr GMPE Tectonic Database GMPE
No Description Nomenclature
1 Akkar et al. [3] Active Europe and Middle GMPE-1
Shallow east
Crustal
2 NDMA [41] Active India GMPE-2
Shallow
Crustal
3 Atkinson and Stable USA GMPE-3
Boore [6] Continental
4 Sharma et al. Subduction India and Iran GMPE-4
[52] zone
5 Pezeshk et al. Stable Central and GMPE-5
[44] Continental Eastern North
America
6 Singh et al. [56] Subduction India Nepal GMPE-6
zone
7 Abrahamson Active Next Generation GMPE-7
et al. [2] Shallow Attenuation (NGA)
Crustal Model
8 Campbell and Active NGA Model GMPE-8
Bozorgnia [19] Shallow
Crustal
9 Atkinson and Active NGA Model GMPE-9
Boore [7] Shallow
Crustal
10 Bozorgnia et al. Active NGA Model GMPE-10
[15] Shallow
Crustal

derive sinusoidal signals having random phase angles and amplitudes.
The sinusoidal motions are then summed and an iterative procedure is
used to improve the match with the target response spectrum, by
calculating the ratio between the target and actual response ordinates at
selected frequencies; the power spectral density function is then
adjusted by the square of this ratio, and a new motion is generated. The
generated synthetic time history which is compatible to the uniform
hazard response spectrum (UHRS) is considered as an input motion.
During PSHA, multiple parameters are taken into consideration such
as seismic source characteristics, recurrence law for different earth-
quake magnitude, seismicity of each zones and median ground motion
prediction equation (GMPE) with epicentral distances. A detail pro-

—e— GMPE-1
—— GMPE-2
—— GMPE-3
—— GMPE-4
—— GMPE-5
—«— GMPE-6
—— GMPE-7
—e— GMPE-8
“|—— GMPE-9
—— GMPE-10

0.1 1
Spectral Acceleration (g)

Probability of excedence

0.01

Fig. 11. Variation of POE exceedance of PGA with different GMPEs.
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Fig. 12. UHRS target response spectra obtained from PSHA with different re-
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Fig. 13. Hazard Curves showing return period v/s spectral acceleration for
different GMPEs at 0.207 time period.

cedure of generation of seismic hazard maps of Assam state is reported in
Bandyopadhyay et al. [10]. These maps are created based on seismo-
tectonics, local geology and seismicity of the region by dividing the
study area into 10 seismic zones. The maximum credible earthquake
magnitude of each zone is evaluated based on Kijko method [34] and
method given by Gupta (2002). Attenuation relationships (GMPE)
developed by researchers [2,3,6] are employed based on the real
earthquakes data or synthetic time histories developed by researchers
taking into account local geology. The attenuation equations relate
seismic parameter, Y such as PGA, or peak ground velocity (PGV) with
earthquake magnitude (M) and distance (r).

339

Structures 54 (2023) 330-347

Y = F(M, r,site)

where M represents moment magnitude, and ‘r’ refers to various types of
distances such as epicentral distance, Joyner Boor distance or closest
distance. These relationships accounts for the attenuation of seismic
energies of a tectonic zone. In the present work, 10 different attenuation
relationships (Table 3) referred from the literature are used for the study
area.

Hazard curves are then derived from all the ten attenuation re-
lationships and probability of exceedance v/s PGA for all GMPEs are
shown in Fig. 11. Similarly, hazard curves are obtained for all time
periods from 0.05 secs to 2 secs and then the uniform hazard spectra are
then generated at the bedrock level with a shear wave velocity of 1100
m/s for each attenuation relationship corresponding to 50%, 20%, 10%,
5%, 2%, 1%, 0.66%, 0.5% and 0.1%, probability of exceedance in 50
years. Fig. 12 shows the uniform hazard target spectra for different re-
turn periods for GMPE-10.

The hazard curves showing probability of exceedance v/s spectral
acceleration (5% damped) corresponding to ten different GMPEs at
bedrock level for time period of 0.207 sec are shown in Fig. 13. Here,
0.207 sec is the fundamental time period of the structure. It is observed
that for earthquakes of different GMPEs at 0.207 s of time period, the
return period corresponding to spectral acceleration of 0.4 g ranges from
50 yrs to 1460 yrs. Similarly, for earthquakes of different GMPEs at
0.207 s of time period, the return periods corresponding to spectral
acceleration of 0.8 g ranges from 250 yrs to 8500 yrs. The uniform
Hazard Response Spectra (UHRS) corresponding to each GMPE for re-
turn periods ranging from 50 to 1460 yrs are shown in Fig. 14(a) when
the spectral acceleration at 0.207 secs time period for all these earth-
quakes is 0.4 g. Similarly, UHRS corresponding to each GMPE for return
periods ranging from 250yrs to 8500 yrs are shown in Fig. 14(b) when
the spectral acceleration at 0.207 secs time period for all these earth-
quakes is 0.8 g. Thus, it is clear from Fig. 14 that the earthquake ac-
celeration attracted by the structure at 0.207sec time period lies at peak
for six out of ten UHRS represented by different GMPEs with a range of
return periods. Moreover, when the acceleration attracted by the
structure is increased from 0.4 g to 0.8 g, the return period of these
earthquakes confirming to different GMPEs also increases.

3.3. Damage measures and intensity measure selection

The damages to the structure associated with the earthquakes is
generally defined by the damage measures (DM), which can express the
structural response from elastic state to inelastic states. Two different
damage measures are considered for two buildings (FBNIS and FBBIS) as
one is a conventional structure and the other is base isolated structure.
Bhandari et al. [13] studied the effectiveness of various damage mea-
sures (DM) for the base isolated building and concluded that maximum
isolator displacement is the most appropriate way to represent the
building response for the base isolated structure. Hence, in this present
study, maximum isolator displacement denoted by Dpax is considered as
a damage measure of base isolated structure (FBBIS). Four different
damage states are considered to describe the damage conditions of this
building, such as, slight (0.2 Dpax), moderate (0.4 Dpax), extensive (0.8
Dmax) and collapse (1.2 Dpax) [27]. In the present study, the base isolator
is designed with a design displacement of 200 mm, hence this design
displacement is considered as maximum isolator displacement (Dpax)-
The damage measure frequently used by researchers for FBNIS is the
maximum inter story drift ratio (maxIDR) hence the same is considered
in the present work for the FBNIS. The selection of intensity measure
(IM) is important in describing the earthquake severity and scaling of
earthquake records. It describes various characteristics of a seismic
ground motion like amplitude, duration, frequency content and energy
content. Researchers [55] have used IMs such as peak ground acceler-
ation (PGA), Peak ground Displacement (PGD) and 5% damped Spectral
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Fig. 14. (a)Response spectra of different GMPEs for different return periods(a) when spectral acceleration for T = 0.207 sec is 0.4 g (b) when spectral acceleration for

T = 0.207 sec is 0.8 g.

acceleration at 1st mode (Sa(T;)) [20]. In the present study, two
different IMs are selected for the two types of buildings taking into
purview their efficiency, practicality and hazard computability [42,46].
Spectral acceleration (5% damped) value at 1st mode is selected as IM
for FBNIS and PGA is chosen as an IM for FBBIS due to its low structural
frequency.

3.4. Nonlinear time history analysis (NLTHA)

A comparative study is performed depicting the effect of SSI in
obtaining building response for the four different modelling
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configurations of the structure explained in preceding section. 5%
Rayleigh’s damping was considered for the structure and mass propor-
tional damping coefficient (o) and stiffness proportional damping co-
efficient () of 0.5864 and 0.00106 respectively are input in the analysis.
A series of nonlinear time history analyses were conducted on both the
structures using spectrum compatible time histories with return periods
of 100 yrs, 500 years, 2500 yrs and 50,000 yrs of the target UHRS shown
in Fig. 12. The PGA value corresponding to the RPs of 100 yrs, 500 yrs,
2500 yrs and 50,000 yrs are 0.13 g, 0.25 g, 0.43 g and 0.94 g respectively
at the rock outcrop. The free field motions are amplified due to the
presence of soil and amplified PGA value at the surface level for different
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tensity level.

RPs of 100yrs, 500yrs, 2500yrs and 50000yrs are observed 0.32 g,0.41
g,0.69 g,1.23 g respectively from nonlinear soil response analysis. The
variation of amplification factor (Ratio of surface level PGA to base PGA)
is plotted in Fig. 15. It is observed from the figure that the amplification
factor of the surface level PGA to rock PGA decreases with increasing
earthquake intensity. The possible reason behind this phenomenon is
the presence of high soil hysteretic damping for high level of earthquake
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intensity. The variation of maximum soil shear strain for different
earthquake levels is shown in Fig. 16. It is observed that for earthquake
with higher return period the maximum shear strain increases at a depth
of 2.5 m and 6.5 m below ground level and this is basically due to large
nonlinearity of soil. The damping ratio of soil increases with increasing
shear strain and hence the amplification of the motion from bedrock to
surface level decreases for earthquakes with large return period or large
excitation levels as noticed from Fig. 15.

The structural responses in the form of maximum inter-storey drift
(MaxIDR) are obtained from 4 different modelling approaches for the
non-isolated structure which are explained in the previous section and
their comparison is shown for different PGAs in Fig. 17. The modelling
approach of RBNIS-Rock shows very less response compared to the
others because effects of soil amplification are not considered here.
Among all the approaches used, FBNIS-Direct method shows higher
response and the most accurate response due the incorporation of
coupling action between soil and the structure.

The MaxIDR for FBNIS-SRA and RBNIS-SRA approaches are
observed as 6.91% and 6.85% respectively for base spectra of 50000
years return period (RP). Similarly, MaxIDR for these two approaches
are observed as 2.22% and 2.15% respectively for base spectra of 2500
yrs RP. The differences may be attributed due to presence of soil spring
in FBNIS-SRA approach.

Nonlinear dynamic analysis with FBNIS-SRA approach and RBNIS-
SRA approach took 16 times less computational efforts than FBNIS-
Direct approach with reasonable accuracy. Hence, FBNIS-SRA
approach is considered for further performing NLTHA and generation of
fragility curves with soil and ground motion uncertainties.

The structural response of both the buildings are further studied for
different level of input motion intensities using FBNIS-SRA modelling
approach. The nonlinear response of the column hinges for FBNIS and
base isolator deformation of FBBIS when subjected to 4 different target
spectra of different RPs of GMPE-10 with increasing excitation levels is
studied. Fig. 18 (a-d) represents the moment curvature hysteretic rela-
tion of the column hinges and Fig. 18 (e-h) shows the force deformation
hysteretic relation of base isolator for different earthquake intensity
levels. It is observed that for RP 100 yrs return period which corresponds
to 0.125 g PGA (Rock level) the column hinges just enters nonlinear
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deformation and at 2500 yrs RP spectra which correspond to 0.43 g PGA
(at rock level) the column hinges show clear hysteretic deformation.
Moreover, when the structure is subjected to spectrum compatible TH of
50,000 yrs RP spectra of 0.94 g PGA (at rock level), the structure show
excessive nonlinearity. The nonlinear behavior of base isolated building
is observed from 0.125 g PGA to 0.94 g PGA.

4. Seismic fragility analysis

The fragility functions represent the probability that the Damage
measure (DM) of a specific structure exceeds a threshold capacity(C)
associated with a desired limit state, conditional on the earthquake in-
tensity measure (IM) parameter. Two frequently used analytical pro-
cedures to get relationship between structural response (DM) and
ground motion parameter (IMs), are Incremental Dynamic Analysis
(IDA) [60] and Multiple Stripe Analysis (MSA) [30]. In IDA, the input
motions are adopted from the strong motion database or generated from
synthetic earthquake, and then scaled linearly to get structural response
from linear range to plastic state. These analyses are repeated for a series
of input ground motions to gather the structural response for record-to-
record variations. Moreover, in the present study soil uncertainties are
also considered and analysis is performed for each IGM with different
soil parameters like shear wave velocity and plasticity index. In this
process, a set of DM values are obtained which are associated with onset
the predefined limit state herein described as the inter-story drift that
define the threshold of three states (Immediate Occupancy (IO), Life
Safety (LS), Collapse Prevention (CP): 1%, 2% and 4%, respectively [1].
The fragility parameters, mean (p) and lognormal standard deviation
(B), are evaluated by taking logarithms of IM with associated predefined
limit state. The fragility functions are then constructed using the two-
parameter lognormal distribution function. In the present study, it is
assumed that all the uncertainties in the fragility curves can be repre-
sented as lognormal distributions and it can be plotted by two param-
eters, such as the lognormal standard deviation () and the mean (p) of
the lognormal seismic intensity measure. Probabilistic risk assessment of
the structure is performed based on the assessment of log-normal dis-
tribution as explained in the following Eq- 5.

ool

Where, standardized cumulative normal distribution function is
represented by @, The standard deviation of natural logarithimic func-
tion is #, and mean of logarithmic seismic intensity measure, y, is rep-
resented by u. IDA methods are widely used by researchers [60] for
fragility curve generations. Baker and Allin Cornell [9] identified a
drawback regarding scaling effects of ground motion during IDA pro-
cedure. A significant scaling of IGM scaled the frequency content of the
motion at higher intensities, which might not be the actual representa-
tion of the motion corresponding to intensity level and consequently
may lead to a biased fragility curve. Recently, researchers [10,63] used
Multi-Stripe analysis (MSA) procedure for generation of fragility curves.
In MSA framework, structural analyses are conducted at discrete set of
IM levels and different set of IGM can be used for each IM level. Thus it
potentially requires a reduced number of structural analyses if IM is
efficient [16,29]. As all the input motions are different at each IM levels,
the estimation procedures of fragility parameters are also different and
maximum likelihood technique is used. The maximum likelihood esti-
mation methods are used to obtain the two parameters 6, and  which
are mean and standard deviation for characterization of fragility func-
tion. The likelihood function L is expressed in the Eq-6.

(5)

Fy(y)

k

L=]] [F(@)]"[1 - Fy(a)] o

j=1

©

Where, Specific damage state of a fragility function is represented by
Fy(a;) and x; is 0 or 1, depending on whether the structure sustains the
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Fig. 19. Variation of shear modulus degradation curve with plasticity
index [12].

damage or not. The maximum likely hood estimate is estimated by
solving the Eq-7 and Eq-8.

dln[L(6y,p)]
o0, 0 @)
on[L(6y,p)]

A 0 (8

Baker [8] reported that, MSA technique made better estimation of
collapse risk in a comparison with IDA methodology provided a valuable
information regarding site specific spectra is available. In the present
study, MSA technique is used for evaluation of fragility curves of the
structure.

4.1. Soil uncertainty

The non-linear dynamic response of the soil subjected to the earth-
quake depends on the small strain shear modulus(Gpax) of the soil and
shear modulus degradation curves. Dammala and Krishna [23]
compared the experimentally obtained G/Gpax V/s strain and damping
ratio v/s strain curve with the curves given by Darendali [24] which are
most frequently used from the literature. It was observed this curve
given by Darendali [24] under-estimated the experimental shear
modulus degradation curve and overestimated the damping ratio curve.
Thus, there is lot of uncertainty in the soil strata and this has to be taken
care of by considering variation in soil shear wave velocity as well as
plasticity index of the soil for evaluation of fragility curves. Uncertainty
in shear modulus degradation curves are associated with the soil plas-
ticity index (PI). Hence, three different values of plasticity indices
considered in the present work are PI of 10%, 20% and 50%. Moreover,
as stated in ASCE 4-16 (2016) soil shear modulus shall be varied be-
tween the best-estimate shear Modulus value times (1 4+ Cv) and the best
estimate value divided by (1 + Cv), where Cv is a factor that accounts for
uncertainties in the SSI analysis. If insufficient data are available to
address uncertainties in soil properties, Cv shall be taken as 1.0. Hence,
three different shear modulus of soil are utilized, such as Gy, 0.5 times
of Gpay and 2 times of Gpay, Where, G, is the low strain shear modulus
of soil which is obtained from the shear wave velocity (V) of the soil.
The shear wave velocity information is not available for the study area,
so the V; is determined from the empirical relationships between ‘SPT -N
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value — Vg of soil as reported by Bandyopadhyay et al. [12].
These empirical relationships are developed for soft soil location and
are given in Eq-9

Vs = 87.18N**? (For very soft to clayey silt) (9a)

Vs = 41.74N%% (For stiff to very stiff silty clay) (9b)

The dynamic soil properties were estimated by Kumar et al. [35]. In
general each discretized soil layers have their own shear modulus
degradation curve (G/Gnax) and damping ratio (D) curves depending
upon the mean effective confining pressure of that particular layer. The
curves showing variation of shear modulus degradation with strain for
three different %PI are shown in Fig. 19. The uncertainity in shear
modulus of soil is taken into account in the analysis by considering three
different shear modulus each with three plasticity indices as discussed
above. Accuracy of the MSA technique also depends on the number of
earthquake input motions used in each stripe and minimum of ten IGMs
were suggested by Sousa et al. [57]. Correspondingly, record to record
variation is implemented by applying ten time histories confirming to
ten different GMPEs which are obtained by performing PSHA of Assam
region [10]. Thus, ninety numbers of NLTHA simulations for each stripe
are performed and then Fragility curves are obtained.

4.2. Ground motion uncertainty and scaling

In general, the fragility curves involve significant scaling of original
IM to various intensity levels. Proper use of scaling in input ground
motion (IGM) required for performing NLTHA is most sensitive part in
development of the fragility curve. Herein, a new framework is proposed
for ground motion scaling, which is conceptually similar with the
existing one but differ in few important points which are not addressed
by the researchers till date. In this proposed framework, a site-specific
Uniform Hazard response spectrum (UHRS) is used as a target
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spectrum which is evaluated with probabilistic seismic hazard analysis
(PSHA). The scaling of the spectra is however not done arbitrarily but by
using the UHRS generated at different return periods. These represents
the scaled spectra and the spectra with higher RP denotes higher ground
motion. Ten different GMPEs as explained in previous section are
considered for simulating different earthquakes at bed rock level with
corresponding ten UHRS. The spectrum compatible artificial time his-
tory is generated for each UHRS with corresponding RP using SIMQKE
which will give the time history for different levels of seismic intensities.
Fig. 20 shows the uniform hazard target spectra for different return
periods for GMPE-10. It also shows a conventionally linearly scaled
spectra of RP 100 yrs generated to match the PGAs of UHRS with
different RPs. It is observed that the conventionally scaled spectra pre-
dicted lesser value of spectral accelerations at high intensity level of
earthquakes, in the zone of time period of the 1st fundamental frequency
of medium rise structure.

The similar phenomenon is noticed for other GMPEs also. So, the
advantage of using this proposed procedure of scaling is to simulate the
proper frequency content of target spectra and generate more repre-
sentative and realistic spectra at high input motion intensity levels. The
conventional method of scaling and the proposed new methodology of
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Table 4
Fragility parameters of FBNIS for the two methods.
Ground motion  Fragility Immediate Life Collapse
Scaling Parameter Occupancy (IC) Safety Prevention
method @s) (CP)
Method- Mean 0.4587 g 0.8319¢g 1.73 g
Standard Std 0.3529 0.4301 0.4113
Method- Mean 0.4091 g 0.7768 g 1.6532 g
Proposed Std 0.3487 0.4017 0.4234

scaling are the two methods used for scaling of IM to various intensities
and subsequently generate fragility curves for limit states of IO, LS and
CP. The fragility curves generated by linear scaling of UHRS of 100 yrs
RP carried out as per conventional approach is denoted by Method-
Standard and fragility curves obtained from the proposed new
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methodology of ground motion scaling using UHRS of higher RP are
denoted as Method-Proposed.

5. Results and discussions

The fragility curves pertaining to three different limit states for the
FBNIS (shown in Fig. 21) and FBBIS (shown in Fig. 22) with reference to
different ground motion scaling (Method-Standard and Method-Proposed)
are described here and explained for seismic vulnerability assessment.
The mean and lognormal standard deviation values related to different
limit states for both the methodologies for FBNIS are reported in Table 4
considering 5% damped first modal spectral acceleration as IM. The
mean value generated by Method-Standard is larger than the mean value
generated by Method-Proposed at all limit states, which indicates that the
building evaluated by Method-Proposed is more vulnerable than that
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evaluated by Method-Standard. It is also observed from Fig. 21, that the
fragility curve generated by the Method-Proposed shows higher proba-
bility of failure of structure compared to the Method-Standard. The
probability of collapse of the structure is 42% based on Method-Proposed
while it is 36% based on Method-Standard for the life safety (LS) limit
state of the structure with reference to IM (which is 5% damped first
mode spectral acceleration) of 1.5 g. Hence, the buildings are 6% more
vulnerable to the seismic collapse when the proposed method is used
especially at higher spectral acceleration. For lower level of IM, such as
IM = 0.6 g, both the methods show similar probability of collapse of the
building at all three limit states. The possible reason behind this
observation is that the peak of target spectra obtained from linear
scaling adopted by Method-Standard is underestimated than that ob-
tained by Method-Proposed for the same PGA at higher intensities of
earthquake level (Fig. 20). At 5% damped spectral acceleration of 0.9 g
(or PGA of 0.36 g) corresponding to maximum credible earthquake of
the Guwahati site (IS1893-2016), the Probability of Exceedance (POE)
of structure for limit state of LS is 66% using Method-Proposed and 58%
using conventional Method-Standard. Similarly, the POE is 98% and 8%
respectively for limit state of IO and CP using Method-Proposed while it is
96% and 6% for limit state of LS and CP using Method-Standard. This
shows high seismic vulnerability of the structures for PGA of 0.36 g. This
is because the structures are designed for Design basis earthquake with
PGA of 0.18 g (IS1893-2016) and with response reduction factor of 3.
The response reduction factor considered for the structure is 3 which
based on AERB siting code [AERB/NF/SC/S] and it suggests to adopt a
response reduction factor of 0.67 times the value of response reduction
factor defined in [14]-2016 for general industrial buildings with ductile
detailing.

Fig. 22 shows the fragility curve for the FBBIS for various perfor-
mance limit states using both the methodologies. No significant differ-
ences are observed in the fragility parameters for the base isolated
building by adopting both Method -Standard and Method-Proposed. This
may be due to the following reasons. It is known that more than 95%
mass is participated in the 1st mode of structure in base isolated struc-
ture. The Method -Standard and Method-Proposed both give same accel-
eration of the structure at higher time period of 1-2 s (lower frequency)
and hence the displacement of the base isolated building will be same
when both Method -Standard and Method-Proposed are used.

Fig. 23 depicts the variation of fragility curves for different soil
conditions for FBNIS. SSI has an effect on the seismic assessment of the
structures for all the limit states for FBNIS. Three different shear
modulus of soil are considered for fragility assessment and soil with low
shear modulus is more vulnerable than other cases. Soil corresponding
to the low shear wave velocity shows higher deformation due to soil
nonlinearity, and thus shows higher probability of failure.

6. Conclusions

A novel methodology of generation of fragility curve using spectrum
compatible time histories through PSHA with realistic scaling of IGMs is
presented in this paper. The seismic fragility analysis has been carried
out for the two instrumented midrise structures (one is flexible base non
isolated structure (FBNIS) and other is Flexible base Base-Isolated
structure(FBBIS)) using the proposed technique of scaling and stan-
dard method of linear scaling. Soil uncertainty has been incorporated by
considering variation in shear modulus of soil and variation in the
plasticity indices of the soil. The following conclusions are drawn from
the work carried out.

1. Fragility functions are evaluated for the FBNIS by modelling the
structure with soil springs and applying free field motion obtained
from soil amplification studies at the support of the springs as it gives
computationally efficient results. It is also noticed that neglecting
soil structure interaction (SSI) produces 2.6 times lesser structural
response acceleration value than that obtained by considering SSI.
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. The midrise structure yields at a lateral load of 40 tons and when
FBNIS is subjected to earthquake with a surface level peak base
excitation of 0.4 g, it has a maximum inter storey drift of 1.5% and
shows small hysteretic deformation of the columns while the struc-
ture when it is subjected 0.95 g peak base excitation, it shows high
nonlinearity in hinges of the columns with maximum inter-storey
drift of 6%.

. The Uniform Hazard Response Spectra generated from ten GMPEs
demonstrate that as the return period of the UHRS increases, the
acceleration attracted by the structure confirming to earthquakes of
these different GMPEs also increases and that all the 10 GMPEs used
have different spectral peaks at different frequencies.

. Soil uncertainty incorporated in Fragility curves shows that soil
corresponding to the low shear wave velocity (0.5Gyax value of shear
modulus) shows higher deformation due to soil nonlinearity, and
thus shows higher probability of failure than the soil having shear
modulus of 2Gy.x for all the three limit states of Immediate Occu-
pancy (I0), Life Safety (LS) and Collapse Prevention (CP).

. The proposed methodology (Method-Proposed) of scaling of UHRS
based on RP gives 5% to 10% more vulnerable POE fragility values
for all the three limit states of 10, LS and CP than the Method-Stan-
dard of linear scaling of GMs especially at high spectral accelerations
(IMs) above 1 g. However, both the methods show comparable POE
values at all three limit states for IM lower than 0.6 g. No significant
differences are observed in the fragility parameters for the base
isolated structure by implementing both the methods. This proposed
methodology thus can be used for assessment of the medium rise
structure where there is lack of real earthquake data.
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