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a b s t r a c t

Towards formulating guidelines for performance evaluation of buildings to site-specific earthquakes,

studies are reported in literature on the effect of various critical parameters. No study is, however,

reported on the effect of depth of soil stratum. In this paper, a methodology is proposed and applied for

performance evaluation of buildings for site-specific earthquakes including depth of soil stratum as a

parameter. The methodology integrates independent procedures meant for performance evaluation of

buildings and site-specific seismic analysis. Application of the proposed methodology enables to

determine performance point of a building in terms of inelastic displacement and base shear. Numerical

application of the methodology is demonstrated using the particulars of Delhi region. Two typical RC

buildings (B1 and B2) with significantly different inelastic behaviour, assumed to be located on soil

depths ranging from 10 to 200 m are chosen for the application study. Capacity spectra of the buildings

are generated from nonlinear static analysis. Studies indicate that for building B1, with elasto-plastic

behaviour, the depth of soil stratum strongly influences demand on inelastic displacement compared to

that on inelastic base shear. For building B2, with continuously varying inelastic behaviour, the depth of

soil stratum is observed to have significant influence on both the inelastic base shear as well as inelastic

displacement. Responses of the buildings are compared with that obtained based on design spectrum of

Indian seismic code. For both the cases, inelastic displacements as well as inelastic base shears are

underestimated by Indian seismic code for certain depths of soil stratum. Proposed methodology

enables the calculation of realistic values of inelastic base shear and corresponding displacement of a

building for site-specific earthquakes by considering the actual characteristics of soil stratum.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

New generation seismic design codes are shifting towards
performance based design of buildings [1–3]. This necessitates
development of methodologies for performance evaluation of
designed buildings for earthquakes. In this context, provisions for
inclusion of the effect of critical parameters viz., soil–structure
interaction, type of foundation, nature of ground motion and soil
are reported in literature [4–7]. Effect of soil amplification has
been well recognised in existing seismic design codes. Indian
seismic design code IS-1893-2002 Part I [8] has three distinct
design spectra exclusively for soft, medium and hard soils. As an
improvement over this, amplification factors based on empirical
and theoretical data [9] have been introduced in International
Building Code (IBC) [10] for site class A to F to take care of the
behaviour in short as well as long period range. Elghazouli [11]
ll rights reserved.

x: +91 44 22541508.
reported that in Eurocode (EC 8 Part 5), two types of response
spectra have been proposed for five different soil conditions (Type
A to E). Response spectra are identified with different soils and the
expected magnitude of ground motion. Classification of site soil A
to E has been made on the basis of average shear wave velocity of
top 30 m soil.

Sun et al. [12] have showed that the site coefficients specified
in IBC [10] are not valid for Korean Peninsula due to the large
difference in the depth of bedrock and the soil stiffness profile. On
extending this observation, application of the soil amplification
factors specified by Borcherdt [9] to several other regions can
produce results of unacceptable error. Further, building design
codes are highly simplified tools and do not adequately represent
any single earthquake event from a probable source for the site
under consideration. It has been recommended [13] that in
addition to use of codal provisions, site-specific analysis which
includes generation of strong ground motion at bedrock level and
propagating it through soil layers [13–15] and arriving at the
design ground motions and response spectra at surface should
also be carried out. On the other hand, considering the loss due to
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collapse or cost of repair, substantial revisions are taking place in
major seismic design codes to evolve next generation design
procedures [16–18]. Important considerations for the revisions
are to account for acceptable levels of damage to buildings in a
seismic event of known characteristics and also to include the
actual performance of a building at the proposed site conditions.
Performance evaluation of buildings is a process which involves
both the structure and soil characteristics which need proper
treatment in analysis phase.

To the authors’ knowledge, no methodology or a comprehen-
sive study is reported on seismic performance evaluation of
buildings for site-specific earthquakes. Despite the understanding
and observation of the role of local soil on seismic wave
amplification, practical design of structures is being made based
on the spectra suggested by seismic design codes. Within the
framework of performance evaluation of structures, design
spectra act as performance objective. Besides this, design spectra
also acts as demand curve in a design using conventional
procedures. It is well known that the response spectra at soil
surface can be significantly different from that of the bedrock
response spectra due to modification of ground motion char-
acteristics, as the wave travels through soil layers overlying the
bedrock. In this background, a simple methodology is proposed
and applied in this paper to evaluate the performance of buildings
for site-specific earthquakes including depth of soil stratum as a
parameter.

Basically, the methodology involves comparison of demand
spectrum corresponding to an earthquake under the given soil
condition against capacity spectrum of a building. Well-estab-
lished procedures are available to evaluate the capacity spectrum
of a building to a reasonable accuracy while considerable
uncertainty exists in the generation of demand spectrum. In the
present study, demand spectra corresponding to site-specific
earthquakes are generated by carrying out the following two
steps: (i) evaluation of ground response spectra using strong
ground motion generated at bedrock level for a scenario earth-
quake and conducting a one-dimensional equivalent linear wave
propagation analysis and (ii) generation of Depth Dependent
Demand Spectra corresponding to the individual site conditions.
More details about the methodology are described in the next
section. The methodology is verified using particulars of Delhi city
in India. The main reason for choosing this city is the availability
of geotechnical details for successful application of the methodol-
ogy. It is to the belief of authors that the proposed methodology is
general and, therefore, applicable to any other region at which
local soil is expected to contribute significantly to the seismic
behaviour of the structure. Comparison among the computed
numerical values provides valuable information about the
inelastic behaviour of buildings due to the effect of local soil.
2. Methodology

Two important elements of seismic performance evaluation of
buildings are demand and capacity spectra. Demand spectrum is
the representation of the severity of the ground motion while
capacity spectrum depicts the ability of the structure to withstand
forces of specific nature. Demand spectrum has to be modified to
account for lengthening of the period or increase in the damping
of the structure. Proposed methodology adopts capacity spectrum
method [4,19,20] to generate the demand spectrum as the
method has provisions to accommodate the modifications. Fig. 1
gives the overall structure of the proposed methodology,
individual steps and the sequence in which these are to be
executed.
Considerable knowledge and experience exist in literature for
the generation of capacity spectrum of a structure by adequately
taking care of nonlinear behaviour of both concrete and reinfor-
cing steel. State-of-the-art lies in the availability of ready-to-use
software with wide range of options for modelling almost all
cases that are likely to be encountered in practice. On the other
hand, generation of demand spectrum by properly accounting for
the nonlinear behaviour of soil at site is a challenging task.
Successful generation of demand spectrum requires input on
various aspects like proximity to and nature of the source of
earthquake, path effects of seismic waves and local soil condi-
tions. Due to its nature, a comprehensive methodology that can
address all the important issues is essential for generation of
demand spectrum.

2.1. Site-specific demand spectra

Response spectrum suggested by seismic design codes plays
the role of demand spectrum for normal structures. As discussed
earlier, design codes considerably simplify the actual soil condi-
tions to suggest a maximum of three soil categories as hard rock,
medium and soft soil. This is done on the basis that the seismic
behaviour of such structures will not be affected much by
consideration of exact variation in soil types. For critical
structures, however, it is mandatory to carry out site-specific
analysis to reliably ascertain their seismic performance [16–18].
Even for other structures, it is preferable to carry out a
site-specific analysis to arrive at realistic demand spectrum.
Site-specific analysis, however, requires considerable effort
towards modelling and computations w.r.t. generation and
propagation of strong ground motion through the soil strata.

2.1.1. Generation of strong ground motion

First step of the methodology is to generate strong ground
motion at bedrock level. Recorded ground motion is not available
for Delhi region, hence in the present study artificial strong
motions are generated using stochastic model. Stochastic simula-
tion procedure for ground motion generation based on seismo-
logical models using point source model has been proposed by
Boore [21,22]. In this procedure the band limited Gaussian white
noise is windowed and filtered in the time domain and
transformed into frequency domain. The Fourier amplitude
spectrum is scaled to the mean squared absolute spectra and
multiplied by a Fourier amplitude spectrum obtained by con-
sidering source path effects. Then, the spectrum is transformed
back to time domain to obtain time history of accelerations.

From the analysis of recorded ground motions, it has been
reported [23] that point source models are not capable of
reproducing the characteristic features of large earthquakes
(Mw46) viz., long duration and radiation of less energy at low
to intermediate frequencies (0.2–2 Hz). Simulation of strong
ground motion from finite fault rupture has been developed by
Beresnev and Atkinson [23,24]. The fault rupture plane is
modelled with an array of sub-faults and the radiation from each
sub-fault is modelled as a point source similar to Boore’s model
[21]. According to finite source model, the fault rupture initiates
at the hypocenter and spreads uniformly along the fault plane
radially outward with a constant rupture velocity triggering
radiation from sub-faults in succession. The Fourier amplitude
spectrum A(o) of the point source of an element (sub-fault) is
defined [23,24] as

AðoÞ ¼o2SðoÞPðoÞGðRÞAnðoÞ ð1Þ

where, o is the angular frequency, S(o) is the source function,
P(o) is the filter function for high frequency attenuation, G(R) is
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Fig. 1. Proposed methodology.

Table 1
Seismological parameters for strong motion generation.

Sl. No. Parameters Model/value

1 Fault orientation Strike 3001 Dip 71

2 Stress parameter (bars) 50

3 Duration model 1/fc+0.05 R

4 Quality factor 508f0.48

5 Windowing function Saragoni-Hart

6 fmax (Hz) 15

7 Crustal shear wave velocity (km/sec) 3.6

8 Crustal density (kN/m3) 2.8

9 Radiation strength factor 1.4

10 Fault dimension along strike and dip (km) 240�80

11 Depth of focus (km) 16

12 No. of sub-faults 16�5

13 No. of sub-sources summed 339

F – frequency; fc – corner frequency; fmax-cut off frequency; R – epi-central

distance
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the geometric attenuation function, An(o) is an elastic whole path
attenuation function.

Finite fault simulation program (FINSIM) has been widely used
for the generation of ground motions of large size earthquakes
[25,26] and hence has been adopted in the present study.
Parameters and their values used to generate strong ground
motion for the scenario earthquake are given in Table 1.
2.1.2. Generation of Depth Dependent Response Spectra (DDRS)

Recorded seismic ground motions contain source, path and site
effects. Among these, the source and path effects are already
accounted while generating the strong ground motion at the
bedrock level in the previous step. Still site effects are required to
be included in the generated ground motion in order to match it
with recorded ground motions in terms of its quality. For this
purpose, the next step suggested as per Fig. 1 is to generate Depth
Dependent Response Spectra (DDRS) of the site by actually
modelling the soil strata.

Numerical methods [27] to evaluate site response can be one-
dimensional (1D), two-dimensional (2D) or three-dimensional
(3D). Two- and three-dimensional analyses are carried out when
the surface topography is in the form of ridges, mountains, hills
(convex surfaces), valleys, and basins (concave surfaces). One-
dimensional wave propagation analysis with horizontally homo-
geneous and vertically varying soil medium is very powerful and
hence widely used [28,29] for characterizing local soil effects.
One-dimensional analysis can be either equivalent linear or
nonlinear. Depending on the intensity of bedrock motion, the
soil sediment undergoes linear or nonlinear strains.

Taking the above aspects into consideration, in the second step
of the methodology, it is proposed to conduct an equivalent linear
analysis of the wave propagation in the soil stratum to
incorporate site effect. The computer program SHAKE 2000 [30]
is an one-dimensional equivalent linear wave propagation
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analysis program, with continuous solution to the wave equation
adopted for use with transient motion through the Fast Fourier
Transformation (FFT). Nonlinearity of the shear modulus and
damping of the soil is accounted by using equivalent linear soil
properties. Soil system is modelled to extend infinitely in
horizontal direction. Each layer in the system is defined by its
value of shear modulus, critical damping ratio, density and
thickness which are independent of frequency. Responses in the
system are caused by upward propagation of shear waves from
the underlying rock formation. Ground motion at the rock layer
below the soil strata is applied as rock outcrop motion.

Artificially generated strong ground motion is known to have
randomness due to the inherent properties of the generation
procedures. In an effort to arrive at smooth and better representa-
tion of the source, path and site effects, it is suggested to evaluate
the DDRS as an average of sample of generated strong ground
motion. The sample size shall be decided as a compromise
between the available computational resources and the smooth-
ness desired in the generated response spectrum. This is also
shown in Fig. 1.
2.1.3. Conversion of DDRS to Depth Dependent Demand Spectra

(DDDS)

After carrying out the previous step, the DDRS is obtained in
the standard spectral acceleration (Sa) versus time period (T)
format. This format is convenient to understand the wave
amplification nature of the soil medium. However, the objective
of the proposed methodology is to estimate the performance
point of a building. To meet this objective, third step of the
methodology is proposed to derive the Depth Dependent Demand
Spectra (DDDS) in Acceleration-Displacement Response Spectra
(ADRS). The derivation is proposed to be executed through [19]

Sdi ¼
T2

i

4p2
Saig ð2Þ

where Sdi¼spectral displacement ordinate in m; Sai¼spectral
acceleration ordinate in units of g; Ti¼time period of the building
in secs; g¼acceleration due to gravity in m/s2; i¼ ith point of the
spectra.

By carrying out the three steps described in Sections 2.1.1–
2.1.3, DDDS incorporated with the characteristics of the seismic
wave behaviour at the site can be obtained. The generated DDDS
is unique by considering the effects of source, path and wave
amplification nature of the soil stratum.
2.2. Capacity spectrum method

2.2.1. Capacity curve through nonlinear static analysis

The overall load capacity of a structure depends on the
strength and deformation capacities of its individual components.
In order to determine capacities beyond the elastic limits, it is
proposed to use a series of sequential elastic analyses with results
from successive analysis superimposed to approximate a force–
displacement capacity diagram of the overall structure. The
capacity curve is to be constructed to represent the deformation
corresponding to first mode response of the structure. Contribu-
tion of higher modes to the capacity curve can be included based
on standard procedures [31]. Modelling the inelastic deformation
capacity of beams and columns is an important task in the
evaluation of capacity curve for RC buildings. In the present study,
SAP2000 [32] software is used for nonlinear static analysis. Based
on ATC 40 [19] guidelines, inelastic deformation properties are
adopted in terms of default PMM hinge for columns and default
M3 hinge for beams.
2.2.2. Conversion of capacity curve to capacity spectrum

Capacity curve of a building is obtained based on the results of
nonlinear static analysis (Section 2.2.1). This is to be transformed
to capacity spectrum using the spectral coordinates [19] corre-
sponding to the first natural mode of the building. Conversion of
ordinates can be effected as

Saj ¼
Vj=W

a1
ð3Þ

Sdj ¼
Droof

PF1f1,roof

ð4Þ

where Vj¼base shear at the jth point of the capacity curve;
W¼weight of the building as sum of dead load and percentage
live load; a1¼modal mass coefficient for the first natural mode;
Droof¼roof displacement; PF1¼modal participation factor for the
first natural mode; f1,roof¼amplitude of roof in first natural
mode.

2.3. Performance point

At this stage, both the demand and capacity spectra specific to
the characteristics of the building and the demand at site would
have been generated. The next step of the methodology involves
identification of performance point of the building. As same
format is used to express both the spectra, their intersection gives
the site-specific performance point of the building. However, site-
specific demand spectrum obtained in Section 2.1 is for 5% viscous
damping of the building. According to ATC 40 [19], effective
damping (beff) of the building during earthquake excitation is
combination of viscous damping that is inherent in the building
(about 5%) and hysteretic damping (bo) that is related to the area
inside the hysteretic loops formed when the earthquake force is
plotted against the structural displacement. In view of this, it is
proposed to modify the demand spectrum obtained in Section 2.1
to account for the effective damping of the structure. Inelastic
deformation undergone by the building, which is given by the
distance between the yield point and the performance point, is a
measure of effective damping of the structure. Eventually, this
presents a nonlinear relation between effective damping and the
demand spectrum. An iterative method (Fig. 2) consisting of
sequence of simple calculations is suggested for solving the
nonlinear relation. Demand spectrum has to be updated in each
iterative cycle till convergence is achieved. Two procedures
(P1 and P2) as suggested by ATC 40 [19] and FEMA 440 [4],
respectively, are adopted in the proposed methodology to
determine the hysteretic damping of the structure due to
inelastic deformation. By applying one of the procedures, it is
proposed to compute an updated value of hysteretic damping in
each cycle which in turn can be used to evaluate effective
damping of the building.

2.3.1. Procedure 1 (P1)

Capacity spectrum method of ATC 40 [19] assumes that the
maximum displacement of a nonlinear SDOF system can be
estimated from the maximum displacement of a linear elastic
SDOF system which has an equivalent period and damping ratio.
Hysteretic damping value (bo) in percentage is obtained from the
yield point and performance point ordinates in an iteration using
Eq. (5) [19]

bo ¼
63:7ðaydpi�dyapiÞ

apidpi
ð5Þ

where ay¼spectral acceleration at yield; dy¼spectral displace-
ment at yield; api¼spectral acceleration at ith iteration;
dpi¼spectral displacement at ith iteration.
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2.3.2. Procedure 2 (P2)

The equivalent period and equivalent damping can also be
computed from the maximum displacement ductility ratio, m
[4,33]. Hysteretic damping (bo) is calculated using the Eq. (6) and
the performance point is calculated in several steps based on a
bilinear model (Fig. 3).

bo ¼ 63:7
ð1�aiÞðmi�1Þ

ðmi�aimiþaim2
i Þ

" #
ð6Þ

where, mi¼di/dy is ductility at ith iteration; dy – displacement at
yield; di –displacement at ith iteration; ai¼ki/ky is post-elastic
stiffness ratio at ith iteration; ki – stiffness at ith iteration;
ky – elastic stiffness.

2.3.3. Modified effective damping (beff)

To account for the structural behaviour of an existing
reinforced concrete building, beff is proposed to be modified by
using a damping factor k (Eq. (7)) [19,4] which depends solely on
the expected structural behaviour of the building. Guidelines to
choose the numerical value of k are available in Refs. [4,19].

beff ¼ kboþ5 ð7Þ

2.3.4. Reduction of 5 per cent demand spectrum

Converged effective damping value is proposed to be used to
estimate the spectral reduction factors, SRA and SRV, using the
following relations [19,4],

SRA ¼
3:21�0:68lnðbeff Þ

2:12
ð8Þ
SRV ¼
2:31�0:41lnðbeff Þ

1:65
ð9Þ

The computed factors are to be subjected to their minimum
values as given by ATC 40 [19]. In each iterative cycle, the demand
spectrum has to be successively scaled using the spectral
reduction factor. For acceleration dominated region of DDDS,
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the factor SRA has to be used for scaling while the factor SRV has to
be used for scaling the velocity dominated region. Difficulty lies,
however, due to the fact that DDDS does not have clearly
identifiable regions that are controlled predominantly by accel-
eration or velocity unlike the design spectrum suggested by a
code. It is, however, proposed that DDDS up to the natural period
of the site can be considered as acceleration predominant region
and the remaining can be considered as velocity predominant for
the purpose of scaling the demand spectrum.
3. Demonstration of the methodology

In order to demonstrate the methodology, two buildings
designated as B1 and B2 are chosen. Both the buildings are
assumed to be located on different depths of soil strata at Delhi
to calculate the performance points using the proposed
methodology.
Fig. 4. Thickness of soil stratum above bedrock for Delhi region.

Table 2
Time periods of soil strata.

Sl. No. Depth of soil stratum (m) Time period (s)

1 10 0.19

2 20 0.34

3 30 0.47

4 50 0.67

5 75 0.9

6 100 1.2

7 150 1.6

8 200 2.0
3.1. Generation of demand curve

Generation of demand curve for site-specific earthquake is a
major task towards applying the methodology. For this purpose,
artificial ground motions are generated for Delhi region for a
scenario earthquake of moment magnitude 8.5 originating from
Central Seismic Gap (CSG) of Himalayan region. According to
seismologists [26,34,35] the probability of occurrence of an
earthquake of moment magnitude 8.5 in next 100 years at CSG
is 0.59. Risk level corresponding to this is comparable with that of
50% exceedance in 100 years as specified in Indian seismic code
1893–2002 Part I [8]. No recorded ground motion with char-
acteristics equivalent to the magnitude and distance considered
for the scenario earthquake is available for Delhi. Hence, as
described in an earlier section, finite source model proposed by
Beresnev and Atkinson [23] has been used to generate artificial
strong ground motion at reference site (Ridge observatory) for the
scenario earthquake. For verification purpose, the generated
ground motion is compared with that of Singh et al. [26] by the
first author of this paper [36]. To account for the randomness in
the simulation, 15 time history accelerations have been generated
and used.

Next step is to propagate the earthquake generated for the
reference site through different soil strata. Depth of soil stratum,
shear wave velocity, modulus reduction curve and damping curve
are the important properties that influence the modification of
ground motion through soil layer. The thickness of alluvium
above the bedrock at Delhi varies significantly and according to a
report by Central Ground Water Board (CGWB) [37], variation is
from less than 50 m to more than 300 m (Fig. 4). In the present
study 8 representative soil strata defined by depths 10, 20, 30, 50,
75, 100, 150 and 200 m have been chosen. For shear wave
Fig. 6. Capacity curve of building B1.

4@4m

4@
3mFrame chosen 

for the present 
study 

Fig. 5. Plan of the four storey building.



ARTICLE IN PRESS
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velocity, regression relations (Eqs. (10)–(12)) have been suggested
by Satyam [38] based on seismic refraction and Multi Array
Surface Wave (MASW) tests. Delhi has been divided into three
regions designated as M1, M2, M3.

Vs ¼ 281 D0:08
s for region M1 ð10Þ

Vs ¼ 217 D0:13
s for region M2 ð11Þ

Vs ¼ 140 D0:24
s for region M3 ð12Þ

where Vs¼shear wave velocity in m/sec; Ds¼depth of soil stratum
in m;

The region M3 only has been considered for the present study.
From the large number of borelog data available for Delhi region,
it is observed that the Plasticity Index (PI) of soils at Delhi region
varies from 0% to 15%. Modulus reduction curves and damping
curves for Delhi soil corresponding to PI¼0% (Non plastic),
PI¼15% (low plasticity) soil have been adopted from Vucetic
and Dobry [39]. For rock, modulus reduction curves and damping
curves have been chosen from Schnabel and Seed [40].

Ground motions are obtained at the top of representative soil
sites by conducting equivalent linear one dimensional wave
propagation analysis using the program SHAKE2000 [30]. The
time periods of the 8 different soil stratum depths considered in
the present study are given in Table 2. Using the surface ground
motions, the average Depth Dependent Response Spectra (DDRS)
of 15 random simulations of the ground motions at soil surface
have been obtained corresponding to 2, 5, 10, 15, 20 and 25%
damping.

3.2. Generation of capacity spectrum for B1

Initially nonlinear static analysis is carried out on building B1
and the capacity curves are generated using SAP2000 [32]. The
building B1 is a four storey building with plan dimensions 16 m by
12 m as shown in Fig. 5. Beam and column dimensions and
reinforcement details are adopted from Inel and Ozmen [41].
Table 3
Sa, Sd, Vb and Dinel for 2%, 5% and 10% damping for B1.

Depth of soil stratum (m) 2% 5%

Sa (g) Sd (m) Vb (kN) Dinel (m) Sa (g)

10 0.098 0.051 214.678 0.056 0.086

20 0.098 0.055 212.931 0.060 0.099

30 0.100 0.060 218.609 0.065 0.096

50 0.096 0.077 209.841 0.085 0.098

75 0.100 0.105 218.810 0.114 0.101

100 0.102 0.140 223.038 0.153 0.099

150 – – – – 0.104

200 – – – – –

Table 4
Sa, Sd, Vb and Dinel for 15%, 20% and 25% damping for B1.

Depth of soil stratum (m) 15% 20%

Sa (g) Sd (m) Vb (kN) Dinel (m) Sa (g)

10 0.063 0.014 136.669 0.016 0.094

20 0.062 0.015 134.900 0.016 0.060

30 0.076 0.017 166.108 0.018 0.068

50 0.093 0.026 203.762 0.028 0.091

75 0.096 0.043 209.437 0.047 0.098

100 0.094 0.056 206.052 0.062 0.094

150 0.100 0.072 218.107 0.078 0.094

200 0.092 0.022 200.068 0.024 0.087
Considering the symmetry of the building and also neglecting
torsion effects, 2-D model of an interior frame is chosen for the
present study. The total height of the building is 11.2 m and
typical floor-to-floor height is 2.8 m. The dead and participating
live loads (30% of live load) on the frame are 197.6 and 36 tons,
respectively.

The building is modelled with default PMM hinge properties
for column and default M3 hinge properties for beam. The
displacement control nonlinear static pushover analysis is carried
out for the selected interior frame and the capacity curve of the
building is obtained (Fig. 6). The capacity curve is transformed to
capacity spectrum using Eqs. (3) and (4). The capacity spectrum is
found to be nearly bilinear.
3.3. Generation of performance point for B1

The DDDS for eight different soil stratum depths and six
different percentage damping values (2%, 5%, 10%, 15%, 20% and
25%), the demand curves as per 5% response spectra for medium
soil design basis earthquake (DBE) of IS 1893–2002 [8] and the
capacity spectrum are shown in Fig. 7 (a)–(h).

Though the DDDS has been generated for 6 different
percentages of damping, the performance points are obtained
corresponding to only 5% damping. However, spectral accelera-
tion, Sa, spectral displacement, Sd, base shear Vb and top
displacements Dinel at the intersection point of demand curve
and capacity curve for different damping ratios are given in
Tables 3 and 4. For the soil stratum depths 10 and 20 m, the
demand curve corresponding to 5% damping intersects the
capacity curve in elastic response region. For the other depths
(30, 50, 75, 100 and 150 m), the intersection points lie in inelastic
response region. For these depths the modified effective damping
values and reduced demand spectra are obtained from 5% demand
spectra using Procedure 1 (P1) and Procedure 2 (P2) described
earlier (Eqs. (6)–(9)). The computed results are shown in Fig. 8
(a)–(j). Even though it is sufficient to use either procedure P1 or
10%

Sd (m) Vb (kN) Dinel (m) Sa (g) Sd (m) Vb (kN) Dinel (m)

0.018 188.244 0.020 0.063 0.014 136.656 0.016

0.022 216.539 0.024 0.071 0.016 155.114 0.018

0.029 208.782 0.031 0.086 0.020 187.087 0.021

0.048 213.434 0.052 0.097 0.032 211.359 0.035

0.065 221.261 0.070 0.098 0.051 213.608 0.056

0.080 216.276 0.087 0.096 0.069 210.573 0.076

0.137 227.886 0.150 0.098 0.102 213.761 0.112

– – – 0.097 0.032 212.058 0.035

25%

Sd (m) Vb (kN) Dinel (m) Sa (g) Sd (m) Vb (kN) Dinel (m)

0.049 204.768 0.054 0.094 0.043 205.219 0.047

0.012 130.292 0.013 0.055 0.013 120.530 0.014

0.016 149.506 0.017 0.067 0.015 145.361 0.016

0.023 198.041 0.025 0.091 0.020 199.703 0.022

0.038 214.089 0.042 0.091 0.025 199.701 0.028

0.049 204.768 0.054 0.094 0.043 205.219 0.047

0.023 205.191 0.026 0.089 0.019 194.743 0.021

0.019 189.286 0.021 0.081 0.018 177.523 0.019
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P2, two sets of results were obtained by using both these
procedures independently. Both the result sets are presented in
Fig. 8 (a)–(j) to make a meaningful comparison among them. The
trial performance points, led to the modification of effective
damping (beff) and spectral reduction factors (SRA and SRv). Base
shear and top displacement corresponding to the final
performance point are given in Table 5. The Indian seismic code
spectra intersect the capacity curve in the inelastic region. The
modification has been carried out for effective damping as per
procedures P1 and P2. The site-specific base shear and top
Fig. 8. Performance points using procedures P1 (a, c, e, g, i) and P2 (b, d, f, h, j) f

spectra for B1.
displacement (which includes the effects of soil amplification)
corresponding to different depths of soil strata along with those
due to DBE of IS 1893-2002 Part I [8] are given in Table 6. It may
be noted that two sets of base shear and top displacement values
have been calculated corresponding to procedures P1 and P2.

3.4. Generation of capacity spectrum for B2

Plan of building B2 is shown in Fig. 9. Overall length and width
of the building are 11.4 and 10.9 m, respectively. Height of the
or different soil stratum depths, DDDS and IS 1893-2002 medium soil demand
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Fig. 8. (Continued)

Table 5
Sa, Sd, Vb and Dinel for reduced demand spectra for B1.

Depth of soil stratum (m) P1 P2

Sa (g) Sd (m) Vb (kN) Dnel (m) Sa (g) Sd (m) Vb (kN) Dinel (m)

30 0.0961 0.0238 209.96 0.0260 0.0232 0.0934 204.03 0.0254

50 0.0970 0.0319 211.91 0.0349 0.0312 0.0949 207.25 0.0341

75 0.0972 0.0474 212.32 0.0518 0.0546 0.0976 213.08 0.0596

100 0.0965 0.0540 210.68 0.0590 0.0533 0.0952 207.80 0.0581

150 0.0985 0.0885 215.07 0.0966 0.0839 0.0986 215.26 0.0916

Table 6
Comparison of Vb and Dinel for reduced spectra with DBE for B1.

Depth of soil stratum
(m)

P1 P2

Vb (kN) Dinel (m) Vb (kN) Dinel (m)

Site-
specific

DBE %
differencen

Site-
specific

DBE %
differencen

Site-
specific

DBE %
differencen

Site-
specific

DBE %
differencen

30 209.96 202.03 3.93 0.026 0.0425 �38.82 204.03 202.16 0.93 0.025 0.0529 �51.98

50 211.91 202.03 4.89 0.035 0.0425 �17.88 207.25 202.16 2.52 0.034 0.0529 �35.54

75 212.32 202.03 5.09 0.052 0.0425 21.88 213.08 202.16 5.40 0.060 0.0529 12.67

100 210.68 202.03 4.28 0.059 0.0425 38.82 207.8 202.16 2.79 0.058 0.0529 9.83

150 215.07 202.03 6.45 0.097 0.0425 127.29 215.26 202.16 6.48 0.092 0.0529 73.16

n Positive values indicate site-specific analysis results are higher
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Fig. 9. Plan of building B2.

Fig. 10. Capacity curve of building B2.
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building is 23.6 m. Cross section and reinforcement details of the
beams and columns are modelled as given in the construction
drawings of the building. The total lumped mass due to dead and
participating live loads of the building for the bottom six stories is
equal to 179.2 tons while the lumped mass for seventh and eighth
stories is equal to 90.1 and 17.9 tons, respectively. This building
has been modelled with 18 different sets of section properties.
The details of the section properties are not included in the paper.
The same can be obtained by contacting the authors.

Building B2 has been modelled using SAP2000 [32], with
default PMM hinge properties for column and default M3
properties for beam. Displacement controlled nonlinear static
pushover analysis has been carried out for the 3D building model
and the capacity curve of the building (Fig. 10) is obtained.
Further, the capacity curve is transformed to capacity spectrum
using Eqs. (3) and (4).

Capacity and demand curves for the eight different depths of
soil stratum are obtained for building B2 and shown in Fig. 11 (a)–
(h). The intersection points of demand curve and capacity curve
for different damping ratios, the base shear and top displacements
for B2 are given in Tables 7 and 8. For the soil stratum depths of
10, 20, 30, 50 and 200 m, the 5% demand curve intersect the
capacity curve in the elastic response region. For the other depths
(75, 100 and 150 m), the intersection points are found to lie in
inelastic response region. For these three depths, spectral
reduction factors are applied to 5% demand spectra and the
performance points are obtained using procedures P1 and P2. This
is carried out through number of trials as shown in Fig. 12 (a)–(f).
The trial performance points are arrived at by using beff, SRA and
SRv corresponding to soil stratum depths of 75, 100 and 150 m.
The base shear and roof displacements corresponding to the final
performance points of B2 for different depths of soil stratum are
compared in Table 9. As like for building B1, the site-specific base
shear and top displacement for different soil stratum depths are
compared with corresponding values due to IS 1893–2002 DBE [8]
in Table 10. Based on reasons explained already in the context of
building B1, two sets of results are obtained by using both the
procedures independently.
4. Discussions

Methodology proposed in this paper has clearly brought out
the effect of local soil and depth of soil stratum on the seismic
performance of building. For building B1, maximum percentage
difference in base shear and top displacement is 6.45% and 127.3%
as per P1 and 6.45% and 73.16% as per P2, respectively. It is
apparent that for a nearly perfect elasto-plastic system as in the
case of B1, the base shear demand remains constant in the
inelastic region since Sa/g is a constant. However, the performance
point is strongly dependent on time period, and ductility (or)
estimate of equivalent damping due to inelastic deformations. The
displacement demand is significantly different for M3 soil strata
for depths in excess of 75 m. The variation of the percentage
increase in displacement demand with depth of soil was nearly
quadratic (proportional to square of soil depth) for the building
B1. While the structure chosen is highly ductile with displace-
ment ductility in the order of 7.0, majority of the structures built
using normal detailing provisions may have displacement
ductility ranging from 2.0 to 4.0. It is apparent that for depths
in excess of 75 m, such structures are likely to fall short of
inelastic displacement demand, even though code provisions may
indicate the existence of a performance point.

The capacity curve for building B2 is typical of majority of
framed structures with multiple reductions in stiffness levels in
the post-yield scenario. This case more or less depicts the
converse scenario of building B1. In this case, a number of
buildings having different capacity curves may show a nearly
constant spectral displacement, but may have a highly variable
spectral acceleration demand. When compared to the spectra
of IS 1893–2002 [8], maximum percentage difference in base
shear and top displacement for 100 m depth is 48.8% and 89.8%,
respectively, as per P1 and 52% and 94%, respectively, as per P2.
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The ratio of percentage increase in spectral displacement
to percentage increase in spectral acceleration or base shear
demand was approximately 1.8 for the case of 100 m soil depth.
The spectral displacement demand for depths in excess of
75 m varied in a narrow range of 0.071–0.095 m with a mean
value of 0.083 m.

However, for systems with continuous variation in capacity
spectrum, the depth of soil stratum has influence on the base
shear demand as well as the inelastic displacement demand. For a
given capacity curve the ratio of increase in displacement demand
to increase in shear demand is likely to be a constant as the soil-
amplification curves show vertical drop from a peak (Sa/g) value
to a low (Sa/g) value at a constant Sd.
5. Summary and conclusions

A methodology is proposed for seismic performance evaluation
of an existing building for site-specific earthquake and it is
demonstrated for Delhi region. Artificial ground motions at rock
outcrop are generated for a scenario earthquake of Mw¼8.5. The
modified ground motions on top of different depths of represen-
tative soil stratum are evaluated. The DDDS for 5% damping ratio
are obtained for eight different assumed depths of soil stratum
above bedrock. The capacity curves of two buildings B1 and B2 are
obtained. Subsequently, the modified effective damping values
are evaluated using two procedures P1 and P2. The base shear
and roof displacements of B1 and B2 for response spectra of
Fig. 11. Capacity and demand spectra f
site-specific scenario earthquake and spectra of the DBE of Indian
seismic code are compared.

For building B1 which has nearly elasto-plastic behaviour, with
soil stratum depths of 30, 50, 75, 100 and 150 m, the 5% demand
curve intersect the capacity curve in the inelastic region. For 200 m
depth 5% demand curve does not intersect the capacity curve. For
soil stratum depths above 75 m, the inelastic displacements are
more than that of the DBE of IS 1893–2002 [8] DBE. The results
indicate that the depth of soil stratum has significant influence on
displacement demand compared to base shear demand in build-
ings which can be idealized as elasto-plastic. For building B2 which
has continuously varying inelastic behaviour, with soil stratum
depths of 75, 100 and 150 m, the 5% demand curve intersect the
capacity curve in the inelastic region. For remaining depths studied,
demand curve intersect the capacity curve within the elastic
region. Indian seismic code spectra intersect the capacity curve in
the elastic region and hence damping modification has not been
applied to code spectra for B2. The results indicate that for
buildings with continuous variation in capacity spectrum, the
depth of soil stratum has influence on the base shear demand as
well as on the inelastic displacement demand.

From the studies made, it is clear that considering the design
spectra suggested by seismic codes and only the top 30 m soil
stratum to include the effects of soil amplification may not ensure
safe seismic performance of a building. It is further seen that the
site-specific earthquake and the depth of soil stratum have
significant influence on the performance of the building both in
terms of inelastic displacement as well as inelastic base shear.
or different damping ratios for B2.
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Table 7
Sa, Sd, Vb and Dinel for 2%, 5% and 10% damping for B2.

Depth of soil stratum (m) 2% 5% 10%

Sa (g) Sd (m) Vb (kN) Dinel (m) Sa (g) Sd (m) Vb (kN) Dinel (m) Sa (g) Sd (m) Vb (kN) Dinel (m)

10 0.1087 0.0390 1009.3447 0.0538 0.0759 0.0250 704.7678 0.0345 0.0595 0.0196 552.8767 0.0270

20 0.1172 0.0420 1087.9938 0.0579 0.0834 0.0274 774.5026 0.0379 0.0658 0.0216 611.0481 0.0299

30 0.1283 0.0460 1191.4415 0.0634 0.0921 0.0303 855.5752 0.0418 0.0722 0.0238 670.7546 0.0328

50 0.1447 0.0608 1344.0409 0.0840 0.0977 0.0476 213.4335 0.0520 0.0968 0.0318 211.3588 0.0348

75 0.1654 0.0926 1536.1902 0.1278 0.1954 0.0653 1814.2939 0.0901 0.1370 0.0491 1272.033 0.0677

100 0.1632 0.1078 1515.7813 0.1488 0.1636 0.0798 1519.5411 0.1101 0.1464 0.0569 1359.411 0.0785

150 – – – – 0.1813 0.1228 1683.9055 0.1695 0.1256 0.0450 1166.376 0.0621

200 – – – – 0.1192 0.0427 1106.3792 0.0589 0.0968 0.0347 898.8368 0.0478

Table 8
Sa, Sd, Vb and Dinel for 15%, 20% and 25% damping for B2.

Depth of soil stratum (m) 15% 20% 25%

Sa (g) Sd (m) Vb (kN) Dinel (m) Sa (g) Sd (m) Vb (kN) Dinel (m) Sa (g) Sd (m) Vb (kN) Dnel (m)

10 0.0595 0.0196 552.8646 0.0270 0.0533 0.0184 494.8853 0.0254 0.0422 0.0151 391.8152 0.0209

20 0.0526 0.0198 487.9583 0.0273 0.0526 0.0173 487.9583 0.0239 0.0526 0.0173 487.9583 0.0239

30 0.0582 0.0192 540.6689 0.0264 0.0557 0.0183 516.9479 0.0253 0.0557 0.0183 516.9479 0.0253

50 0.0933 0.0256 203.7616 0.0279 0.0907 0.0226 198.0413 0.0246 0.0914 0.0201 199.7025 0.0219

75 0.1161 0.0416 1078.1818 0.0574 0.1032 0.0370 958.4223 0.0510 0.0834 0.0271 774.1126 0.0374

100 0.1313 0.0510 1218.8557 0.0704 0.1172 0.0420 1088.1795 0.0579 0.1054 0.0378 978.6837 0.0521

150 0.1087 0.3842 1008.9733 0.5302 0.0961 0.0356 892.3462 0.0491 0.0757 0.0289 702.8271 0.0399

200 0.0862 0.0284 800.6601 0.0391 0.0799 0.0263 741.4923 0.0363 0.0757 0.0249 702.8271 0.0344

Fig. 11. (Continued)
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Fig. 12. Performance points using procedures P1 (a, c, e) and P2 (b, d, f) for different soil stratum depths, DDDS and IS 1893–2002 medium soil demand spectra for B2.

Table 9
Sa, Sd, Vb and Dinel for reduced demand spectra for B2.

Depth of soil stratum (m) P1 P2

Sa (g) Sd (m) Vb (kN) Dinel (m) Sa (g) Sd (m) Vb (kN) Dinel (m)

75 0.133 0.052 1235.91 0.071 0.129 0.050 1196.91 0.069

100 0.149 0.068 1381.70 0.093 0.152 0.069 1411.78 0.095

150 0.106 0.038 982.79 0.052 0.128 0.046 1186.38 0.063

P. Kamatchi et al. / Soil Dynamics and Earthquake Engineering 30 (2010) 647–661660
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Table 10
Comparison of Vb and Dinel for reduced spectra with DBE for B2.

Depth of soil stratum
(m)

P1 P2

Vb (kN) Dinel (m) Vb (kN) Dinel (m)

Site-
specific

DBE %
differencea

Site-
specific

DBE %
differencea

Site-
specific

DBE %
differencea

Site-
specific

DBE %
differencea

75 1235.91 928.6 33.10 0.071 0.049 44.90 1196.91 928.6 28.89 0.0692 0.049 41.22

100 1381.7 928.6 48.79 0.093 0.049 89.80 1411.78 928.6 52.03 0.0951 0.049 94.08

150 982.79 928.6 5.84 0.052 0.049 6.12 1186.38 928.6 27.76 0.063 0.049 28.57

a Positive values indicate results of site-specific analysis are higher
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