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Introduction

Seismic evaluation of existing structures and of the proposed
design of new structures is usually based on nonlinear static (or
pushover) analysis procedures, but nonlinear response history
analysis (RHA) is now being increasingly used. In the latter
approach, the seismic demands are determined by nonlinear
RHA of the structure for several ground motions. Procedures for
selecting and scaling ground-motion records for a site-specific
hazard are described in building codes and have been the subject
of much research in recent years.

Current performance-based design and evaluation methodolo-
gies prefer intensity-based methods to scale ground motions over
spectral matching techniques that modify the frequency content
and/or phasing of the record to match its response spectrum to
the target spectrum. In contrast, intensity-based scaling methods
preserve the original nonstationary content of the ground motion
and only modify its amplitude. The primary objective of inten-
sity-based scaling methods is to provide scale factors for a small
number of ground-motion records, so that nonlinear RHA of the
structure for these scaled records is accurate, i.e., it provides an
accurate estimate in the median value of the engineering demand
parameters (EDPs) and is efficient, i.e., it minimizes the record-to-
record variations in the EDP. Scaling ground motions to match a
target value of peak ground acceleration (PGA) is the earliest
approach to the problem, which produces inaccurate estimates with
large dispersion in EDP values for structures responding in the non-
linear range (Nau and Hall 1984; Miranda 1993; Vidic et al. 1994;
Shome and Cornell 1998). Other scalar intensity measures (IMs)

such as effective peak acceleration, Arias intensity, and effective
peak velocity have also been found to be inaccurate and inefficient
(Kurama and Farrow 2003). None of the preceding IMs consider
any of the properties of the structure to be analyzed.

Including a vibration property of the structure led to improved
methods to scale ground motions, e.g., scaling records to a target
value of the elastic spectral acceleration, AðT1Þ, from the code-
based design spectrum or probabilistic or deterministic seismic
hazard analysis-based uniform hazard spectrum at the fundamental
vibration period of the structure, T1, provides improved results for
structures whose response is dominated by their first mode (Shome
et al. 1998). However, this scaling method becomes less accurate
and less efficient for structures responding significantly in their
higher vibration modes, or far into the inelastic range (Mehanny
1999; Alavi and Krawinkler 2000; Kurama and Farrow 2003).
To consider higher-mode response, a scalar IM that combines
the spectral accelerations AðT1Þ and AðT2Þ at the first two periods
and vector IM comprised of AðT1Þ, and the ratio of AðT1Þ=AðT2Þ
have been developed (Bazzurro 1998; Shome and Cornell 1999).
Although this vector IM improves accuracy, it remains inefficient
for near-fault records with a dominant velocity pulse (Baker and
Cornell 2006).

To recognize the lengthening of the apparent period of vibration
owing to yielding of the structure, a scalar IM, defined as a combi-
nation of AðT1Þ and AðcT1Þ where c > 1, has been considered
(Mehanny 1999; Cordova et al. 2000); alternatively, scaling earth-
quake records to minimize the difference between its elastic
response spectrum and the target spectrum has been proposed
(Kennedy et al. 1984; Malhotra 2003; Alavi and Krawinkler
2004; Naeim et al. 2004; Youngs et al. 2007).

The International Building Code (IBC) (ICBO 2006) and
California Building Code (CBC) (ICBO 2007) require that earth-
quake records be scaled according to the ASCE/SEI 7-05 provi-
sions (ASCE 2005). For two-dimensional analyses of regular
structures, ground motions are scaled such that the average value
of the 5%-damped elastic response spectra for a set of scaled
motions is not less than the design response spectrum over the
period range from 0:2T1 to 1:5T1. For structures having plan
irregularities or structures without independent orthogonal lateral
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load resisting systems, where three-dimensional analyses need to
be performed, ground motions should consist of appropriate
horizontal components.

All the preceding scaling methods (including the ASCE/SEI
7-05) utilize IMs based on elastic responses of the structure, but
do not explicitly consider inelastic responses. They lead to scale
factors that depend only on the structural period(s), independent
of the structural strength. The elastic-response-based IMs may
not be appropriate for near-fault sites where the inelastic spectral
deformation can be significantly larger than corresponding elastic
spectral deformation (Bozorgnia and Mahin 1998; Alavi and
Krawinkler 2000; Baez and Miranda 2000; Chopra and
Chintanapakdee 2004). This limitation has been overcome in
recently proposed IMs based on the inelastic deformation spectrum,
leading to improved estimation of the median EDPs and reduced
dispersion of EDPs (Bazzurro and Luco 2004, 2006; Luco and
Cornell 2007). Through incremental dynamic analyses, response
of generic frames to different intensity levels of near-fault ground
motions demonstrated that scaling records with the IM defined
as the inelastic deformation of the first-mode inelastic single-
degree-of-freedom (SDF) system is accurate, efficient and suffi-
cient compared to elastic-response-based IMs (Tothong and
Luco 2007; Tothong and Cornell 2008). Required in this approach
are attenuation relationships for the inelastic deformation with
given ground-motion properties (magnitude, fault distance, site
condition, etc.) and mean rate of occurrence of the hazard level
considered (Tothong and Cornell 2008).

The objective of this paper is to develop a new method for
selecting and scaling earthquake ground-motion records in a form
convenient for evaluating existing structures or proposed designs
for new structures. The procedure presented explicitly considers
structural strength and is based on the standard IM of spectral
acceleration that is available from the United States Geological
Survey (USGS) seismic hazard maps, where it is mapped for
periods of 0.2 s and 1.0 s for the entire United States to facilitate
construction of site-specific design spectrum (Petersen et al.
2008), or it can be computed from the uniform hazard spectrum
obtained by probabilistic or deterministic seismic hazard analysis
for the site.

Based on modal pushover analysis (MPS), the procedure pre-
sented herein explicitly considers the strength of the structure, ob-
tained from the first-mode pushover curve and determines scaling
factors for each record to match a target value of the deformation
of the first-mode inelastic SDF system estimated by established
procedures. Appropriate for first-mode dominated structures, this
approach is extended for structures with significant contributions
of higher modes. According to results presented for three actual
buildings—4, 6, and 13-story—the effectiveness of this scaling
procedure is established and its superiority in terms of accuracy
and efficiency over the ASCE/SEI 7-05 procedure is demonstrated.

Modal-Pushover-Based Scaling

In the MPS procedure, each ground-motion record is scaled by a
factor selected to ensure that the peak deformation of the first-mode
inelastic SDF system owing to the scaled record is close enough to
a target value of the inelastic deformation. The force-deformation
relation for the first-mode inelastic SDF system is determined from
the first-mode pushover curve. The target value of the inelastic de-
formation is the median deformation of the inelastic SDF system
for a large ensemble of (unscaled) earthquake records compatible
with the site-specific seismic hazard conditions. Nonlinear RHA of
the inelastic SDF system provides the peak deformation of the

system to each record in the ensemble, and the median of the data
set provides the target value. Alternatively, the median deformation
of the inelastic SDF system can be estimated as the deformation of
the corresponding linearly elastic system, known directly from the
target spectrum, multiplied by the inelastic deformation ratio;
empirical equations for this ratio are available for systems with
known yield-strength reduction factor (e.g., Ruiz-Garcia and
Miranda 2002; Chopra and Chintanapakdee 2004).

For first-mode dominated structures, scaling earthquake records
to the same target value of the inelastic deformation is expected be
sufficient. Because higher vibration modes are known to contribute
significantly to the seismic response of midrise and high-rise build-
ings, the MPS procedure checks for higher-mode compatibility of
each record by comparing its scaled elastic spectral displacement
response values at second-mode vibration periods of the structure
against the target spectrum. This approach ensures that each scaled
earthquake record satisfies two requirements: (1) the peak deforma-
tion of the first-mode inelastic SDF system is close enough to the
target value of the inelastic deformation; and (2) the peak deforma-
tion of the second-mode elastic SDF system is not far from the
target spectrum.

MPS Procedure: Summary

The MPS procedure is summarized below in a step-by-step form:
1. For the given site, define the target pseudoacceleration

response spectrum either as the probabilistic or deterministic
hazard analysis-based uniform hazard spectrum, or code-based
design spectrum, or the median pseudoacceleration spectrum
for a large ensemble of (unscaled) earthquake records compa-
tible with the site-specific seismic hazard conditions.

2. Compute the frequencies ωn (periods Tn) and ϕn of the first
few modes of elastic vibration of the structure.

First-Mode Dominated Structures

3. Develop the base shear-roof displacement Vb1 # ur1 relation or
pushover curve by nonlinear static analysis of the structure
subjected to gradually increasing lateral forces with an invar-
iant force distribution s$1 ¼ mϕ1, associated with the first-
mode, where m is the structural mass matrix. Gravity loads,
including those present on the interior (gravity) frames, are
applied before starting the pushover analysis.

4. Idealize the pushover curve and select a hysteretic model for
cyclic deformations, both appropriate for the structural system
and materials (Han and Chopra 2006; Bobadilla and Chopra
2008). Determine the yield-strength reduction factor Ry (equals
strength required for the structure to remain elastic divided by
the yield-strength of the structure) from: Ry ¼ M$

1
!A1=Vb1y,

where M$
1 is the effective modal mass and Vb1y is the yield

point value of base shear determined from the idealized push-
over curve.

5. Convert the idealized pushover curve to the force-deformation
Fs1=L1 # D1 relation of the first-mode inelastic SDF system
by utilizing Fs1=L1 ¼ Vb1=M$

1 and D1 ¼ ur1=Γ1ϕr1 in which
L1 ¼ ϕ1mı, ϕr1 is the value of ϕ1 at the roof, Γ1 ¼
ðϕT

1mıÞ=ðϕT
1mϕ1Þ and each element of the influence vector

ı is equal to unity.
6. For the first-mode inelastic SDF system, establish the target

value of deformation !DI
1 from !DI

1 ¼ CR
!D1, where !D1 ¼

ðT1=2πÞ2!A1 and !A1 is the target pseudospectral acceleration
at period T1 and CR is determined from an empirical equation
(shown in the next section) for the inelastic deformation ratio
corresponding to the yield-strength reduction factor Ry, deter-
mined in step 4.
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7. Compute the peak deformation DI
1 ¼ max jD1ðtÞj of the first-

mode inelastic SDF system defined by the force-deformation
relation developed in steps 4 and 5 and damping ratio ζ1.
The initial elastic vibration period of the system is
T1 ¼ 2πðL1D1y=Fs1yÞ1=2. For a SDF system with known T1
and ζ1, DI

1 can be computed by nonlinear RHA attributable
to one of the selected ground motions €ugðtÞ multiplied by a
scale factor SF, to be determined to satisfy step 8, by solving

€D1 þ 2ζ1ω1
_D1 þ Fs1½D1; _D1(=L1 ¼ #ðSFÞ€ugðtÞ ð1Þ

8. Compare the normalized difference between the target
value of the deformation !DI

1 of the first-mode inelastic SDF
system (step 6) and the peak deformation DI

1, determined in
step 7 against a specified tolerance, ε

Δ1 ¼ j!DI
1 # DI

1j=!DI
1 < ε ð2Þ

9. Determine the scale factor SF such that the scaled record
ðSFÞ€ugðtÞ satisfies the criterion of Eq. (2). Because Eq. (1)
is nonlinear, SF cannot be determined a priori but requires
an iterative procedure starting with an initial guess. Starting
with SF ¼ 1, steps 7 and 8 are implemented and repeated with
modified values of SF until Eq. (2) is satisfied. Successive
values of SF are chosen by trial and error or by a convergence
algorithm, e.g., quasi-Newton iteration procedure. For a given
ground motion, if Eq. (2) is satisfied by more than one SF, the
SF closest to one should be taken.
Repeat steps 7 and 8 for as many records as deemed necessary;

obviously the scaling factor SF will be different for each record.
These scaling factors will be shown to be appropriate for structures
that respond dominantly in the first-mode.

Higher-Mode Considerations

10. Establish target values of deformation of higher mode SDF
systems, treated as elastic systems, from the target spectrum
!Dn ¼ ðTn=2πÞ2!An, where the mode number n ¼ 2. We have
found that the second mode is mostly adequate for buildings
susceptible to higher mode effects.

11. By linear RHA, calculate the peak deformation D2 ≡
maxtjD2ðtÞj of the 2nd mode elastic SDF system with known
T2 and ζ2 attributable to a selected ground motion €ugðtÞ multi-
plied by its scale factor SF determined in step 9.

12. Compute the normalized difference between the target value of
deformation !D2 (step 10) and the peak deformation determined
in step 11:

Δ2 ¼ j!D2 # D2j=!D2 ð3Þ

and rank the scaled records based on their Δ2; the record with
the lowest average Δ2 is ranked the highest.

13. From the ranked list, select the final set of records with their
scale factors determined in step 9 to be used in the nonlinear
RHA of the structure.

Estimating Deformation of Inelastic SDF System

The inelastic deformation ratio CR is required in step 6 to estimate
the deformation of the inelastic SDF system. Empirical equations
for CR were first developed by Veletsos and Newmark (1960) as a
function of elastic vibration Tn and ductility factor μ. However, in
selecting and scaling ground-motion records for nonlinear RHA of
an existing building or of a proposed design of a new building, the
inelastic deformation ratio should be expressed as a function of Tn
and the yield-strength reduction factor Ry; these quantities are

determined in steps 7 and 4, respectively. The inelastic deformation
ratio can be expressed as a function of elastic vibration period and
yield-strength reduction factor Ry. Response data for 216 ground
motions recorded on National Earthquake Hazard Reduction
Program (NEHRP) site classes B, C and D demonstrated that
the mean inelastic deformation ratio is influenced little by soil con-
dition, by magnitude if Ry < 4 (but significantly for larger Ry), or
by site-to-fault distance so long as it exceeds 10 km (Ruiz-Garcia
and Miranda 2002). Regression analysis of these data led to an
equation for the inelastic deformation ratio as a function of Tn
and Ry; this equation is restricted to elastoplastic systems.

Median values of CR have been presented for nondegrading
bilinear hysteretic systems subjected to seven ensembles of far-fault
ground motions (each with 20 records), representing large or small
earthquake magnitude and distance and NEHRP site classes, B, C,
or D; and for two ensembles of near-fault ground motions. Regres-
sion analysis of these data led to the empirical CR equation (Chopra
and Chintanapakdee 2004)

CR ¼ 1þ
!
ðLR # 1Þ#1 þ

"
a
Rb
y
þ c

#"
T1

Tc

#
d
$#1

ð4Þ

in which, the limiting value of CR at Tn ¼ 0 is

LR ¼ 1
Ry

"
1þ

Ry # 1
α

#
ð5Þ

where α = postyield stiffness ratio; and Tc = period separating the
acceleration and velocity-sensitive regions of the target spectrum;
the parameters in Eq. (4) are: a ¼ 61, b ¼ 2:4, c ¼ 1:5, and
d ¼ 2:4.

Eqs. (4) and (5) and values of their parameters are valid for
far-fault ground motions, independent of (1) earthquake magnitude
and distance; and (2) NEHRP site class B, C, and D; and also for
near-fault ground motions.

Code-Based Scaling Procedure

The procedures and criteria in the 2006 IBC and 2007 CBC for
selection and scaling of ground motions for use in nonlinear
RHA of structures are based on the ASCE/SEI 7-05 provisions
(ASCE 2005). According to ASCE/SEI 7-05, earthquake records
should be selected from events of magnitudes, fault distance and
source mechanisms that comply with the maximum considered
earthquake. If the required number of appropriate records is not
available, appropriate simulated ground motions may be included
to make up the total number required.

For two-dimensional analysis of symmetric-plan buildings,
ASCE/SEI 7-05 requires intensity-based scaling of ground-motion
records using appropriate scale factors so that the average value of
the 5%-damped response spectra for the set of scaled records is not
less than the design response spectrum over the period range from
0:2T1 to 1:5T1. The design value of an EDP—member forces,
member deformations or story drifts—is taken as the average value
of the EDP over seven (or more) ground motions, or its maximum
value over all ground motions if the system is analyzed for fewer
than seven ground motions.

The ASCE/SEI 7-05 scaling procedure does not insure a
unique scaling factor for each record; obviously, various combina-
tions of scaling factors can be defined to insure that the average
spectrum of scaled records remains above the design spectrum
(or amplified spectrum in case of three-dimensional analyses) over
the specified period range. Because it is desirable to scale each
record by the smallest possible factor close to unity, an algorithm
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is developed and used in applying the code-scaling procedure
in the evaluation section. This algorithm is provided in Kalkan
and Chopra (2010a).

Ground Motions and Systems Analyzed

A total of 21 near-fault strong earthquake ground motions were
compiled from the Next Generation of Attenuation Project’s earth-
quake ground-motion database (Power et al. 2006). These motions
were recorded during seismic events with moment magnitude,
M ≥ 6:5 at closest fault distances, Rcl ≤ 12 km and belonging to
NEHRP site classification C and D. The selected ground-motion
records and their characteristic parameters are listed in Table 1.
Shown in Fig. 1(a) are the pseudoacceleration response spectrum
for each ground motion and the median of the 21 response spectra.
The median spectrum is taken to be the design spectrum for pur-
poses of evaluating the MPS and ASCE/SEI 7-05 scaling proce-
dures. The median spectrum of the ground-motion ensemble is
presented next in Fig. 1(b) as a four-way logarithmic plot together
with its idealized version (dashed-line). The idealized spectrum is
divided logically into three period ranges: the long-period region to
the right of point d, Tn > Td, is called the displacement-sensitive
region; the short-period region to the left of point c, Tn < Tc, is
called the acceleration-sensitive region; and the intermediate-
period region between points c and d, Tc < Tn < Td, is called
the velocity-sensitive region (Chopra 2007, Section 6.8). The
velocity-sensitive region is unusually narrow, which is typical of
near-fault ground motions.

The buildings selected to evaluate the efficiency and accuracy of
the MPS method are existing 4-, 6-, and 13-story steel special
moment resisting frame (SMRF) buildings representative of
low-rise and midrise building types in California. The buildings
having 6 and 13 stories are instrumented and their motions have
been recorded during previous earthquakes. The first three natural
vibration periods and modes of each building are shown in Fig. 2,

and the first-mode pushover curves in Fig. 3, where P-Δ effects
are included. A description of these buildings and complete
details of their analytical models are reported in Kalkan and
Chopra (2010a).

Evaluation of MPS Procedure

The efficiency and accuracy of the MPS and ASCE/SEI 7-05 scal-
ing procedures will be evaluated. A scaling procedure is considered
efficient if the dispersion of EDPs attributable to the scaled records
are small; it is accurate if the median value of the EDPs attributable
to scaled ground motions is close to the benchmark results, defined
as the median values of EDPs, determined by nonlinear RHA of the
building to each of the 21 unscaled ground motions. In this section,
the median values of EDPs determined from a set of 7 ground
motions, scaled according to MPS and ASCE/SEI 7-05 scaling
procedures, will be compared. The median value x̂, defined as
the geometric mean and the dispersion measure, δ of n observed
values of xi, are calculated from

x̂ ¼ exp
!Pn

i¼1 ln xi
n

$
; δ ¼

!Pn
i¼1ðln xi # ln x̂Þ2

n# 1

$
1=2

ð6Þ

The EDPs selected are peak values of story drift ratio, i.e., peak
relative displacement between two consecutive floors normalized
by story height; floor displacements normalized by building height;
and column and beam plastic rotations. Fig. 4 shows the benchmark
EDPs for all three buildings; results from individual records are
also included to demonstrate the large dispersion. Almost all of
the excitations drive all three buildings well into the inelastic range
as shown in Fig. 3, where the roof displacement values attributable
to 21 ground motions are identified on the first-mode pushover
curve. Also shown is the median value.

Table 1. Selected Earthquake Ground Motions

No. Earthquake Year Station M
Rcl
(km)

VS30
(m=s)

PGA
(g)

PGV
(cm=s)

PGD
(cm)

Ground-motion
set no.

1 Tabas, Iran 1978 Tabas 7.4 2.1 767 0.85 110.3 61.1 2
2 Imperial Valley 1979 EC Meloland overpass FF 6.5 0.1 186 0.31 79.3 28.1 2
3 Imperial Valley 1979 El Centro array #7 6.5 0.6 211 0.42 80.2 41.0 3
4 Superstition Hills 1987 Parachute test site 6.5 1.0 349 0.46 74.8 36.3 1
5 Loma Prieta 1989 LGPC 6.9 3.9 478 0.78 77.2 42.7 3
6 Erzincan, Turkey 1992 Erzincan 6.7 4.4 275 0.49 72.9 24.8 2
7 Northridge 1994 Jensen filter plant 6.7 5.4 373 0.75 77.8 31.9 1
8 Northridge 1994 Newhall - W Pico Canyon Rd 6.7 5.5 286 0.39 76.6 43.1 3
9 Northridge 1994 Rinaldi receiving sta 6.7 6.5 282 0.63 109.2 28.3 3
10 Northridge 1994 Sylmar - converter sta 6.7 5.4 251 0.75 109.4 45.8 2
11 Northridge 1994 Sylmar - converter sta east 6.7 5.2 371 0.68 87.3 31.7 1
12 Northridge 1994 Sylmar - Olive View Med FF 6.7 5.3 441 0.71 97.4 22.4 3
13 Kobe, Japan 1995 Port Island 6.9 3.3 198 0.26 62.3 29.6 2
14 Kobe, Japan 1995 Takatori 6.9 1.5 256 0.65 118.8 33.4 1
15 Kocaeli, Turkey 1999 Yarimca 7.4 4.8 297 0.31 60.5 54.7 1
16 Chi-Chi, Taiwan 1999 TCU052 7.6 0.7 579 0.35 131.9 183.2 2
17 Chi-Chi, Taiwan 1999 TCU065 7.6 0.6 306 0.68 99.5 81.8 1
18 Chi-Chi, Taiwan 1999 TCU068 7.6 0.3 487 0.54 206.1 336.3 3
19 Chi-Chi, Taiwan 1999 TCU084 7.6 11.2 553 0.79 92.7 28.8 2
20 Chi-Chi, Taiwan 1999 TCU102 7.6 1.5 714 0.24 93.9 65.7 1
21 Duzce, Turkey 1999 Duzce 7.2 6.6 276 0.42 71.0 46.3 3
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Evaluation of MPS Concept

As a first step in evaluating the concept underlying the MPS
procedure, the target value of deformation !DI

1 is computed not
as described in step 6 of the procedure, but as the median value
of peak deformation of the first-mode inelastic SDF system attrib-
utable to 21 ground motions determined directly by nonlinear
RHA. The MPS method utilizing this !DI

1 value is denoted hence-
forth as MPS$. The 21 ground motions are divided into three sets
each containing seven records (Table 1). The records in each set are
selected randomly from at least three different earthquakes to avoid
any dominant influence of a single event on the ground-motion set.
An appropriate scale factor for each record is determined by
implementing steps 1–8 of the MPS procedure.

Efficiency and accuracy of the MPS$ procedure are evaluated
for each ground-motion set, separately by comparing the median
values of EDPs determined by nonlinear RHA of the building
attributable to the 7 scaled records against the benchmark EDPs.
Representative comparisons are depicted in Fig. 5 for the three
buildings considering ground-motion set 1. The EDPs for each
of the seven scaled ground motions are included to show the
dispersion of the data. Ground-motion sets 2 and 3 yield identical
results (Kalkan and Chopra 2010a). These results indicate that the
median values of EDPs owing to every small (7) subset of scaled
ground motion closely match the benchmark results, which were
determined from a large set (21) of ground motions. The dispersion
of the EDP values attributable to the seven scaled records about
their median value is much smaller compared to the data for the 21

unscaled records in Fig. 4. These results collectively demonstrate
that the concept underlying the MPS procedure is accurate and
efficient in scaling records for nonlinear RHA of buildings.

Evaluation of MPS and Code-Based Scaling
Procedures

The preceding implementation of the MPS concept is the same as
the MPS procedure described, except for how !DI

1 was computed.
Previously, the exact value of !DI

1 was determined by nonlinear
RHA of the first-mode inelastic SDF system, but it will now be
estimated according to step 6, using an empirical equation for
CR in accordance with the MPS procedure. In utilizing CR equa-
tion, zero postyield stiffness is assumed, although the idealized
first-mode SDF systems have negative postyield stiffness. This
choice is dictated by the fact that the original CR equation was
determined for stable systems with nonnegative postyield stiffness
ratio (Chopra and Chintanapakdee 2004). In the CR equation, using
zero postyield stiffness seems to be plausible, because the variabil-
ity in the peak displacement demand is not affected significantly
by the hysteretic behavior (Kurama and Farrow 2003; Gupta and
Kunnath 1998). Fig. 6 compares the exact target value of deforma-
tion !DI

1 (continuous horizontal line) with estimated target value of
deformation !DI

1 (dashed horizontal line) using the CR equation with
zero postyield stiffness; DI

1 values from individual records for each
of the three buildings are also included. The difference between the
exact and estimated values of !DI

1 is 4, 9, and 12% of exact !DI
1 values

for the 4-, 6-, and 13-story buildings, respectively.
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An appropriate scale factor for each record is then determined in
accordance with two procedures: steps 1–8 of the MPS procedure
and the ASCE–7 procedure. The EDPs determined by nonlinear
RHA of the structure attributable to a set of seven ground motions
scaled according to MPS and ASCE/SEI 7-05 procedures are
compared against the benchmark EDPs. Figs. 7–9 present such
comparisons for the three buildings considering set 1 ground

motions. The other two sets provide visually identical results
(Kalkan and Chopra 2010a).

These results demonstrate that the MPS procedure is superior
compared to the ASCE/SEI 7-05 procedure for scaling ground-
motion records. This superiority is apparent in two respects: First,
for each building and each ground-motion set, the ground motions
scaled according to the MPS procedure lead to median values of
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EDPs that are much closer to the benchmark values than the
corresponding results based on the ASCE/SEI 7-05 procedure. Sec-
ond, the dispersion in the EDP values attributable to the seven
scaled records around the median value is much smaller when
the records are scaled according to the MPS procedure, compared
to the ASCE/SEI 7-05 scaling procedure. However, even with MPS
scaling, the dispersion of EDPs for the upper stories of 6- and 13-
story buildings is noticeable (particularly for ground-motion set 2,
as shown subsequently), indicating that the higher-mode contribu-
tions to the seismic demands are significant. These factors will be
considered subsequently in steps 10–13 of the MPS procedure.

An alternativeway of comparingMPS and ASCE/SEI 7-05 scal-
ing methods is based on the ratio of the EDP value owing to a scaled
record and the benchmark value. The deviation of the median Δ of
this ratio from unity is an indication of the error or bias in estimating
the median EDP value and the dispersion σ of this ratio is an indi-
cation of the scatter in the individual EDPs, determined from the
scaled ground motions. Included also in the comparison is the
MPS$ procedure based on exact values of !DI

1 instead of step 6.
Fig. 10 presents the median Δ of the EDP ratio for story drifts,

determined from records scaled according to the MPS$, MPS and
ASCE/SEI 7-05 scaling methods. Comparing these Δ values
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against 1.0, it is apparent that the MPS$ method is most accurate
(least biased); the MPS method is only slightly less accurate. The
bias in the MPS methods is generally less than 20%. The ASCE/
SEI 7-05 method is least accurate and generally overestimates the
EDPs, with the overestimation exceeding 50% in some cases.
Fig. 11 presents the dispersion of the EDP ratio for story drifts
determined from records scaled according to the MPS$, MPS,
and ASCE/SEI 7-05 scaling methods. It is apparent that the
MPS$ scaling method leads to the smallest dispersion, and it
becomes only slightly larger in the MPS method. Dispersion is
largest in the ASCE/SEI 7-05 scaling method as compared to
MPS and MPS$, becoming unacceptably large for some combina-
tions of buildings and ground-motion sets.

Multimode Considerations

Results of the preceeding section show that the MPS method based
solely on the first-mode inelastic SDF system (steps 1–9 of the
method) is superior to the ASCE/SEI 7-05 scaling method.
Extension of the MPS method to include higher vibration modes
is expected to provide improved estimates for midrise and high-rise
buildings (Tothong and Cornell 2008; Tothong and Luco 2007;
Luco and Cornell 2007). To examine this expectation, the 21
records scaled based only on the first-mode response (steps 1–9
of the method) are ranked by accounting for second-mode
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response according to steps 10–13 of the method for the 6- and 13-
story buildings. The seven records with the highest ranks (see step
12) were defined as ground-motion set 4. This set is different for
each building.

The median value of the ratio of the estimated story drift to its
benchmark value (Δ) and its dispersion σ are plotted for the four
ground-motions sets in Fig. 12. Comparison of the results for
ground-motion set 4 along with those for ground-motion sets
1–3 shows that extension of the MPS method to include the higher-
mode responses improves the accuracy of the estimates of the
median EDPs and reduces the record-to-record variability. The
improvement achieved for these buildings is modest because
the higher-mode computations are not especially significant in
the response of the selected buildings. Such improvement is more
pronounced in the case of taller buildings responding significantly
in their higher modes (Kalkan and Chopra 2010a, b).

Conclusions

A modal-pushover-based scaling (MPS) method has been devel-
oped to scale ground motions for use in nonlinear RHA of build-
ings. In the MPS method, the ground motions are scaled to match
(to a specified tolerance) a target value of the inelastic deformation
of the first-mode inelastic SDF system, its properties determined by
first-mode pushover analysis, and the elastic deformation of higher-
mode SDF systems are considered in selecting a subset of the
scaled ground motions.

The median values of EDPs—floor displacement, story drifts,
and plastic rotations—attributable to three sets of 7 ground motions
scaled by two methods—MPS and ASCE/SEI 7-05—were com-
puted by nonlinear RHA of the building and compared against
the benchmark values of EDPs, determined by nonlinear RHA
of the building for 21 unscaled records. Presented for 4-, 6-,
and 13-story actual steel–SMRF buildings, such comparison led
to the following conclusions:
1. Even for the most intense near-fault ground motions, which

represent a severe test, the MPS method estimates the median
value of seismic demands to a good degree of accuracy (within
20% of the benchmark value). In contrast, the ASCE/SEI 7-05
scaling method overestimates the demand by 20% to 50% for
the 4- and 6-story buildings and its overestimation exceeds
50% for the 13-story building. The dispersion of responses
owing to ground motion scaled by the MPS method is much
smaller compared with the ASCE/SEI 7-05 scaling method; in
the latter method, dispersion is unacceptably large for some
combinations of buildings and ground-motion sets. Thus,
the MPS method is more accurate, as well as efficient com-
pared with the ASCE/SEI 7-05 scaling method.

2. Using the exact value of target deformation (as in MPS$),
defined as the median deformation of the first-mode inelastic
SDF system for a large ensemble of unscaled records deter-
mined by nonlinear RHA, leads to the most accurate and effi-
cient version of the MPS method. Because this rigorous
approach is not suitable for practical application, the target
deformation may be estimated from the deformation of the cor-
responding linear system, available from the design spectrum
and empirical equations for the inelastic deformation ratio.
The increase in bias and dispersion resulting from this approx-
imation is small. The resulting practical version of the MPS
method uses attenuation relations for elastic spectral ordinates
that are currently available; new attenuation relations for
inelastic spectral deformation are not required.

3. For first-mode dominated structures, scaling earthquake
records to the target value of the inelastic deformation is

sufficient in producing accurate estimates of median EDPs
and in reducing the dispersion of EDPs attributable to indivi-
dual ground motions. For midrise and high-rise buildings
where higher vibration modes are known to contribute signif-
icantly to the seismic response, the MPS method requires an
additional step to rank the scaled ground motions based on the
closeness of the elastic deformation of second-mode elastic
SDF systems to their target values. Selecting a subset of
highest-ranked ground motions leads to a method that is more
accurate and efficient for estimating seismic demands for taller
buildings.

This study has focused on developing the MPS method for scaling
ground motions and its initial evaluation, which has been limited to
low- and midrise steel SMRFs; stable force-deformation relations
were considered.
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Notation

The following symbols are used in this paper:
A = pseudoacceleration;
!An = target pseudospectral acceleration;
a = parameter in empirical formula for CR;
b = parameter in empirical formula for CR;

CR = ratio of peak deformations of inelastic and
corresponding elastic SDF systems for systems with
known yield-strength reduction factor;

c = parameter in empirical formula for CR;
Dn = peak deformation of elastic SDF system;
!Dn = target value of nth mode elastic deformation;

DnðtÞ = deformation of a SDF system;
DI

1 = peak deformation of inelastic SDF system;
!DI
1 = first-mode target value of inelastic spectral

displacement;
D1;y = yield deformation of inelastic SDF system;

d = parameter in empirical formula for CR;
Fs1 = system resisting force under first-mode pushover;
LR = deformation ratio CR for zero-period system;
M = moment magnitude of earthquake;
M$ = effective modal mass;
m = mass matrix of a MDF system;
n = mode sequence number;

Rcl = closest distance to co-seismic rupture plane;
Ry = yield-strength reduction factor;
SF = ground-motion scaling factor;
s$n = load vector of modal pushover analysis;
Ta = period defined in Newmark-Hall smooth design

spectrum [Fig. 1(b)];
Tb = period defined in Newmark-Hall smooth design

spectrum [Fig. 1(b)];
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Tc = period separating the acceleration- and velocity-
sensitive regions;

Td = period separating the velocity- and displacement-
sensitive regions;

Te = period defined in Newmark-Hall smooth design
spectrum [Fig. 1(b)];

Tf = period defined in Newmark-Hall smooth design
spectrum [Fig. 1(b)];

Tn = elastic natural vibration period;
€ug = earthquake ground acceleration;
ur1 = roof displacement of an MDF system under first-mode

pushover;
Vb1 = base shear under first-mode pushover;
Vb1y = global yield strength under first-mode pushover;
VS30 = average shear-wave velocity within 30 m depth from

surface;
α = ratio of postyield and initial stiffness;
Γ = modal participation factor;
ζ = damping ratio;
ϕ = mode shape; and
ı = influence vector.
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