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ABSTRACT
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An improved ASCE/SEI 7–10 ground-motion scaling procedure for
three-dimensional (3D) response history analysis (RHA) of buildings
is presented. In this procedure, diﬀerent scale factors for two horizontal components of the ground motion are used, and their spectral
shapes are considered in ground-motion selection stage. The accuracy of the improved procedure is evaluated by utilizing 3D models
of nine asymmetric-plan buildings. It is demonstrated that the
improved procedure provides on average 15% conservative estimates of engineering demand parameters while the original version
underestimates them on average 29%. Thus, the improved groundmotion selection and scaling procedure is found to be appropriate
for nonlinear RHAs of multi-story plan-asymmetric buildings.
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1. Introduction
In seismic performance assessment and design veriﬁcation of complex structural systems
including highly asymmetric-plan buildings, base-isolated systems, and high-rise structures, nonlinear response history analysis (RHA) is a common tool to determine engineering demand parameters (EDPs) for validation of targeted performance criteria. The
accurate and eﬃcient estimation of seismic demands using nonlinear RHA relies on
proper selection and scaling of ground-motion records. Due to limited number of records
available from near-ﬁeld of earthquakes, ground-motion scaling gains importance for sites
within 20 km of active faults, which are capable of generating magnitude seven or larger
earthquakes. Both selection and scaling are equally important processes to preserve
compliance of records with the site-speciﬁc hazard conditions and to account for the
aleatoric variability.
Among many procedures proposed to modify ground-motions, the most widely used
approaches are amplitude scaling [a list of procedures is given in Katsanos et al., 2010]
and spectrum matching [e.g., Lilhanand and Tseng, 1988; Hancock, 2006; Hancock and
Bommer, 2007; Al-Atik and Abrahamson, 2010]. The objective of amplitude scaling
procedures is to determine scale factors for a small number of records such that the
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scaled records provide an accurate estimate of structural responses. The term “accurate”
means that the scaled records should provide geometric or arithmetic mean responses
close to the “exact” responses considering large population of records compatible with the
site-speciﬁc hazard conditions.
For scaling records, various intensity measures have been evaluated to minimize the
variability in the prediction of EDPs [Mazza and Labernarda, 2017]. In this study, spectral
acceleration ordinates are used as the intensity measure. As it will be demonstrated later,
spectral responses and EDPs may be assumed as log-normally distributed. Therefore, it is
appropriate to represent the “mean” response by the geometric mean (or median), instead
of the arithmetic mean [Jayaram and Baker, 2008]—the arithmetic mean is not ideal due
to the skewed nature of the EDP data. For a log-normal distribution of a random variable,
^ ¼ eμ ,
the geometric mean (^
μ) and median (x50 ) are given by the same equation: x50 ¼ μ
where μ is the mean of a log-normal distribution. Therefore, it is not misleading to use
median instead of geometric mean. Another alternative to represent “mean” response is
the 50th percentile of the data, but this alternative representation may be too crude to be
useful in the earthquake engineering ﬁeld.
Previous research [Reyes and Chopra, 2012] demonstrates that, in general, it will not be
possible to achieve most accurate estimates of EDPs if both horizontal components of a
given ground-motion record are to be scaled by the same factor. Therefore, two diﬀerent
scale factors for the two components of a record can be an alternative choice.
Seismologists may ﬁnd this unconventional approach to be undesirable because it does
not preserve focal mechanism and wave travel path eﬀects, inherent in recorded motions.
However, if the goal of any ground-motion scaling procedure is to estimate the EDPs
accurately—where the benchmark values are determined from a large set of unscaled
records, which obviously preserve all the seismological features then such an approach is
justiﬁed.
Including spectral shape as a criterion for selecting ground-motions is a recommended
practice in the literature [Carballo and Cornell, 1998; Ambraseys et al., 2003; Beyer and
Bommer, 2007; Kottke and Rathje, 2008; Haselton et al., 2009; Baker, 2011; Jayaram et al.,
2011; Haselton et al., 2012; Kwong and Chopra, 2015]. It is shown that avoiding records
with pronounced troughs and peaks in their response spectra lead to more accurate
estimates of EDPs [Kalkan and Chopra, 2009; Reyes and Chopra, 2012].
The Chapter 16 of the ASCE/SEI 7–10 (henceforth abbreviated as ASCE 7), adopted by
the International Building [International Code Council, 2015] and California Building
Code [International Code Council, 2016], has been the current industry standard for
design veriﬁcation of important structures. For sites beyond 5 km (3 miles) of the active
fault that controls the seismic hazard, the ASCE 7 states that both components of an
earthquake record must be scaled by the same factor, determined to ensure that the
average of the square-root-of-sum-of-squares (SRSS) response spectra over all records
does not fall below the target spectrum for some period range that depends on the
fundamental period of the structure. The ASCE 7 approach has the main advantage of
using only response spectra of pre-selected records and fundamental period of the
structure. However, it has been demonstrated that this procedure leads to inaccurate
estimation of story drift, ﬂoor velocities and accelerations, even for structures that respond
predominantly in the ﬁrst-“mode” [Kalkan and Chopra, 2012; O’Donnell et al., 2013;
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Reyes and Quintero, 2014; Reyes et al., 2014, 2015]. These issues seem to have three main
sources: ﬁrst, focusing the scaling stage on the SRSS spectra; second, using the same scale
factor for both component of the record; and third, not considering spectral shape
dispersion at the relevant vibration periods of the structure. To overcome some of the
weaknesses of the ASCE 7 procedure, which lead to inaccurate estimation of EDPs, new
procedures were proposed; such procedures often require additional structural parameters
and are computationally more demanding [Kalkan and Chopra, 2010, 2011, 2012; Buratti
et al., 2011; Huang et al., 2011; Reyes and Chopra, 2012; Han and Seok, 2013; Reyes and
Quintero, 2014; Reyes et al., 2014, 2015].
With the objective of retaining the conceptual simplicity and computational attractiveness of the current ASCE 7 procedure, this paper presents some improvements on the
ASCE 7 scaling procedure by allowing un-identical scale factors for the two horizontal
components of the record and considering spectral shape of the records at the relevant
vibration periods in the ground-motion selection stage. Based on the results from nine
multi-story asymmetric-plan buildings with various plan shapes and heights, it is shown
that the improved procedure provides on average 15% conservative estimates of EDPs
(such as peak values of story drift ratio and rotation ductility demands in girders) with
standard deviation of 0.29, while the original ASCE 7 version underestimates them on
average 29% with standard deviation of 0.31. In this study, the as-recorded horizontal
components (H1 and H2) of the ground motions were applied along the principal
directions (x and y) of the structures, respectively.
It should be also noted that the ASCE/SEI 7–16 [American Society of Civil Engineers,
2016] has been released recently. Although this standard has diﬀerent requirements for the
number of time histories and the ground-motion scaling procedures, the ASCE/SEI 7–10
standard is still in eﬀect in the USA. In addition, the ASCE/SEI 7–10 has already been
adapted by many countries around the world, and will still remain in use. Because of these
reasons, our proposed changes will remain applicable and appropriate.

2. ASCE/SEI 7–10 Ground-Motion Selection and Scaling Procedure
For ground motions recorded beyond 3 miles (5 km) of the active fault that controls the
earthquake hazard, ASCE 7 requires that records should be selected from events with
magnitudes, fault distances and source mechanisms consistent with those that govern
maximum credible earthquake (MCE) ground motions. Both components of the selected
ground motion should be scaled by the same factor, determined to ensure that the average
of the SRSS response spectra over all records does not fall below the corresponding
ordinate of the target spectrum over the period range 0:2T1 to 1:5T1 , where T1 is the
fundamental period of the structure. The SRSS spectrum is computed for the 5%-damped
response spectra for the two horizontal ground-motion components. The design value of
an EDP—member forces, member deformations, story drifts, etc.—is taken as the average
(arithmetic mean) value of the EDP if at least seven scaled records are used in the analyses,
or the maximum value of the EDP, otherwise. Various combinations of scale factors for
individual records can satisfy the preceding requirement for the average SRSS response
spectrum. To achieve the desirable goal of scaling each record by a factor as close to one as
possible, the ASCE 7 procedure was implemented by using the approach described in
Appendix-A of Reyes and Chopra [2012]. The records were selected by minimizing the
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discrepancy between the scaled spectrum of a record and the target spectrum over the
period range from 0:2T1 to 1:5T1 , and then identifying the ﬁnal set of records as those
with spectral acceleration values at T1 close to the target spectrum. This selection
procedure was proposed by Reyes and Kalkan [2012] and is not part of the requirements
of the ASCE 7.

3. Improved ASCE/SEI 7–10 Ground-Motion Scaling Procedure
As aforementioned, the original ASCE 7 procedure scales both ground-motion components by the same factor, and does not explicitly consider spectral shape as a selection
criterion. This procedure is improved here in two ways: ﬁrst, diﬀerent scale factors are
allowed for the two horizontal components of the record in scaling stage, and second,
spectral shape of the record at the relevant vibration periods is considered in selection
stage.
In the proposed procedure, the scale factor for a record is composed of two parts: (a) an
individual scale factor SF1 obtain by minimizing the diﬀerence between the target and the
response spectra; (b) a group scale factor SF2 calculated for a full set of records to
guarantee that the average response spectrum is above the target spectrum; this factor is
unique for all the records within the set. The shape of each individual record is qualiﬁed
by calculating the norm of the diﬀerence between the target and the record response
spectra for a range of structural periods, which consider lengthening of vibration periods
due to nonlinear deformations. To select the ﬁnal set of records, a large population of M
sets is created from records that have the highest shape rank. From these large number of
possible sets, the ﬁnal set is the one with the lowest discrepancy with the target spectrum
at the vibration periods of the structure.
This procedure may be implemented as follows:
(1) Obtain the target pseudo-acceleration spectrum, which is typically a site-speciﬁc
spectrum developed in accordance with the probabilistic MCE, deterministic MCE
and minimum requirements of Chapter 21 of ASCE 7. For this study, the target
spectra for two orthogonal horizontal components (i.e., x- and y-components) of
b x and A
b y as vectors of median spectral values [A
^ x ðT Þ and
the records is deﬁned as A
^ y ðT Þ] over the period range from 0:2T1 to 1:5T1 (100 equally spaced periods are
A
chosen). Here, the components x and y correspond to the as-recorded H1 and H2
components of the records, respectively.
(2) Select a set of k records appropriate for the site, based on the selection criteria
speciﬁed in ASCE 7. In this study, k ¼ 7 following Reyes and Kalkan [2011, 2012].
(3) For the x and y horizontal components of the record, calculate the 5%-damped
response spectra Ax ðT Þ and Ay ðTÞ, and the vectors Ax and Ay of spectral values at
periods Ti (same as in Step 1).
(4) For each record, determine the scale factors SF1x and SF1y that minimize the
diﬀerence between the target spectrum (Step 1) and the response spectra (Step 3)
for the two horizontal components of the record by solving the following minimization problem:
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Figure 1. (a) Target pseudo-acceleration spectrum bAx and individual “unscaled” ground-motion pseudoacceleration spectrum Ax . (b) Target pseudo-acceleration spectrum bAx and scaled ground-motion
pseudo-acceleration spectrum SF1x Ax .





b

b

SF1x ¼ minA
x  SF1x  Ax ; SF1y ¼ minAy  SF1y  Ay ;

(1)

This minimization, based on the Euclidean norm, ensures that the scaled response
spectrum is as close as possible to the target spectrum, as shown in Fig. 1.

 

b
 b

(5) Select the k þ z records with the lowest values of A
x  SF1x  Ax  þ Ay  SF1y  Ay .
These records will be those whose spectra best ﬁt the target spectrum between 0:2T1 and
1:5T1 . Note: It was found that z ¼ 3 yields a suﬃcient number of records to generate the
ﬁnal set; however, larger values may be considered.
(6) Establish all the possible M sets of k records:

M¼

ðk þ zÞ!
z!k!

(2)

This equation corresponds to the number of possible combinations of k diﬀerent
records from a collection of k þ z records. Equation (2) is actually the classical combination formula Cðn; rÞ ¼ n!=ðr!ðn  rÞ!Þ adapted for the variables of this case. In this study,
M is equal to 120 because we selected k ¼ 7 and z ¼ 3. For each set, implement
steps 7–10.
(7) Determine Amx and Amy , deﬁned as the median value of SF1x Ax and SF1y Ay ,
respectively.
(8) Calculate the maximum normalized diﬀerence εx and εy :

εx ¼ max0:2T1 Ti 1:5T1

!
!
^ y;i  Amy;i
^ x;i  Amx;i
A
A
; εy ¼ max0:2T1 Ti 1:5T1
;
^ x;i
^ y;i
A
A

(3)

^ y;i are the target pseudo-acceleration spectra at vibration period Ti .
^ x;i and A
where A
Determine the scale factors SF2x and SF2y :
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^x and median value of SF1x Ax (Amx ). (b) Target
Figure 2. (a) Target pseudo-acceleration spectrum A
^
pseudo-acceleration spectrum Ay and median value of SF1y Ay (Amy ).

SF2x ¼

1
1
; SF2y ¼
;
1  εx
1  εy

(4)

(9) Determine the ﬁnal scale factor for each record:
SFx ¼ SF1x  SF2x ; SFy ¼ SF1y  SF2y ;

(5)

(10) Calculate the error (Fig. 2):
ð 1:1Tn
XN ð 1:1Tn 





A
^
^ y ðT Þ  SFy Amy ðT ÞdT
Error ¼
Ax ðT Þ  SFx Amx ðT Þ dT þ
n¼1
0:9Tn

(6)

0:9Tn

where N is the total number of vibration modes considered (in this study, N ¼ 6) and
j:j is the absolute value. We use N ¼ 6 (two triplets of modes) to consider at least the ﬁrst
and second modes with the largest eﬀective modal mass in each direction. The integration
limits were selected within 10% margin to minimize the eﬀect of high variations of
response spectra near the selected periods. Recall that period elongation was already
considered in Step 1 by using a period range from 0:2T1 to 1:5T1 . Steps 7 through 10
are implemented for each of the M sets.
(11) Select the ﬁnal set of records as the set with the lowest Error value.

4. Structural Systems
Three diﬀerent building types with various plans and number of stories were used for
testing the original and improved ASCE 7 ground-motion scaling procedures. These
structures are identiﬁed by letters “R”, “L,” and “T”. Plan R stands for quasi-rectangular,
plan T is symmetric about y-axis, and plan L is asymmetric about both x- and y-axes. The
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Table 1. Fundamental periods of buildings (i.e., periods with the largest mass participation in each
horizontal direction).
Building ID
Fundamental period in x-dir, s
Fundamental period in y-dir, s

R05
0.85
1.03

R10
1.05
1.53

R15
1.49
2.51

L05
0.64
0.64

L10
1.29
1.21

L15
1.83
1.70

T05
0.52
0.63

T10
1.23
1.23

T15
1.59
1.93

number of stories follows the letters R, L, and T. For example, “R05” indicates a ﬁve-story
rectangular plan building. The structures considered are nine multi-story buildings with 5,
10, and 15 stories. Their fundamental periods are presented in Table 1. These hypothetical
buildings were designed to be located in Los Angeles, California according to the 2010
California Building Code [International Code Council, 2010]. The lateral resisting system
of the buildings consists of moment-resisting frames. Their plan shapes are shown in
Fig. 3 where the moment resisting frames (MRFs) are highlighted. The buildings have
similar plan areas and ﬂoor weights, with a span length of 30 ft (9.14 m) and a story height
of 10 ft (3.05 m). The earthquake design forces were determined by bi-directional linear
response spectrum analysis of each building with the design spectrum reduced by a
response modiﬁcation factor Ry ¼ 8. However, most member sizes were governed by
drift limits instead of strength requirements.
To verify that the selected buildings cover a broad range of torsional irregularities, the
following irregularity factor (β) was calculated for each building per ASCE 7:

β ¼ Δmax Δaverage

(7)

where Δmax is the maximum story drift and Δaverage is the average story drift at the two
ends of the structure. The level of torsional irregularity is classiﬁed according to the ASCE
7 standard:
no torsional irregularity: β < 1:2,
torsional irregularity: 1:2  β  1:4 and,
● extreme torsional irregularity: β > 1:4.
●
●

The buildings cover these three levels of torsional irregularity as demonstrated in
Table 2, where the values of β are shown in ascending order. To estimate β, conventional
linear response spectrum analysis was conducted for each building; Δmax was calculated as
the maximum drift at the corners (over all stories) in each principal direction (x or y);
Δaverage was obtained as the average story drift at the two ends of the story in which Δmax
took place. β was calculated for each orthogonal direction and its maximum value was
reported in Table 2. The ﬁnal plan layout of MRFs of the buildings was inﬂuenced not
only by the level of torsional irregularity but also by the structural periods. Due to the
shape of the design spectrum, the design accelerations of mid-rise buildings were smaller
than those of the low-rise buildings; this aﬀected directly internal forces and story drifts.
For the research purpose, it was also desirable to achieve diﬀerent irregularity factors β
between the structures. These aspects led, for example, to include an additional internal
frame for structure R10, that was not present in building R15; however, member sizes of
the building R15 were much heavier than those of the building R10.
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Figure 3. Plan views of nine asymmetric plan buildings. Marked corners and girders are selected
purposely to measure maximum engineering demand parameters. Plan R stands for quasi-rectangular;
plan T is symmetric about y-axis, and plan L is asymmetric about both x- and y-axes. Letters R, L, and T
are followed by the number of stories; for example, R05 indicates a ﬁve-story rectangular plan building.
Table 2. Torsional irregularity factors.
Building ID
β

R05
1.00

R15
1.10

R10
1.13

L10
1.20

L15
1.26

T15
1.30

L05
1.35

T10
1.41

T05
1.43

Figure 4, showing the eﬀective modal masses of the buildings, permits the following
observations: (a) lateral displacements dominate motion of the R-plan and L10 buildings in the ﬁrst and second modes, whereas torsion controls motion in the third mode,
indicating weak coupling between lateral and torsional components of motion; (b)
coupled lateral-torsional motions occur in the ﬁrst and third mode of L05, T05, and
T10 buildings whereas lateral displacements dominate motion in the second mode; and
(c) lateral displacement controls motion in the ﬁrst mode, whereas coupled lateraltorsional motions occur in the second and third mode of T15 plan. It is expected that
the contribution of higher modes be important in the selection and scaling of records,
especially in structures where the eﬀective mass of the fundamental mode is low. Note
that these conclusions are drawn from linear analyses, and nonlinear behavior may
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Figure 4. Ratios of eﬀective modal masses Mn to total masses in translational x, y and rotational
directions for 5-, 10-, and 15-story buildings with three diﬀerent ﬂoor plans.

diminish or escalate the lateral torsional motions of the buildings. Further details of
the structural systems including their fundamental periods, mode shapes, torsional
irregularity factors, etc. can be found in Reyes et al. [2014].
Nonlinear RHAs of the buildings were conducted using PERFORM-3D [Computers
and Structures Inc, 2006]. The following features were used in the ﬁnite element modeling:
●

Girders were modeled by a linear element with tri-linear plastic hinges at the ends of
the elements that can include intra-cycle strength deterioration, but not cyclic
stiﬀness degradation; back-bone curves and strength deterioration rules were taken
from the ASCE/SEI 41–13 [American Society of Civil Engineers, 2014] with modiﬁcation on the descending branch of the backbone curve to achieve convergence. In
PERFORM-3D, each girder element has the following components: (a) two rigid endzones, (b) two rigid-plastic moment hinges (rotation type), and (c) one linear beam
element with a standard steel section.
● Columns were modeled by using a lumped plasticity model conformed by a linear
element with two tri-linear plastic hinges at its ends. Axial load-moment (P-M-M)
interaction was based on the plasticity theory. XTRACT software [Chadwell and
Imbsen, 2004] was used to obtain the capacities and the P-M-M yield surface
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parameters of the elements. The plastic hinges include intra-cycle strength deterioration but not cyclic stiﬀness degradation. In PERFORM-3D, each column element has
the following components: (a) two rigid end-zones, (b) two rigid-plastic P-M-M
hinges (rotation type), and (c) one linear column element with a standard steel
section. Ductility capacities and backbones of the plastic hinges were speciﬁed
according to the ASCE/SEI 41–13. Columns of MRFs were assumed to be ﬁxed at
the base, whereas gravity columns were considered pinned.
● Panel zones were modeled as four rigid links hinged at the corners with a rotational
spring that represents the strength and stiﬀness of the connection; strength and
stiﬀness properties of the panel zones were obtained from the formulations proposed
by Krawinkler [1978]. In PERFORM-3D, this element is called“panel zone
component.”
● Eﬀects of nonlinear geometry were approximated by a standard P-Δ formulation for
both moment and gravity frames.
● Floor diaphragms were assumed to be rigid. In PERFORM-3D, this is done by
deﬁning horizontal rigid diaphragms that constrain the horizontal and rotational
displacements of all the nodes of each ﬂoor.

5. Ground-Motion Ensemble
The 30 ground-motion records selected for this investigation were obtained from the
University of California, Berkeley Paciﬁc Earthquake Engineering Research Center
Ground-Motion Database (see “Data and Resources”). The ground motions listed in
Table 3 were used without rotating them to their maximum directions. In order to
account for the aleatoric uncertainty, we avoided selection of 30 records from the
same event, and these records were recorded from seven shallow crustal earthquakes
with moment magnitude between 6.5 and 6.9 at closest distances (RJB) ranging from
19.8 to 29.5 km, and with NEHRP site classiﬁcation C (very dense soil or soft rock)
or D (stiﬀ soil)—compatible with typical seismic hazard conditions in Los Angeles.
Because these ground motions were not intense enough to drive the buildings far
into the inelastic range—an obvious requirement to fully test any ground-motion
scaling procedure—they were pre-ampliﬁed by a factor of four. This factor was selected
based on some preliminary analyses that show low nonlinear incursions of the buildings for at least 50% of the original records. The pre-ampliﬁed ground motions are
treated as “unscaled” records without rotating them to any principal directions. This
evaluation approach has been previously used in Kalkan and Chopra [2012], Reyes and
Chopra [2012], and Reyes and Quintero [2014, 2015]. Shown in Fig. 5 are the 5%damped median response spectra for x- and y-components of the original records. The
median spectra of x- and y-components of ground motions are taken as the target
spectra in two orthogonal directions for purposes of evaluating the improved ASCE 7
procedure.
It should be noted that our objective was to create a sample of records from a
representative subset of a population of already recorded ground motions under similar
magnitude, distance, and site conditions. The best way to avoid a biased or unrepresentative sample is to use simple random sampling, which is a fair way of selecting a sample
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Table 3. List of 30 ground-motion records.
GM ID
Earthquake name
1
San Fernando, CA
2
San Fernando, CA
3
Imperial Valley-06, CA
4
Imperial Valley-06, CA
5
Imperial Valley-06, CA
6
Imperial Valley-06, CA
7
Imperial Valley-06, CA
8
Irpinia, Italy-01
9
Superstition Hills-02, CA
10
Loma Prieta, CA
11
Loma Prieta, CA
12
Loma Prieta, CA
13
Loma Prieta, CA
14
Loma Prieta, CA
15
Loma Prieta, CA
16
Loma Prieta, CA
17
Northridge, CA
18
Northridge, CA
19
Northridge, CA
20
Northridge, CA
21
Northridge, CA
22
Northridge, CA
23
Northridge, CA
24
Northridge, CA
25
Kobe, Japan
26
Kobe, Japan
27
Kobe, Japan
28
Kobe, Japan
29
Kobe, Japan
30
Kobe, Japan

Date M/D/Y
02/09/1971
02/09/1971
10/15/1979
10/15/1979
10/15/1979
10/15/1979
10/15/1979
11/23/1980
11/24/1987
10/18/1989
10/18/1989
10/18/1989
10/18/1989
10/18/1989
10/18/1989
10/18/1989
01/17/1994
01/17/1994
01/17/1994
01/17/1994
01/17/1994
01/17/1994
01/17/1994
01/17/1994
01/16/1995
01/16/1995
01/16/1995
01/16/1995
01/16/1995
01/16/1995

Station name
LA – Hollywood Stor FF
Santa Felita Dam (Outlet)
Calipatria Fire Station
Delta
El Centro Array #1
El Centro Array #13
Superstition Mtn Camera
Brienza
Wildlife Liquef. Array
Agnews State Hospital
Anderson Dam (Downstream)
Anderson Dam (L Abut)
Coyote Lake Dam (Downst)
Coyote Lake Dam (SW Abut)
Gilroy Array #7
Hollister – SAGO Vault
Castaic – Old Ridge Route
Glendale – Las Palmas
LA – Baldwin Hills
LA – Centinela St
LA – Cypress Ave
LA – Fletcher Dr
LA – N Westmoreland
LA – Pico & Sentous
Abeno
Kakogawa
Morigawachi
OSAJ
Sakai
Yae

PGA
PGA
NEHRP
Mw RJB km x-dir., g y-dir., g site class
6.6 22.8
0.21
0.17
D
6.6 24.7
0.10
0.18
C
6.5 23.2
0.77
0.13
D
6.5 22.0
0.32
0.24
D
6.5 19.8
0.14
0.14
D
6.5 22.0
0.12
0.14
D
6.5 24.6
0.20
0.10
C
6.9 22.5
0.21
0.21
C
6.5 23.9
0.19
0.21
D
6.9 24.3
0.14
0.17
D
6.9 19.9
0.20
0.27
C
6.9 19.9
0.07
0.06
C
6.9 20.4
0.19
0.16
D
6.9 20.0
0.45
0.18
C
6.9 22.4
0.32
0.27
D
6.9 29.5
0.05
0.05
C
6.7 20.1
0.53
0.49
C
6.7 21.6
0.23
0.28
C
6.7 23.5
0.26
0.19
D
6.7 20.4
0.42
0.28
D
6.7 29.0
0.17
0.23
C
6.7 25.7
0.19
0.28
C
6.7 23.4
0.34
0.32
D
6.7 27.8
0.12
0.19
D
6.9 24.9
0.20
0.16
D
6.9 22.5
0.36
0.18
D
6.9 24.8
0.19
0.16
D
6.9 21.4
0.08
0.07
D
6.9 28.1
0.14
0.16
D
6.9 27.8
0.15
0.14
D

GM ID: ground-motion identiﬁcation number; Mw = moment magnitude; RJB = Joyner–Boore distance; PGA = peak ground
acceleration; NEHRP: National Earthquake Hazard Reduction Program.

Figure 5. Geometric-mean pseudo-acceleration response spectra of 30 original records in two orthogonal directions for 5% damping; individual response spectra of the records are also shown.

from a given population since every ground-motion is given equal opportunity of being
selected; thus, selection of 30 records from the representative subset of the population was
conducted randomly [Davison, 2009]. This process statistically allows us to treat the
median spectrum of this random sample as the “true” target spectrum.

12

J. C. REYES ET AL.

The structures were subjected to sets of seven records scaled according to the original
and improved ASCE 7 procedures, and their responses were compared against the benchmark values, deﬁned as the median values of the EDPs obtained from nonlinear RHAs of
the structure subjected to 30 “unscaled” records. These selected seven records are from
multiple events, and their spectral shapes show signiﬁcant aleatoric variability. For example, the acceleration response spectra of ground motions selected for L05 building for the
x and y horizontal components are shown in Figs. 6 and 7, respectively. These ﬁgures
illustrate how the spectral shapes of the selected records match with each other once they
are modiﬁed by the scale factors developed by the improved procedure. The scale factors
used for the L05 building and the other buildings in these ﬁgures are listed in Table 4. It
should be noted that the ground motions were applied along the principal directions of
the structures per ASCE 7.

Figure 6. (a) Ground-motion response spectra Ax of the selected set of records for building L05 in the
x-direction. (b) Scaled ground-motion response spectra SFx Ax of the selected set of records for building
L05 in the x-direction.

Figure 7. (a) Ground-motion response spectra Ay of the selected set of records for building L05 in the
y-direction. (b) Scaled ground-motion response spectra SFy Ay of the selected set of records for building
L05 in the y-direction.
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Table 4. Ground-motion scale factors from the improved ASCE 7 procedure.
Building ID
R05
R10
R15
L05
L10
L15
T05
T10
T15

GM ID
SFx
SFy
GM ID
SFx
SFy
GM ID
SFx
SFy
GM ID
SFx
SFy
GM ID
SFx
SFy
GM ID
SFx
SFy
GM ID
SFx
SFy
GM ID
SFx
SFy
GM ID
SFx
SFy

29
4.93
4.15
2
10.44
8.19
4
1.84
2.06
26
2.18
4.17
17
1.25
1.16
4
1.95
2.24
26
2.16
4.18
17
1.26
1.17
4
1.94
2.22

26
2.18
4.07
4
2.04
2.28
8
7.87
5.74
25
4.49
4.77
4
2.08
2.46
2
9.90
8.07
25
4.48
4.77
29
4.87
4.34
2
9.83
8.10

17
1.30
1.15
17
1.29
1.09
30
2.21
2.24
4
2.35
2.42
2
10.23
8.73
17
1.30
1.10
4
2.33
2.42
4
2.10
2.50
17
1.32
1.09

2
10.29
8.47
13
3.15
6.55
17
1.38
1.01
29
5.15
4.07
29
4.85
4.28
13
3.06
6.65
29
5.12
4.07
2
10.24
8.87
13
3.11
6.78

4
2.25
2.51
5
7.10
9.45
2
9.17
7.04
9
3.25
3.29
6
6.38
6.43
20
2.97
2.78
9
3.23
3.30
5
7.11
9.53
20
2.98
2.76

19
3.93
4.03
6
6.27
6.41
19
4.08
3.46
11
3.33
2.10
19
3.82
3.90
5
6.81
9.65
11
3.29
2.11
6
6.38
6.44
5
6.73
9.60

10
5.40
3.74
20
2.91
2.79
24
5.23
4.08
3
10.17
6.36
3
9.05
7.19
24
5.64
4.28
3
10.11
6.37
19
3.83
3.99
24
5.60
4.28

6. Evaluation Methodology
The improved and original ASCE 7 procedures were evaluated by comparing the
median value of an EDP against the benchmark value, deﬁned as the median value of
the EDP obtained from nonlinear RHA of the structures subjected to the 30
“unscaled” records (Table 3). The median values of the EDPs were determined by
nonlinear RHA of the buildings from a set of seven ground motions, scaled according to the ASCE 7 original and improved procedures. The EDPs selected are peak
values of story drift ratio and rotation ductility demands in girders. This evaluation
procedure was also used in Kalkan and Chopra [2010, 2011], Kalkan and Kwong
[2010, 2012], Reyes and Chopra [2012] and Reyes and Quintero [2014, 2015].
Here, it is assumed that the EDPs are log-normally distributed. Constructing
probability distribution plots of various EDPs supported this assumption.
Probability distribution is a mathematical function that delivers the likelihoods of
occurrence of diﬀerent possible outcomes within the population. As an example,
Fig. 8 shows a probability distribution plot of ﬁrst-story drift values obtained at the
center of mass of the building L15. It is apparent that data are log-normally
distributed because they follow a linear trend; therefore, it is appropriate to represent
the “mean” response by the geometric mean (or median), instead of the arithmetic
mean.
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Figure 8. Probability plots of ﬁrst story drifts at the center of mass of building L15 subjected to 30
“unscaled” ground motions.

7. Results
7.1. R-Plan Buildings
For R-plan buildings having 5, 10, and 15 stories, Fig. 9 shows the story drifts (i.e., interstory drift ratio) at the center of mass (Fig. 3). First, second and third columns of this
ﬁgure depict the EDP values in x-direction for the benchmark, original ASCE 7 procedure
and the improved ASCE 7 procedure, respectively; the next three columns show similar
results in y-direction. The markers and horizontal lines represent the median EDP value
and 16th and 84th percentile of the EDP assuming a lognormal distribution. For comparison purposes, the median benchmark values are kept in all sub-plots as dashed lines. In
order to be consistent with comparisons of the original and improved ASCE 7 procedures,
geometric mean was used for the ASCE 7 original version although the ASCE 7 requires
arithmetic mean. The use of geometric mean instead of arithmetic mean does not aﬀect
the conclusions because geometric mean is consistently used for both scaling methods
[Kalkan and Chopra, 2011].
The discrepancies between the benchmark EDPs and EDPs based on the original ASCE
7 and improved ASCE 7 procedures are measured. A negative discrepancy means that the
scaling procedure underestimates the actual EDP, and a positive discrepancy implies that
the scaling procedure overestimates the response. As demonstrated in Fig. 9, the records
scaled according to the improved ASCE 7 procedure provide median values of EDPs that
are much closer to the benchmark values than is achieved by the original ASCE 7
procedure; for example, compare columns 2 and 3 of Fig. 9. The maximum underestimation of 31% in story drifts (building R10) by scaling records according to the original
ASCE 7 procedure is now conservatively estimated with 19% when these records are
scaled by the improved procedure; likewise, the maximum error in buildings R05 and R15
is reduced from −20% to +16% and from −23% to +20%, respectively. Table 5 summarizes
the maximum discrepancies in story drifts at the center of mass according to the original
and improved ASCE 7 procedures for all buildings.
Rotation ductility demands μ were calculated as 1 þ θp =θy , where θp is the plastic
rotation and θy is the yield rotation as deﬁned in the ASCE/SEI 41–13. Representative
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Figure 9. Story drift values in percentage in x- and y-direction at center of mass for R-plan 5-, 10-, and
15-story buildings. In each panel, the marker represents the median value, and the horizontal bars
indicate the 16th and 84th percentile of the EDP assuming a log-normal distribution. “Bench” stands for
benchmark, “ASCE” for ASCE 7 scaling procedure, and “Imp.” for improved ASCE 7 scaling procedure.
Median values of benchmark results are marked in panels showing results of ASCE and Imp. as dashed
curves.
Table 5. Maximum discrepancies observed in story drifts at the center of mass; positive values indicate
overestimation, and negative values denote underestimation of benchmark story drift values (ASCE 7:
ASCE/SEI 7–10 ground-motion scaling procedure; Imp.: improved ASCE 7 ground-motion scaling
procedure).
Building ID
R05
R10
R15
L05
L10
L15
T05
T10
T15

ASCE 7 (%)

Imp. (%)

−20
−31
−23
−38
−28
−27
−24
−37
−22

+16
+19
+20
+20
+22
+39
+12
+22
+22

results for rotation ductility demands in girders for building R05, R10, and R15 are shown
in Fig. 10; the selected girders are highlighted in Fig. 3 by diamond and triangle markers.
The markers in Fig. 10 represent the median value of the μ and the horizontal bars denote
the interval of μ between the ﬁrst and the third quartile of the data because we found that
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Figure 10. Ductility demands in x- and y-direction are shown for R-plan 5-, 10-, and 15-story buildings.
In each panel, the marker represents the median value, and the horizontal bars indicate the interval of
ductility demand values between the ﬁrst and the third quartile of the data. “Bench” stands for
benchmark, “ASCE” for ASCE 7 scaling procedure, and “Imp.” for improved ASCE 7 scaling procedure.
Median values of benchmark results are marked in panels showing results of ASCE and Imp. as dashed
curves.

μ is not log-normally distributed. It is evident that maximum discrepancies encountered
by scaling records according to the original ASCE 7 procedure are reduced when these
records are scaled by the improved procedure. These results indicate that the original
ASCE 7 scaling procedure tends to underestimate the ductility demands by 25% to 36% in
most cases. For building R10, the maximum discrepancy of −34% in ductility demands
observed by scaling records according to the original ASCE 7 procedure, is modiﬁed to
+21% when these records are scaled by the improved ASCE 7 procedure; likewise, the
maximum discrepancy in building R15 is reduced from −36% to +12%.
The record-to-record variability is not much less in EDPs due to a set of records scaled
by the improved ASCE 7 procedure compared to the records scaled by the original
procedure because the original ASCE 7 procedure was implemented using an algorithm
that already considered spectral shape in the selection stage [Reyes and Chopra, 2012].
These results show that EDPs obtained from ground-motion sets selected and scaled
according to the proposed methodology represent a considerable improvement in accuracy when compared to EDPs obtained from the sets scaled according to the ASCE 7
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procedure. The ASCE 7 original procedure leads to large underestimations while the
improved ASCE 7 leads to conservative results for those structures without torsional
irregularities β < 1.2.

7.2. L-Plan Buildings
For the L-plan buildings (1.2  β  1.4), the records scaled according to the improved
ASCE 7 procedure resulted in more accurate estimates of median EDP values than the
original ASCE 7 procedure. For example, the building L05, which has the highest level of
torsional irregularity (β ¼ 1.35) for this plan type, presents the maximum enhancement
in terms of story drifts estimations (Table 5): from −38% with the ASCE 7 original
procedure to +20% for the improved procedure. This enhancement in accuracy is demonstrated in Fig. 11 where the story drifts at the center of mass (Fig. 3) from the records
scaled and selected according to the original and improved procedures are shown together
with the benchmark EDP values. The original procedure resulted in errors above −27% in
most cases, and up to 38% underestimation of story drifts for the building L05 (Table 5).

Figure 11. Story drift values in percentage in x- and y-direction at center of mass for L-plan 5-, 10-, and 15story buildings. In each panel, the marker represents the median value, and the horizontal bars indicate the
16th and 84th percentile of the EDP assuming a log-normal distribution. “Bench” stands for benchmark,
“ASCE” for ASCE 7 scaling procedure, and “Imp.” for improved ASCE 7 scaling procedure. Median values of
benchmark results are marked in panels showing results of ASCE and Imp. as dashed curves.

18

J. C. REYES ET AL.

Figure 12. Ductility demands in x- and y-direction are shown for L-plan 5-, 10-, and 15-story buildings. In
each panel, the marker represents the median value, and the horizontal bars indicate the interval of
ductility demand values between the ﬁrst and the third quartile of the data. “Bench” stands for benchmark, “ASCE” for ASCE 7 scaling procedure, and “Imp.” for improved ASCE 7 scaling procedure. Median
values of benchmark results are marked in panels showing results of ASCE and Imp. as dashed curves.

In contrast, the improved procedure yielded conservative estimates of EDPs; for example,
the error in story drifts decreases from −38% to +20% for the building L05 and from −28%
to +22% for the building L10. As shown in Fig. 12, the original ASCE 7 procedure
underestimated ductility demands in the order of 30–44%, while the improved procedure
overestimated them in the range of 18–28% in most cases.

7.3. T-Plan Buildings
Similar to the results of the buildings with R- and L-plan, the EDPs obtained from
ground-motion sets scaled according to the original procedure are less accurate than
those obtained from the improved procedure. The original ASCE 7 procedure generally
underestimates the story drifts at lower stories. In contrast, the improved procedure
provides more accurate estimates of story drifts, and leads to more conservative results;
for example, compare columns 5 and 6 of Fig. 13. Even for T-plan structures with extreme
torsional irregularities (β > 1.4), the proposed procedure becomes conservative. For
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Figure 13. Story drift values in percentage in x- and y-direction at corner for T-plan 5-, 10-, and 15-story
buildings. In each panel, the marker represents the median value, and the horizontal bars indicate the
16th and 84th percentile of the EDP assuming a log-normal distribution. “Bench” stands for benchmark,
“ASCE” for ASCE 7 scaling procedure, and “Imp.” for improved ASCE 7 scaling procedure. Median values
of benchmark results are marked in panels showing results of ASCE and Imp. as dashed curves.

instance, compare columns 5 and 6 of Fig. 13 for the building T10. For this building the
maximum discrepancy of −37% in story drifts is reduced to around +22% when the
records are scaled by the improved procedure (Table 5). Figure 14 shows the ductility
demands for T05, T10, and T15 buildings. For the building T15, the underestimation of
41% in ductility demands from the original procedure is reduced to 18% when the
improved procedure is implemented. The T05 (β ¼ 1.43) and T10 (β ¼ 1.41) buildings
present improvements in story drifts that varies from −24% to +12% and from −37% to
+22% (Table 5), showing that the improved procedure leads to more conservative results
even when the torsional irregularity increases.

8. Conclusions
In this study, the ASCE/SEI 7–10 [ASCE 7: American Society of Civil Engineers, 2010]
ground-motion scaling procedure is modiﬁed by determining scale factors for two components of the ground motions to be used in three-dimensional response history analyses
of buildings with various degrees of plan asymmetry. The accuracy of the improved
procedure was evaluated against the original ASCE 7 procedure by comparing the median
values of the EDPs from a set of seven records scaled according to both procedures against
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Figure 14. Ductility demands in x- and y-direction are shown for T-plan 5-, 10-, and 15-story buildings. In
each panel, the marker represents the median value, and the horizontal bars indicate the interval of
ductility demand values between the ﬁrst and the third quartile of the data. “Bench” stands for benchmark, “ASCE” for ASCE 7 scaling procedure, and “Imp.” for improved ASCE 7 scaling procedure. Median
values of benchmark results are marked in panels showing results of ASCE and Imp. as dashed curves.

the benchmark values. A suite of nine multi-story asymmetric-plan buildings was used for
testing. For each building, a diﬀerent set of seven records was used because the improved
procedure considers spectral shape of the records at the relevant vibration periods of the
building in the ground-motion selection stage. This evaluation led to the following
conclusions:
(1) The ASCE 7 original procedure provides inaccurate estimates of the median EDPs
in one or both horizontal directions, leading to underestimations of story drift and
rotation ductility demands in all cases (a total of nine cases for each EDP). In
contrast, the improved procedure provides conservative results, and preserves the
conceptual simplicity and practicality of the original ASCE 7 procedure. The
improved procedure provides on average 15% conservative estimates of EDPs
while the original version underestimates them on average 29% for all buildings
considered.
(2) In the original ASCE 7 procedure, the scaling is performed considering the SRSS
spectrum that summarizes the response spectra of both horizontal components of
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the ground-motion record. A unique scale factor is used for both components,
which leads to inaccurate estimates of the median EDPs. The improved procedure,
allowing for diﬀerent scale factors for two horizontal components of ground
motion, provides more accurate estimates of the median EDPs.
(3) The improved procedure results in more accurate and conservative results than
those of the ASCE 7 procedure as the torsional irregularity increases. For buildings
with highest irregularity factors for each plan type [for example, T05 (β ¼ 1.43),
L05 (β ¼ 1.35) and R10 (β ¼ 1.13)], the maximum discrepancies in story drift
estimations of the original ASCE 7 procedure compared to the improved procedure
were of −24% to +12%, −38% to +20%, and −31% to +19%, respectively (“−”
indicates underestimation and “+” denotes overestimation of benchmark EDPs).

Nomenclature
The following symbols and abbreviations are used in this paper:
median value of SF1x  Ax
Amx
Amy
median value of SF1y  Ay
^x
target pseudo-acceleration spectrum in x-direction
A
^x
b
vector of spectral values A
Ax
Ax
5%-damped response spectrum for x-component
vector of spectral values Ax
Ax
^y
target pseudo-acceleration spectra for y-direction
A
by
^y
A
vector of spectral values A
Ay
5%-damped response spectrum for y-component
Ay
vector of spectral values Ay
k
number of ground-motion records in a set
L
plan asymmetric about x- and y-axes
M
number of sets of k records
N
total number of vibration modes considered
R
quasi-rectangular plan
Joyner–Boore distance
RJB
ﬁnal scale factor for x horizontal component of record
SFx
ﬁnal scale factor for y horizontal component of record
SFy
SF1x
ﬁrst scale factor for x horizontal component of record
ﬁrst scale factor for y horizontal component of record
SF1y
second scale factor for x horizontal component of record
SF2x
second scale factor for y horizontal component of record
SF2y
T
plan symmetric about y-axis
vibration period
Tn
median of a log-normal distribution
x50
β
torsional irregularity factor
maximum story drift
Δmax
average story drift
Δaverage
εx
maximum normalized diﬀerence for x horizontal component of record
maximum normalized diﬀerence for y horizontal component of record
εy
plastic rotation
θp
θy
yield rotation
μ
mean of a log-normal distribution
^
μ
geometric mean of a log-normal distribution
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