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The modal-pushover-based-scaling (MPS) procedure has been developed for appositely selecting and
scaling earthquake records for nonlinear response history analyses (RHAs) of multi-story symmetric-plan
and single-story unsymmetric-plan buildings. This procedure is extended here to unsymmetric-plan
buildings with significant torsional response under bi-directional earthquake excitations. The accuracy
of the procedure is evaluated by using three-dimensional computer models of nine unsymmetric-plan
buildings with 5, 10 and 15 stories. These models were subjected to nonlinear RHAs considering sets
of seven far-field records selected and scaled according to the extended modal-pushover-based-scaling
(EMPS) procedure. Structural responses were compared against benchmark values, defined as the median
values of the engineering demand parameters (EDPs) due to a larger set of unscaled far-field records. Also
examined here is the ASCE/SEI 7-10 scaling procedure for comparison purposes. This study clearly shows
that the EMPS procedure provides much superior results in terms of accuracy (true estimates of expected
median EDPs) and efficiency (reduced record-to-record variability of EDPs) than the ASCE/SEI 7-10 scal-
ing procedure for far-field ground motions. Thus, the EMPS is deemed to be an appropriate procedure for
nonlinear RHAs of multi-story unsymmetric-plan buildings.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Performance-based procedures for evaluating existing buildings
and proposed designs of new buildings in the U.S. require response
history analyses (RHAs) for an ensemble of earthquake records in
order to determine engineering demand parameters (EDPs) for val-
idation of targeted performance criteria. Earthquake records
selected for RHAs often need to be scaled to a seismic hazard level
considered. Fraught with several challenging issues, selection and
scaling of ground motions necessary for nonlinear RHA remains
the subject of much research in recent years.

Among the many procedures proposed to modify ground
motion records, the most widely used approaches are amplitude
scaling and spectrum matching [1]. The objective of amplitude
scaling procedures is to determine scaling factors for a small num-
ber of records such that the scaled records provide an accurate
estimate of structural responses, and, at the same time are effi-
cient, i.e. reduce the record-to-record variability (dispersion) of
responses. The term “accuracy” means that the scaled records
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should provide median (or mean) responses close to the “exact”
responses considering large population of records compatible with
the hazard conditions specified. The term “efficiency” means that
ground motions after scaling to the design (target) spectrum
should impose similar seismic demands to the structure. While
large record-to-record variability in EDPs leads to uncertainties
in design and diminishes the confidence level, small record-
to-record variability (dispersion) indicates that scaled records rep-
resents well the target demand level. Thus, a reliable scaling
method should not only produce accurate but also efficient
estimates of EDPs.

In earlier approaches, ground motion records were scaled to
match a target intensity measure such as peak ground acceleration,
effective peak acceleration, arias intensity, or effective peak veloc-
ity [2,3]. These approaches are generally inaccurate and inefficient
for structures responding in the nonlinear range [3,4]. Scaling of
records to match the target spectrum at the fundamental vibration
period of the structure provides improved results for elastic struc-
tures whose response is dominated by its first-“mode” of vibration
[5]. However, if the contributions of higher modes are important or
the structure deforms significantly into the inelastic range, this
scaling method becomes less accurate and less efficient [3,6,7].
Modifications of this method considering the target spectrum
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ordinates at the first and second vibration periods have been pro-
posed [8,9]; however, efficiency of these modified methods is com-
promised for near-fault records with a dominant velocity pulse
[10]. To account for higher-mode contributions to response and
lengthening of the apparent vibration period after the structure
deforms into the inelastic range, the scaling factor for a ground
motion record can be chosen to minimize the difference between
its elastic response spectrum and the target spectrum over a period
range [11-16]. Because the preceding methods do not consider
explicitly the nonlinear behavior of the structure, they may not
be appropriate for near-fault sites where the inelastic deformations
can be significantly larger than the deformations of the corre-
sponding linear system [7,17-19]. For such sites, scaling methods
that are based on the inelastic deformation spectrum or consider
the response of the first-“mode” inelastic single-degree-of-free-
dom (SDF) system are more appropriate [16,20,21]. These ideas
were utilized by Kalkan and Chopra [22] to develop a modal-push-
over-based-scaling (MPS) procedure for selecting and scaling
earthquake ground motion records in a form convenient for evalu-
ating existing structures and proposed designs of new structures.
This procedure explicitly considers structural strength, determined
from the first-“mode” pushover curve, and determines a scaling
factor for each record to match a target value of the deformation
of the first-“mode” inelastic SDF system. The MPS procedure has
been proven to be accurate and efficient for low-, medium-, and
high-rise buildings with symmetric plan [22-24] and ordinary
standard bridges [25,26] subjected to one component of ground
motion.

Scaling two horizontal components for use in three-dimen-
sional (3D) analysis of buildings has received less attention.
Researchers have proposed that both components of a record be
scaled by the same factor, selected to match their geometric mean
spectrum to the target spectrum over a period range [12,27]. For
far-fault sites, the ASCE/SEI 7-10 standard [28] requires that the
ground motion records be scaled so that the average value of the
square-root-of-sum-of-squares (SRSS) spectra for all horizontal-
component pairs does not fall below the target spectrum. Beyer
and Bommer [27] present a comprehensive summary of various
aspects that should be included in the process of selecting and
scaling two components of ground motions. They conclude that
selecting and scaling records according to their “goodness-of-fit”
with the target spectrum leads to efficient estimates of median
responses. Recently, Reyes and Chopra [29] extended the MPS pro-
cedure for one component of ground motion (mentioned above) to
two horizontal components. In summary, most existing scaling
procedures may not be appropriate for the following cases: (1)
near-fault sites where the inelastic deformation can be signifi-
cantly larger than the deformation of the corresponding linear sys-
tem [3,4,7]; (2) tall buildings where the higher mode responses are
significant [24]; (3) unsymmetric-plan buildings where various
coupled lateral torsional vibration modes may provide comparable
contributions to response. Clearly, there is a need to develop pro-
cedures for selection and scaling of ground motions to be used in
nonlinear RHA of unsymmetric-plan buildings, ranging from low-
rise to high-rise buildings subjected to multi-component ground
motions.

Lastly, Reyes and Quintero [30] proposed a new version of the
MPS procedure for single-story unsymmetric-plan buildings. In
order to generalize the findings from single-story systems to
multi-story systems, it is essential to perform further validation
and verifications of the MPS procedure using realistic multi-
degree-of-freedom (MDF) systems. This paper extends this proce-
dure to multi-story unsymmetric-plan buildings. In addition, the
developed procedure is compared against the ASCE/SEI 7-10 scal-
ing procedure for far-field ground motions. Based on results from
nine multi-story unsymmetric-plan buildings with various plan

shapes and heights, it is shown that the EMPS procedure provides
much superior results in terms of accuracy and efficiency than the
ASCE/SEI 7-10 scaling procedure. This manuscript is the first study
evaluating the ASCE7-10 and EMPS ground motion scaling proce-
dure for irregular plan multi-story realistic structural systems.
The ASCE7-10 procedure has been the common practice in U.S.
for design verification of important structures, which often have
irregular plans; thus, our study fills an important gap by showing
the limitations of this ground motion scaling procedure and by
examining its accuracy and efficiency considering various different
types of plan irregular buildings.

2. Extended MPS procedure (EMPS)

3D analysis of buildings requires the use of the two horizontal
components of the ground motion records. In current versions of
the MPS procedure, the two components are scaled independently
in order to increase the accuracy, efficiency and effectiveness of the
method [29,30]. However, these investigations have been limited
to the analysis of multi-story symmetric-plan and single-story
un-symmetric plan buildings. In this investigation, the scale factors
are estimated using roof displacements at the center of mass (C.M.)
instead of deformation of the first-“mode” inelastic SDF system
[30]. Scaling factor (SF) for each ground motion is obtained inde-
pendently for each horizontal direction by solving the following
nonlinear equation:

U — i, =0 (1)

where u, is the peak roof displacement calculated by implementing
the uncoupled modal response history analysis (UMRHA) [31,
chapter 20], and i, is the target roof displacement. In practical
implementation, the target roof displacement may be estimated
from the response spectrum by combining inelastic “modal” dis-
placements, just as for linear systems. This application of modal
combination rules to nonlinear systems obviously lacks a rigorous
theoretical basis, but seems reasonable if the modes are weakly
coupled [31, chapter 20].

The EMPS procedure is implemented here in three phases: (1)
target roof displacement and pushover analyses, (2) scaling phase,
and (3) selection phase. The step-by-step procedure is presented
below in a general form, valid for 3D analysis of multi-story
buildings.

2.1. Target roof displacement and pushover analyses

(1) For a given site, define the target spectra A, and ?\y, in this

study, taken as the median of the 5% damped pseudo-accel-
eration response spectra of two components of the records.
For a selected earthquake scenario, it is commonly assumed
that response spectra and EDPs are log-normally distributed
[32]. For this reason, it is more appropriate to represent the
“mean” structural response by the median; a conclusion that
is widely accepted. Because the geometric mean and median
of a random variable having a log-normal distribution are
the same, we decided to employ the term “median” instead
of geometric mean, as is commonly done.
The use of the median spectrum as the target spectrum is
not a constraint of the proposed EMPS procedure; any other
target spectrum (e.g., 84th percentile target spectrum) can
be utilized.

(2) Compute the natural frequencies w, (periods T,) and modes
¢, of the first few modes of linear-elastic vibration of the
building. For each ground motion component direction (x
or y), identify the first, second and third modes as the three
modes with the largest effective modal mass.
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(3) Develop the base shear-roof displacement, V;,, — u,,, relation

or pushover curve by nonlinear static analysis of the build-
ing subjected to the n'"-“mode” invariant force distribution

[33-35]:
m(/)XTl

S; = m¢yn
lo(b()n

where m is a diagonal matrix of order N with mj;; = mj, the
mass lumped at the j™ floor level; I, is a diagonal matrix of
order N with I,; = I,;, the moment of inertia of the j™ floor
diaphragm about a vertical axis through the center of mass
(C.M.); and subvectors ¢, ¢y, and ¢, of the n™ mode ¢,
represent x, y and 6 components of ground motion, respec-
tively. Gravity loads are applied before the lateral forces
causing lateral displacement u,, at the roof. This step should
be implemented only for the first three “modes” in the direc-
tion under consideration; this step may be omitted for the
higher-“modes” if they are treated as linear-elastic [31,
chapter 20].

(4) Idealize the V,,, — u,, pushover curve as a bilinear or trilinear

curve, as appropriate, and convert it into the force-deforma-
tion, (Fsu/L,) — Dy, relation for the n™-“mode” inelastic SDF
system using well-known relationships [31, chapter 20]:

Fn _ Vbn

L, M,

— Um
Iy m

where Fq, is a nonlinear hysteretic function of the n'" modal

D,

coordinate, M the effective modal mass for the n'"-“mode”,
L ™ m 0 0 1 0
:Mi: d;’;v[l M={0 m 0| =[0] 1,=|1
" oMo 00 I 0 0

1 and 0 are vectors of dimension N with all elements equal to

one and zero, respectively. ¢,, is the value of ¢, at the C.M. of
the roof. Starting with this initial loading curve, define the
unloading and reloading branches appropriate for the struc-
tural system and material being considered. Recall that this
step should be implemented only for the first three “modes”
in the direction under consideration.

(5) Establish the target value of roof displacement ii,. For a sys-

tem with known vibration period T,, damping ratio {,, and
force-deformation curve (step 3), determine the peak defor-
mation D, for the n™-“mode” inelastic SDF system due to
each of the unscaled ground motions ii,(t) by solving:

P - Fo

Dn(t) + ZannDn(t) +t5=

L= —iis(t) = Dy

Multi-story buildings may be treated as linearly elastic in
computing the peak deformation D, for “modes” higher than
the first three “modes”. Compute ﬁn as the median of the D,
values. Compute roof displacement in the direction under
consideration of the n™-“mode” as

ﬂrn = Fnd)ml/jn

Compute the roof displacement in the direction under con-
sideration i, from values of i1, using a suitable modal com-
bination method (e.g., complete quadratic combination). In
practical applications, target deformation D, can be com-
puted as ﬁ,, = CR,,ﬁ,,O, where Cg, is the inelastic deformation
ratio, estimated from empirical equations [19],
f),w = (Tn/ZTE)ZAn, and Kn is the target pseudo-spectral accel-
eration at period T,. However, in this study, the deformation

D, was computed as the median value of the peak deforma-
tions of the first-“mode” inelastic SDF system due to an
ensemble of unscaled records; our interest is to test the pro-
posed EMPS procedure, not existing Cg, equations [29].

2.2. Scaling phase

(6) Compute the scale factor SF for each record in the direction
under consideration solving the following nonlinear
equation:

u—1i=0

where u, is the peak roof displacement at the C.M. in the
direction under consideration due to the scaled records.
Because this equation is nonlinear, SF cannot be determined
a priori, but requires an iterative procedure as shown below:

a. Select an initial value of the scale factor SF, and compute
deformation D,(t) for the n™-“mode” inelastic SDF due to
the scaled record by solving:

.. . F ..
Dy (t) + 2£,0,Dy () +% = —SF x 1lg(t) — Dy (t)
n
b. Compute roof displacement of the n
tion under consideration:

th_“mode” in the direc-

Upn(t) = I'nppyDn(t)

c. Compute roof displacement
consideration:

U = max( Zum(t)

d. Estimate error: € = u, — i,
e. Adjust the value of the scale factor SF, and repeat steps “a” to
“d” until ¢ is less than a tolerance value.

in the direction under

In this study, step “e”, which must be implemented for all records,
was implemented by a numerical algorithm. By developing steps
“a” to “e”, separately for the x and y components of the record,
scale factors SF, and SF, are determined. Note that pushover curves
(step 3), and target roof displacement (step 5) will be different for
the two horizontal components [34,35]. Reyes and Chopra [29]
demonstrated that it may not be possible to achieve accurate esti-
mates of EDPs if both horizontal components of a record are to be
scaled by the same factor, unless the only records selected are
those that the peak floor displacement due to each unscaled com-
ponent is close to the target value. Unfortunately, such a restriction
will reduce the number of useable records and, in particular, elim-
inate near-fault records because their fault-normal and fault-paral-
lel components are known to be very different due to directivity
effects and fling [36]. Furthermore, such a constraint may not
achieve the desired objectives of accuracy and efficiency if the tar-
get roof displacements in the two directions are very different
because of different lateral-force-resisting systems. To overcome
these restrictions, two different scaling factors for the two compo-
nents of a record is an alternative option. Seismologists may find
this approach to be questionable because it does not preserve focal
mechanism and wave travel path effects, inherent in recorded
motions. However, if the goal of any scaling procedure is to esti-
mate the EDPs accurately—where the benchmark values are deter-
mined from a large set of unscaled records, which obviously
preserve all the seismological features then such an approach is
justified [29].
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2.3. Selection phase

(7) Select the first k records with the lower values of:

)

where 7\X and 7\y are vectors of spectral values Ki at different periods
T; (T;=T4TsTg); Ax and A, are vectors of spectral values for the
unscaled records over the same period values. The selection phase
considers the higher modes to select the final set of records to be
used in RHAs. The first k records with the lower values of the equa-
tion shown above will be those whose spectrum best fits the target
spectrum in the periods T4, Ts, and Te. In this study, we use k = 7.

The procedure presented differs from the MPS procedure for
single-story unsymmetric plan buildings [30] in the selection
phase. In this study, selection was made considering spectrum
shape only at periods T4, Ts and Tg, not in the range from 0.2T; to
1.5T;. In building codes, nonlinear RHA is not for preliminary
design, but verification of final design of special structures (such
as tall or irregular buildings), structures with innovative structural
systems and materials, or structures on soft soil. In such structures,
common practice is to complete elastic code-based design first,
and then conduct nonlinear static analysis for validation of perfor-
mance objective. Nonlinear RHA is conducted at the final stage for
validation and verification. Because nonlinear static analysis is
conducted as “a priori”, the strength and deformability of the
structure becomes available for scaling records according to the
EMPS procedure.

Error = i(‘SFXAX(T,-) - Ax(Ti)‘ ¥ )SFyAy(T,-) —A,(Ty)
i=4

3. ASCE/SEI 7-10 scaling procedure for far-field ground motions

For far-field ground motions, the ASCE/SEI 7-10 standard
(henceforth abbreviated as ASCE7) requires that both components
of an earthquake record 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 tar-
get spectrum over the period range 0.2T; to 1.5T;. The SRSS spec-
trum is computed for the 5%-damped response spectra for the two
horizontal components of ground motion. The design value of an
EDP—member forces, member deformations, story drifts, etc.—is
taken as the average 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 scaling factors for individ-
ual 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 ASCE7 pro-
cedure was implemented using a modified version of the approach
described in Appendix A of Ref. [29]. The records were selected by
minimizing the discrepancy between the scaled spectrum of a
record and the target spectrum over the period range from 0.2T;
to 1.5T¢, and then identifying the final set of records as those with
spectral acceleration values at Ty close to the target spectrum. This
selection procedure was proposed by Reyes and Kalkan [37,38] and
is not part of the requirements of the ASCE7. In the implementation
of the ASCE7 procedure, the target pseudo-acceleration spectrum
was taken as the average of the target spectra for both horizontal
components.

4. Ground motions selected

The 30 records selected for this investigation (listed in Table 1)
were recorded from seven shallow crustal earthquakes with
moment magnitude My = 6.7 £ 0.2, at distances (Rjz) ranging from
20 to 30 km, and with NEHRP site classification C (very dense soil
or soft rock) or D (stiff soil). Because the ground motions selected

were not intense enough to drive the buildings considered far into
the inelastic range—an obvious requirement to test any scaling
procedure—they were pre-amplified by a factor of 4.0. These pre-
amplified ground motions are treated as “unscaled” records for this
investigation. Shown in Fig. 1 are the 5%-damped median response
spectra for x and y components of the original ground motions. The
median spectrum is taken as the target spectrum for purposes of
evaluating the EMPS and other scaling procedures. It should be
noted that our objective was to create a sample of records from a
representative subset of a population of already recorded and not
yet recorded ground motions under similar magnitude, distance
and site conditions. The best way to avoid a biased or unrepresen-
tative sample is to select a random sample. Therefore, selection of
30 records from the representative subset of the population was
conducted randomly. This process statically allows us to treat the
median spectrum of this random sample as the “true” target spec-
trum. Because all records were up-scaled with the same scaling
factor, the assumption of random sampling was not violated.

The structures were subjected to sets of seven records scaled
according to the EMPS and ASCE7 procedures, and their responses
were compared against the benchmark values, defined as the med-
ian values of the EDPs obtained from nonlinear RHA of the struc-
ture subjected to 30 unscaled records [23,25,29,30,39-42]. These
records are from multiple events, and their spectral shapes show
significant aleatoric variability (Fig. 1). We believe that this large
randomly populated set provides unbiased estimates of “true”
(expected) median response considering the hazard conditions
specified.

5. Structural systems

The structures considered are nine un-symmetric plan hypo-
thetical buildings with 5, 10 and 15 stories. These buildings were
designed according to the 2009 International Building Code [43]
to be located in Los Angeles, California, and they cover the levels
of horizontal irregularity defined in the ASCE7. The lateral resisting
system of the buildings consists of steel special moment resisting
frames (SMRF). Their plan shapes are shown in Fig. 2, where the
moment resisting frames are highlighted. The buildings are identi-
fied by the letters R, L and T followed by the number of stories:
plan R is approximately rectangular, plan T is symmetric about
the y axis, and plan L is un-symmetric about both x and y. 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 the building with the design
spectrum reduced by a response modification factor R =8. How-
ever, member sizes were governed by drift limits instead of
strength requirements.

To verify that the selected buildings cover a broad range of tor-
sional irregularities, the following factor was calculated for each
building [28]:

ﬁ = Amax/Aaverage (2)

where Ay is the maximum story drift and Agyerqe is the average
story drift at the two ends of the structure. The level of torsional
irregularity was qualified as recommended in the ASCE7 standard
as:
(i) Not torsional irregularity: g < 1.2,
(ii) Torsional irregularity: 1.2 < f < 1.4 and,
(iii) Extreme torsional irregularity: > 1.4.

The buildings selected cover these three levels of torsional
irregularity as demonstrated in Table 2, where the values of irreg-
ularity factor g are shown in ascending order. Fig. 3, showing
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List of 30 far-field ground motion records.
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ID Earthquake name Year Station name M,, Rjp (km) NEHRP site class
1 San Fernando 1971 LA - Hollywood Stor FF 6.6 22.8 D
2 San Fernando 1971 Santa Felita Dam (Outlet) 6.6 24.7 C
3 Imperial Valley-06 1979 Calipatria Fire Station 6.5 23.2 D
4 Imperial Valley-06 1979 Delta 6.5 22.0 D
5 Imperial Valley-06 1979 El Centro Array #1 6.5 19.8 D
6 Imperial Valley-06 1979 El Centro Array #13 6.5 22.0 D
7 Imperial Valley-06 1979 Superstition Mtn Camera 6.5 24.6 C
8 Irpinia, Italy-01 1980 Brienza 6.9 225 C
9 Superstition Hills-02 1987 Wildlife Liquef. Array 6.5 239 D

10 Loma Prieta 1989 Agnews State Hospital 6.9 24.3 D

11 Loma Prieta 1989 Anderson Dam (Downstream) 6.9 19.9 C

12 Loma Prieta 1989 Anderson Dam (L Abut) 6.9 19.9 C

13 Loma Prieta 1989 Coyote Lake Dam (Downst) 6.9 204 D

14 Loma Prieta 1989 Coyote Lake Dam (SW Abut) 6.9 20.0 C

15 Loma Prieta 1989 Gilroy Array #7 6.9 224 D

16 Loma Prieta 1989 Hollister - SAGO Vault 6.9 29.5 C

17 Northridge-01 1994 Castaic - Old Ridge Route 6.7 20.1 C

18 Northridge-01 1994 Glendale - Las Palmas 6.7 21.6 C

19 Northridge-01 1994 LA - Baldwin Hills 6.7 235 D

20 Northridge-01 1994 LA - Centinela St 6.7 204 D

21 Northridge-01 1994 LA - Cypress Ave 6.7 29.0 C

22 Northridge-01 1994 LA - Fletcher Dr 6.7 25.7 C

23 Northridge-01 1994 LA - N Westmoreland 6.7 23.4 D

24 Northridge-01 1994 LA - Pico & Sentous 6.7 27.8 D

25 Kobe, Japan 1995 Abeno 6.9 24.9 D

26 Kobe, Japan 1995 Kakogawa 6.9 225 D

27 Kobe, Japan 1995 Morigawachi 6.9 24.8 D

28 Kobe, Japan 1995 0SAJ 6.9 214 D

29 Kobe, Japan 1995 Sakai 6.9 28.1 D

30 Kobe, Japan 1995 Yae 6.9 27.8 D

1.8 - .
" x-direction y-direction
<
B 12 1
s
- ith record spectrum
8 0.6 — Geometric mean
g spectrum
=
2 /-\
(=
0 . ; . . .
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 3

Natural Vibration Period, sec

Natural Vibration Period, sec

Fig. 1. Geometric-mean pseudo-acceleration response spectra of 30 records for 5% damping; individual response spectra of the records are also shown.

effective modal masses of the buildings permits the following
observations: (1) Lateral displacements dominate motion of the
R-plan and L10 buildings in modes 1 and 2, whereas torsion dom-
inates motion in the third mode, indicating weak coupling between
lateral and torsional components of motion. (2) Coupled lateral-
torsional motions occur in the first and third mode of L0O5, TO5
and T10 buildings whereas lateral displacements dominate motion
in the second mode. (3) Lateral displacement dominates motion in
the first mode, whereas coupled lateral-torsional motions occur in
the second and third mode of T15 plan. For these reasons, it is
expected that the contribution of higher modes be important in
the selection and modification of seismic records, especially in
structures where the effective mass of the fundamental mode is
low. Note that all these conclusions are drawn from linear analysis;
nonlinear behavior may attenuate or increase the lateral torsional
motions of the buildings. Further details of the structural systems
including their fundamental periods, mode shapes, etc. can be
found in Refs. [40-42].

Nonlinear RHA and pushover analyses for these buildings were
conducted using PERFORM-3D [44]. The following features were

used in modeling the buildings: (1) girders and columns were
modeled by a linear element with tri-linear plastic hinges at the
ends of the elements that can include in-cycle strength deteriora-
tion, but not cyclic stiffness degradation; axial load-moment inter-
action for the columns was based on plasticity theory; (2) 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; (3) ductility capacities of girders, columns, and panel
zones were specified according to the ASCE/SEI 41-06 standard
[45]; (4) columns of moment resisting frames were assumed to
be fixed at the base, whereas gravity columns were considered pin-
ned at the base; and (5) effects of nonlinear geometry were
approximated by a standard P-4 formulation for both moment
and gravity frames.

6. Evaluating EMPS and ASCE7-10 procedures
The EMPS and ASCE7 procedures were implemented to select

and scale sets of seven records; the evaluation procedure used in
this paper was also used in Refs. [23,29,30,39-42]. In this paper,
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Fig. 2. Plan views of nine unsymmetric-plan buildings.
Table 2 A it is assumed that the EDPs are log-normally distributed. This
Torsional irregularity factors. assumption was tested by constructing probability plots of various
Building RO05 R15 L10 L15 TI15 L05 TI10 TO5 EDPs. As an example, Fig. 4 shows a probability plot of first story
5 100 110 113 120 126 130 135 141 143 drift values obtained at the CM of the L15 building. It is evi.dent
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 average [46]. For
a log-normal distribution of a random variable, the geometric
mean (it) and median (xso) are given by the same equation:
)10 Xs0 = [t =eH, where u is the mean of a log-normal distribution.
100 ROS RIS Therefore, it is not misleading to use median instead of geometric
M mean.
50 The MPS procedure proposed by Reyes and Chopra [29] (called
here “MPS-Sym”) was developed and tested only for multi-story
e 0 symmetric-plan buildings. If this procedure is applied to the
A LO05 L10 L15 : o R —
2 100 unsymmetric-plan buildings of this investigation, the results are
§ - not satisfactory as shown in Fig. 5 where story shears in y-column
= 50 (Fig. 2), normalized by peak values occurring at any floor from set
é I]D I 3 I 1 MPS-Sym are plotted against benchmark values (denoted as
g 0 05 10 15 “Bench”) for building T10; this figure also includes the results of
100 the proposed procedure (set EMPS). It is evident that set EMPS lead
to more accurate estimates of EDPs and lower record-to-record
50 variability than set MPS-sym demonstrating that the proposed
I H I H EMPS method is more appropriate for multi-story unsymmetric-
0 1 2 3 1 2 3 1 2 3 plan buildings. These conclusions are also valid for the other build-

Il T:aslational X [ Traslational Y [ |Rotational

Modes of vibration

Fig. 3. Effective modal masses M,,* of buildings selected.

ings and EDPs considered in this research.

In the scaling phase of the EMPS procedure, the scale factor SF
for each record in the direction under consideration is determined
by solving Eq. (1). In order to evaluate the accuracy of the EMPS
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Fig. 4. Probability plot of first story drifts at the C.M. of structure L15 subjected to 30 ground motion records.
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Fig. 5. Normalized story shears in y-column for T10 structure (see Fig. 2). In each
case, the marker and the horizontal line represent the median value of the
EDP + one standard deviation ¢ assuming a log-normal distribution; benchmark
EDP is repeated as dashed line for comparison.

procedure in the prediction of the roof displacement, Fig. 6 shows
the resultant roof displacement time series calculated by step 6 of
the EMPS procedure [30] and by nonlinear RHA of the building sub-
jected to bi-directional ground motions for record #7 in Table 1;
also included in the figure are target roof displacements obtained
from step 5 of the EMPS procedure (horizontal dashed line i)
and from nonlinear RHA of the building subjected to 30 un-scaled
ground motions (horizontal solid line peformsp)- The later corre-
sponds to the exact value of the target roof displacement. It is evi-
dent that the EMPS procedure approximately resembles roof
displacement time series, and adequately determines target and
maximum roof displacements.

The EMPS procedure considers only modal responses in the
direction of analysis. To demonstrate that the EMPS procedure is
accurate in determining the maximum roof displacement, even
in structures with modes having large modal participation factors
in x and y directions, the following example was developed for

building L15. We selected this building because the modal partic-
ipation factors I',, in the x-direction are: 0.872, 0.574 and —0.345
for the first, second and third modes with largest modal effective
mass (modes used in the EMPS procedure) and in y-direction are
—0.459, 0.887 and 0.172. Fig. 7 shows the roof displacement time
series in x-direction calculated by step 6 of the EMPS procedure
and by nonlinear RHA of the building subjected to bi-directional
excitation using two ground motion components of record #7.
For the EMPS procedure, this figure includes x-direction displace-
ment as a result of the x-component of the ground motion (i, in
Fig. 7a), and also as a result of the y-component of the ground
motion (uy in Fig. 7b); Fig. 7c presents the total response
Urx = Uxx + Uyy. The exact x-displacement calculated by PERFORM-
3D is included in subplots (a) and (c) as a bold line. Comparing
the EMPS results u,, with the exact values (uy)peormsp Obtained
from PERFORM-3D, it is evident that even in structures with modes
having large modal participation factors in both horizontal direc-
tions, the EMPS procedure leads to accurate estimates of the max-
imum roof displacement considering only the 3 modes with larger
effective modal mass and the modal response in the direction of
study (x-direction in this case). This is due to the fact that maxi-
mum values in the direction of analysis appear at different times
when the structure is subjected to x- or y-component of ground
motion. Similar results were observed for the other eight buildings
analyzed; these results are not shown due to space limitations.

6.1. R-plan structures

For R-plan structures having 5, 10 and 15 stories, Figs. 8 and 9
show story drifts at corner c1 (see Fig. 2) and floor velocities at
the CM. The floor velocities are normalized by peak values
occurred at any floor. First, second and third columns of these fig-
ures show EDP values in x-direction for the benchmark, ASCE7
and EMPS procedures, respectively; the next three columns show

g 025F 1t 1
Py @y (Ury)Performap
Nad) 0
<
N 025 | == Perform3D
S — B——————————— —— S EMPS

Fig. 6. Roof displacement time series in x and y directions at the C.M. for L15 building subjected to record #7: EMPS estimates vs. exact values.
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Fig. 7. Roof displacement time series in x-direction at the C.M. for L15 building.
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similar results in y-direction. The markers and horizontal lines rep-
resent the median EDP value + one standard deviation ¢ assuming
a lognormal distribution.! For comparison purposes, the median
benchmark values are kept in all sub-plots as a dashed line. In order
to be consistent with comparisons of the EMPS procedure with the
ASCE, geometric mean was used for the ASCE7 procedure although
the ASCE7 requires mean. Use of “mean” instead of “geometric
mean” do not affect the conclusions—provided that “mean” is con-
sistently used for both scaling methods [39].

As demonstrated in Figs. 8 and 9, the records scaled according
to the EMPS procedure provide median values of EDPs that are
much closer to the benchmark values than is achieved by the
ASCE7 scaling procedure; for example, compare columns 5 and 6
of Fig. 8. The maximum discrepancy of 30% in story drifts encoun-
tered by scaling records according to the ASCE procedure reduced
to 10% when these records are scaled by the EMPS procedure; like-

! 16th and 84th percentile values are computed as jie*?, where ji is the median
value and ¢ is the standard deviation of a lognormal distribution.

wise, the maximum error in floor velocities is reduced from 26% for
the ASCE7 scaling procedure to less than 7% for the EMPS proce-
dure. The record-to-record variability is much less in EDPs due to
a set of records scaled by the EMPS procedure (columns 3 and 6
of Figs. 8 and 9) compared to the records scaled by the ASCE7 pro-
cedure (columns 2 and 5 of Figs. 8 and 9). Small “record-to-record”
variability increases the confidence level by indicating that records
scaled appropriately with the target spectrum thus impose similar
seismic demands. These results show that EDPs obtained from sets
EMPS represent a considerable improvement in accuracy and effi-
ciency variability when compared to EDPs obtained from sets
ASCE7. Note that for these structures (without torsional irregular-
ities § < 1.2), the ASCE7 procedure leads to large underestimations
in story drifts and floor velocities.

6.2. L-plan structures

For L-Plan structures (1.2 < 8 < 1.4), the records scaled accord-
ing to the EMPS procedure lead to more accurate estimates of
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median values of EDPs than ASCE7 scaling procedure. This improve-
ment in accuracy is demonstrated in Figs. 10 and 11 where story
drifts at corner c1 (Fig. 2) and normalized floor velocities at the cen-
ter of mass due to records scaled and selected according to EMPS
and ASCE7 procedures are shown together with benchmark values.
For story drifts and floor velocities, ASCE7 procedure yields to over
20% errors in all cases. For this scaling procedure, the smallest error
occurs when g = 1.2 (L10 building). The error in the EMPS proce-
dure tends to decrease when the natural period of the structures
increases. The maximum discrepancies encountered by scaling
records according to the ASCE7 procedure are reduced when these
records are scaled by the EMPS procedure; for example, the error
in story drifts and floor velocities decreases from 28% to 8% and from
28% to 4%, respectively as compared to the benchmark values.

6.3. T-plan structures

Similar to the results for R- and L-plan structures, EDPs obtained
from sets ASCE7 are less accurate than those obtained from EMPS.

The ASCE7 procedure generally underestimates story drifts in lower
stories and velocities in upper stories. In contrast, the EMPS proce-
dure provides a more accurate estimate of story drift and floor
velocity demands in all stories of these buildings because it consid-
ers structural strength and higher-“mode” contributions to the
response; for example, compare columns 5 and 6 of Fig. 12. Even
for T-plan structures with extreme torsional irregularities
(B> 1.4), the EMPS procedure is highly accurate and efficient. For
instance, compare columns 5 and 6 of Fig. 12 for building T10; for
this building, the maximum discrepancy of 37% in story drifts
encountered by scaling records according to the ASCE7 procedure
is reduced to around 1% when these records are scaled by the EMPS
procedure; the same behavior is evidenced by Fig. 13 where the dis-
crepancy in floor velocities is reduced remarkably from 29% to 2%.

6.4. Other EDPs

Floor accelerations at the center of mass for the 5-story build-
ings are shown in Fig. 14. These accelerations are normalized by
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Fig. 12. Story drifts in percent in x- and y-direction at corner c1 for T-plan structures. In each case the marker and the horizontal line represent the median value of the

EDP # g, assuming a log-normal distribution.
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peak values occurred at any floor. Similar to the results shown pre- maximum discrepancy of 18% in floor accelerations encountered
viously, floor accelerations obtained from sets ASCE7 are less accu- by scaling records according to the ASCE7 procedure is reduced
rate than those obtained from EMPS. For RO5 building the to a maximum of 6% when these records are scaled by the EMPS
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procedure. In the same way, for L05 and T05 buildings, the error is
reduced from 15% to 2% and 20% to 9%, respectively. In this paper,
representative results are shown; additional results are available in
Refs. [40,41]. Note that even in regular structures (R-plan build-
ings) where the response is dominated by the first-“mode” of
vibration (Fig. 3), the ASCE7 scaling procedure does not offer
improvement in the demand estimates (columns 2 and 5 of Fig. 8).

Representative results for rotation ductility demands in girders
for the following buildings: R05, R10, L10, L15, TO5 and T10 are
shown in Fig. 15 (due to space limitations, results for buildings
R15, LO5 and T15 are not shown); selected girders are highlighted
in Fig. 2 by a diamond and triangle marker. Rotation ductility
demands p were calculated as 1+ 0,/0,, where 0, is the plastic
hinge rotation and is 6, the yield rotation. Because we found that
1 is not log-normally distributed, the marker in Fig. 15 represents
the median value of the EDP data and the horizontal line denotes
the interval of ductility demand values between the first and the
third quartile of the data. It is evident that maximum discrepancies
encountered by scaling records according to the ASCE7 procedure
are reduced when these records are scaled by the EMPS procedure.
This figure confirms that the ASCE7 scaling procedure tends to
underestimate ductility demands with errors between 20% and
43% in most cases. For building R0O5, the maximum discrepancy
of 27% in ductility demands observed by scaling records according
to the ASCE7 procedure, is reduced to around 1% when these
records are scaled by the EMPS procedure; comparable results
were obtained for building R10. For L-plan structures, the maxi-
mum error in buildings L10 and L15 decreases from 29% to 6%
and from 43% to 8%, respectively. Similarly, for buildings TO5 and
T10, the maximum discrepancy of 21% and 28% in the ASCE proce-
dure is reduced to less than 1% and 7%, respectively.

In summary, based on the results presented in Figs. 8-15, the
extended EMPS procedure offers a sufficient degree of accuracy
that should make it useful for practical application in estimating
seismic demands—floor displacements, velocities, accelerations,
story drifts, internal forces—for multi-story unsymmetric-plan
buildings due to two horizontal components of ground motion
applied simultaneously. By including structural strength and con-
tributions of all significant modes of vibration, EMPS is able to ade-
quately capture variation of EDPs.

7. Conclusions

In this study, the MPS procedure has been extended to multi-
story unsymmetric-plan buildings in order to select and scale
ground motion records to be used in nonlinear RHA. The accuracy
of the extended MPS procedure was evaluated against the ASCE/SEI
7-10 scaling procedure by comparing the median values of engi-
neering demands parameters (EDPs) due to a set of seven records
scaled according to both procedures against the benchmark values.
The efficiency of the scaling procedures was evaluated by comput-
ing the dispersions of the responses as a result of scaled ground
motions; small dispersion indicates that the scaling procedure is
efficient. A set of nine multi-story unsymmetric-plan buildings
was selected for testing. This evaluation of the EMPS procedure
has led to the following conclusions:

1. In the ASCE7 ground motion scaling procedure, the limit 1.5T; is
intended to consider period elongation due to stiffness degrada-
tion; however, even with this consideration, target spectral
acceleration values used for scaling ground motions still remain
elastic. EMPS procedure overcomes this issue by considering
the inelastic target deformation value. The target value of
inelastic deformation may be estimated by either (1) perform-
ing nonlinear RHA of the inelastic SDF system to obtain the peak

deformation associated with each ground motion, and then
computing the median of the resulting data set; or (2) multiply-
ing the median peak deformation of the corresponding linear
SDF system, known from the median response spectrum, by
the inelastic deformation ratio, estimated from an empirical
Crn equation (e.g., [19]). If there is lack of recorded motion for
a specific hazard conditions, user may estimate the target defor-
mation value using an empirical C, equation.

2. Ground motion selection and scaling are two different pro-
cesses. The ASCE7 scaling procedure does not consider spectral
shape for ground motion selection; spectral shape is only con-
sidered for scaling to ensure that the average spectrum of scaled
records is above the design spectrum between 0.2T; and 1.5T;.
However, in the EMPS procedure, spectral ordinates at higher-
mode periods are considered effectively in selecting the final
set of scaled records to be used in RHAs.

3. The extended MPS procedure is much superior compared to the
ASCE7 procedure for scaling two components of ground
motions. This superiority is evident in two respects. First, the
ground motions scaled according to the EMPS procedure pro-
vide median values of EDPs that are much closer to the bench-
mark values than is achieved by the ASCE7 procedure. Second,
the dispersion (or record-to-record variability) in the EDPs
due to seven scaled records around the median is much smaller
when records are scaled by the EMPS procedure compared to
the ASCE7 scaling procedure. Small dispersion increases
confidence.

4, In all cases, ASCE7 leads to underestimation of story drift, floor
velocities and accelerations. Even for structures that respond
dominantly in the first-“mode”, the ASCE7 scaling procedure
does not offer improvement in the demand estimate as com-
pared to the benchmark results.

5. The ASCE7 procedure uses the same scaling factor for both com-
ponents of ground motion; the use of the same scale factors for
each component provides inaccurate estimates of the median
EDPs in one or both horizontal directions. In contrast, the EMPS
procedure allowing for different scaling factors for x and y com-
ponents, provides an accurate estimate of the median EDPs and
reduces the record-to-record variability of the responses.
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