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Abstract

Bidirectional energy-based pushover (BEP) procedure is expanded in this paper to predict approximate incremental
dynamic analysis (IDA) results of medium- and high-rise structures. BEP is a unique approach in the sense that it
provides approximate IDA curves under the simultaneous effect of two horizontal components of ground motions
and is applicable to both symmetric- and asymmetric-plan buildings. The method has already proved to be useful in
low-rise buildings, and this study aims to evaluate its suitability for mid- and high-rise structures. Six structural
models were considered in this evaluation in two groups of 9- and 20-story buildings, with each group consisting of
a symmetric, a one-way asymmetric, and a two-way asymmetric-plan building. The results revealed that the method
was sufficiently accurate to provide approximate IDA curves for all structural models. The method had similar
accuracy in the asymmetric models as it did in the symmetric models, although the accuracy slightly decreased as
the height of the building increased. BEP also provided good estimates of the demands in both ‘flexible’ and ‘stiff

sides’ of the asymmetric buildings as well as the demands over the height of the buildings.

Keywords: energy-based pushover analysis, biaxial seismic excitation, incremental dynamic analysis, asymmetric-

plan buildings, medium and high-rise buildings

Declarations
Funding: No external support was received in this research. The funding was provided by the authors.
Conlflicts of interest/Competing interests: N/A

Availability of data and material: the data used in this research is transparent and valid references have been made

when applicable.



Code availability: Custom codes are used in this research, which have not been made public.
Ethics approval: N/A
Consent to participate: Informed consent was obtained from all individual participants included in the study.

Consent for publication: All information in this paper, including the text and figures, has been produced by the

authors, and I give my consent for the publication of this manuscript in “Bulletin of Earthquake Engineering.”

1 Introduction

Incremental dynamic analysis (IDA) is a parametric analysis method used for seismic assessment of structures
(Vamvatsikos and Cornell 2002). IDA involves a structural model being subjected to an ensemble of ground motion
records, each scaled to multiple intensity levels, covering a wide range of structural behavior from elastic domain to
global instability. The results of IDA are generally presented as curves of maximum responses parameterized versus

the intensity measure.

Since IDA entails numerous nonlinear dynamic analyses (NDA), the computational burden involved is known to be
the main disadvantage to this method, especially in tall buildings comprising a large number of nonlinear structural
elements. Hence, approximate procedures have been proposed in the literature aiming at reducing the computational

cost associated with IDA.

By exploring the relationship between the static pushover (SPO) and the IDA outcomes through parametric studies,
Vamvatsikos and Cornell (2005) developed the SPO2IDA method to predict approximate 16th, 50th, and 84th
percentile IDA curves. The procedure was recently employed to produce structure-specific fragility curves
(Baltzopoulos, Baraschino et al. 2017). Designed for the first-mode dominated structures, SPO2IDA is not expected
to maintain high levels of accuracy in high-rise or asymmetric buildings. Han and Chopra (2006) proposed an
incremental version of the well-known modal pushover analysis (MPA) (Chopra and Goel 2002) to produce
approximate IDA curves. This method has the advantage to consider the contribution of higher modes. However, the
distortions occasionally encountered in the higher-mode capacity curves in this procedure often cause disruption in
the process of MPA (FEMA 2005). This is especially the case when the building is subjected to ground motion
records causing significant nonlinearity in higher modes. Brozovi¢ and Dolsek (2014) presented the envelope-based
pushover analysis in which a pushover analysis is conducted for each mode, and the total demands are determined

by enveloping the results obtained from all pushover analyses performed. Other methods have also been presented in



the literature, each taking a different strategy to alleviate the computational demand of IDA (Azarbakht and Dolsek
2007, Zarfam and Mofid 2011, Perus, Klinc et al. 2013)

Among these methods, a few have addressed asymmetric-plan buildings. DolSek and Fajfar (2007) evaluated the
incremental N2 method on a three-story asymmetric reinforced concrete building and concluded that the method is
viable in assessing plan-asymmetric buildings. Based on the 2DMPA method (Lin and Tsai 2007), Birzhandi and
Halabian (2017) developed an approximate IDA procedure for plan-asymmetric structures, allowing for the
hysteresis characteristics of structures such as pinching, strength loss, and stiffness deterioration. The authors later

extended the method to take soil-structure interactions into account (2018, 2020).

The only approximate IDA method to address biaxial seismic excitations in asymmetric-plan buildings was
“bidirectional energy-based pushover” (BEP) (Soleimani, Aziminejad et al. 2018). While symmetric buildings can
be assessed independently along x- and y-directions, it is essential for asymmetric-plan buildings to be evaluated
under both components of ground motions, simultaneously. This is because the two horizontal components could
neutralize or amplify each other’s effect when applied simultaneously. The BEP formulation addresses this issue as

it allows for both components of ground motions to be considered at the same time.

The BEP method can be summarized in three steps. Firstly, modal capacity curves—i.e., the force-deformation
relationships for modal single-degree-of-freedom (SDF) systems—are established from energy-based modal
pushover analyses. Secondly, each SDF system is subjected to a combination of the two horizontal components of
the ground motion, and the peak responses are extracted. Finally, the corresponding structural responses are

combined using a modified CQC formula.

The energy-based pushover approach employed in the BEP is a technique to prevent distortions of capacity curves.
The conventional pushover methods use the roof displacement during pushover analysis as an index to derive the
displacement of the corresponding SDF system. The same goal is achieved in the energy-based pushover using the
absorbed energy rather than roof displacement throughout the pushover analysis. The method was first proposed by
Hernandez-Montes, Kwon et al. (2004) for two-dimensional structures and extended to asymmetric-plan buildings
by Soleimani, Aziminejad et al. (2017). The energy-based pushover also found application in the assessment of

structures exposed to other load scenarios rather than earthquakes (Saedi Daryan, Soleimani et al. 2017, 2018).

The usefulness of BEP has been demonstrated in the previous research (Soleimani, Aziminejad et al. 2018) through
the assessment of a three-story asymmetric building—around four percent error in prediction of the median IDA
curves. However, its suitability for taller buildings is still unknown. While the first triple modes are adequate to
estimate the demands of low-rise buildings, the dynamic response of tall buildings is strongly influenced by higher
modes, which pose a challenge to BEP. When the plan is asymmetric, the torsional motions are also involved,

adding to the complexity of the structural behavior.

This study aims to evaluate BEP for medium- and high-rise buildings. The influence of asymmetry on the accuracy

of the results is also assessed. First, a detailed step-by-step procedure to perform BEP is presented. Then, the



structural models and ground motions used in this evaluation are introduced. The structural models are defined in
two groups of 9- and 20-story buildings, with each group comprising a symmetric, a one-way asymmetric, and a
two-way asymmetric model. The models are chosen in this way so as to provide an insight into the effects of the
building height and asymmetry on the accuracy of predicted IDA curves. Finally, the results of BEP are presented in
comparison with those of the exact IDA. The accuracy of the method in predicting the maximum demands over the
plan of the asymmetric models is evaluated (i.e., ‘flexible side’, mass center (CM), and ‘stiff side’). Also, the drift-

ratio demands over the height of the buildings are covered.

2 Step by step methodology

The BEP procedure is carried out through the step-by-step methodology presented in this section. More information

can be found in Soleimani, Aziminejad et al. (2018).

1- Create a nonlinear 3D model of the building.

2-  Calculate the natural frequencies, @, , and the modes of natural vibration, ¢, , at the elastic state of the building
by running an eigenvalue analysis.

3-  Apply gravity loads; then conduct the nth-mode pushover analysis using me, as the lateral load pattern. The
term m is the matrix of mass.

4-  Extract the nth-mode capacity curve (i.e., &, —y, curve) from the corresponding pushover analysis carried out
in step 3. To do so, first, determine «, and y, , representing the resisting force and the displacement of the nth-

mode SDF system, respectively, throughout the pushover analysis; then combine the two parameters into a
a, -y, curve. To determine ¢, and y, , follow the subsequent sub-steps:
4-1) Depending on the available component of the base shear, choose one of the following formulas to calculate
a. -

n-

a, = a, = (1)

in which V,, and Vny are the x- and y-components of the base shear throughout the nth-mode pushover

analysis, and

Lnx = ¢:mlx Lny = ¢Zmly

1, =(1,0,0)" 1,=(0,1,0)" (2)

The terms 1 and 0 are 1x NV vectors with all elements equal to unity and zero, respectively, and N is the number
of floors. It should be mentioned that if the building is two-way asymmetric, any of the two formulas in Eq. (2 )

can be used to calculate «, since all modes would normally include both x- and y-components. Otherwise, the

formula needs to be chosen so that the associated component of the base shear is nonzero.



4-2) Calculate y, using the following formula:

T T dE,
yn=£dyn=£anMn (3)

in which T is the final step of pushover analysis, and M, represents the modal mass of the nth-mode (

M, = ¢,{ m@, ). The term dE, is the energy absorbed by structure at each step of pushover analysis. It is

calculated by multiplying the pushover load, which involves the lateral forces and torques, by the structure

displacement at that step:
T
dE, =(me,) du, (4)

where u is the displacement vector with the order of 1x3N .

Establish the nth-mode hysteresis curve by, first, idealizing the «, —y, curve as a multi-linear curve, then

n
defining the unloading and reloading branches given the martial properties and the structural system. In this
study, capacity curves are idealized by bilinear curves.

Repeat steps 3-5 for as many modes as needed to achieve a sufficient degree of accuracy, and save the results
for the subsequent steps.

Choose a pair of orthogonal ground-acceleration records.

Choose a scale factor for the first stage of the BEP analysis, and calculate the ‘effective dynamic force’ of the

nth-mode SDF system for all the included modes using the following formula:

q, (t)==SF(I", &% +I,8&%) (5)

In Eq. (5), SF stands for the scale factor. The terms #% and & represent x- and y-components of the

ground acceleration record, and

L, L,
anzﬁ Fny:M_ (6)

Having the hysteresis function and the ‘effective dynamic force’, solve the differential equation of motion for
the nth-mode SDF system [Eq. ( 7 )] using one of the existing time-stepping methods [chapter 5—(Chopra

2011)], and determine the peak response, y,,, -

&(1)+28,0,% () +a,(1)=q, (1) (7)

The term &, is the damping ratio of the nth-mode.



10-

11-

12-

13-

Extract the structural responses associated with y,  from the nth-mode pushover analysis database established

in step 3.

For all the included modes, repeat the steps 9-10, and combine the results using the modified CQC formula:
X X
8
) :(zznijpljr;’urjoJ ( )
i=1 j=1

In this equation, X stands for the number of modes involved. The terms 7, and r;, are the peak structural

responses associated with ith and jth modes. The term g; is the correlation coefficient between the ith and jth

modes in terms of modal characteristics, and it is obtained from the following equation [Chapter 13—(Chopra

2011)]:

_ 8 é/ié/j(ﬂtjé,i—i_gj)ﬂ;n (9)
(I+ B7) +4EE, B 1+ B + AT+ DB

By

where ﬂij = / ; . The term i » which has been added to the standard CQC formula for the BEP method,

represents the correlation between two modes in terms of their ‘effective dynamic forces,” and it is computed by

the following formula:

(D)q ,; (D)dt
cov(g; (1),q,(1)) ?[CI,( )q,;(t)

= =
' Jrarg; ) vartq, (1) \/ (o)

[ @ @)*[q;@)ar
0 0

where 7 is the final stage of the ground acceleration time-history. It should be noted that the CQC rule is not
used in its original form in BEP, because CQC is originally designed to combine modal structural responses
when all modes are subjected to the same ground acceleration record. In BEP, however, each mode is subjected

to a combination of the x- and y-components of ground accelerations, which vary from mode to mode.
Therefore, the coefficient 77; is added to the standard CQC formula to take into account the correlations
between the ‘effective dynamic forces’ of different modes.

Choose another SF and redo steps 8-11 until r, exceeds the maximum capacity of the corresponding component

in the structure.

Pick another pair of ground acceleration records and redo steps 7-12.



3 Mathematical models

3.1 Structural systems

Six structural models were considered for this study in two sets of 9- and 20-story buildings. The first model in each
set is the symmetric one, obtained from the SAC Steel Project for Los Angeles, California (Gupta and Krawinkler
1999). The second model is a variation of the first model with 15% eccentricity along the y-axis: the CM was moved
from the geometric center as much as 15% of the plan dimension in the y-direction. The third model is another
variation of the first model with 15% eccentricity along both x- and y-axes: CM was moved as much as15% of the
plan dimension in each direction. These models are referred to in this paper with the letter M followed by the height

of the building, followed by the model number: M91, M92, M93 for the 9-story buildings, and M201, M202, M203
for the 20-story buildings.

Fig. 1 shows the plans of the 9- and 20-story buildings. The CMs of the three models in each set are represented in
the plans. The solid and dashed lines indicate the moment-resisting frames (MRFs) and the gravity frames,
respectively, with the columns being located at the intersection of the lines. The 9- and 20-story buildings are
designed with a single-level and two-level basement, respectively. In the 9-story buildings, the columns at the corner
of the building have moment-resisting connections to the beams of only one side so as to avoid biaxial bending. In
the 20-story buildings, however, all the exterior connections are designed as moment resistant, with box columns at
the corners to resist biaxial bending. The design details (loading information, member sections, yield strength of

members, etc.) can be found in Gupta and Krawinkler (1999).
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Fig. 1. The plans of a) 9-story and b) 20-story structural models. The points indicated by CM1, CM2 and CM3 are the mass centers of different
models in each category. Solid lines represent moment resisting frames.



3.2 Modeling

The mathematical models were created in PERFORM 3D (CSI 2011), by which the NDA and pushover analyses
were carried out. The BEP analyses were performed using computer codes written in MATLAB in conjunction with
PERFORM 3D. The mathematical models consisted of gravity columns modeled as linear along with MRFs
modeled as nonlinear. The nonlinear properties of beam and columns (i.e., moment-rotation and the axial force-

deformation relationships) were defined in accordance with ASCE 41-13. The maximum plastic hinge rotation was

presumed to be equal to 11(9y as per ASCE 41-13, with Hy being the yield rotation; any component exceeding this

threshold was equated with the collapse of the building. Nonlinear hinges were defined as elastic perfectly-plastic,
excluding in-cycle and cyclic degradations. Note that in order to be consistent with the properties of the structural
elements, the modal capacity curves were also idealized with bilinear curves. P-delta effect was activated in all

analyses, and the damping of structures was modeled by modal damping ratio equal to 2% for each mode.

3.3  Modal properties
The roof motion corresponding to the first three natural modes of vibration are shown in Fig. 2Fig. 3 for the 9- and

20-story buildings, respectively.

In the symmetric models (M91 and M201), lateral displacements dominate the motion of the first two modes, while
the third mode is purely rotational. Since the third modes of vibration in the symmetric models lack any lateral
components, they are not triggered by any of the x- and y-components of ground accelerations. On the other hand, in
asymmetric models, there is a weak coupling between the lateral and torsional components of motion in the third

modes, which makes them contribute to the overall response of the buildings.

As M92 and M202 are eccentric only along the x-axis, the first modes of vibration in these two models exhibit
torsional rotation coupled with x-lateral motion, and the second modes are dominated by y-lateral motion. Stronger
coupling between the lateral and torsional components of motion is observed in the first three modes of M93 and

M?203, as these models are eccentric along both x- and y-axes.

In all structural models, the natural vibration period for the dominantly torsional mode (i.e. mode #3) is shorter than
that of the first two modes. This indicates that the buildings are torsionally stiff, which is a quality of structures with
lateral load-resisting systems located along their perimeters. In the 9-story buildings, as the plan dimensions and the
design of MRFs are identical along the two orthogonal axes, the natural vibration periods of the first two modes are
very close, leading to a high correlation factor between the first two modes [Eq. ( 9 )]. In the 20-story buildings,
however, the dimensions differ along the x- and y-axes, so the natural vibration periods of the first two modes are

not close.



M91) TI=2.08s T2-2.08s
MQR) Ti=2.15s T2-2.085

M93) T1=2225 T2-2.08s Ti-1.14s

Fig. 2. First triple of periods and modes of vibration for M91, M92, and M93.



M201) Ti1=344s T2-3.12s T3-1.81s

. ' \

_
M202) T1-3.54s T2-3.12s T3-1.77s
L]
\
M203) T1-3.56s T2-3.18s T3-1.72s

Fig. 3. First triple of periods and modes of vibration for M201, M202, and M203.

4 Ground motion records

A set of 22 two-component, far-field ground motion records were considered in this study, adopted from the ground
motion database of FEMA-P695 (2009). These ground motions were chosen from 14 different earthquake incidents
with magnitudes of at least 6.5. The ground motions were recorded at sites of at least 10 km away from the fault
rupture on soil types C or D. The peak ground acceleration and velocity of the records are greater than 0.2 g and 15
cm/s. The pseudo-acceleration spectra of all ground motion records with their 16th, 50th, and 84th percentile spectra
are presented in Fig. 4. For better consistency, each spectrum is normalized to the peak ground acceleration of the x-

component.
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Fig. 4. Pseudo-acceleration spectra for the 22 pairs of ground motion records together with their 16th, 50th, and 84th percentile spectra.

5 Results and discussion

Next, the results of the exact IDA are compared with those of the BEP. First, the IDA and BEP curves are presented.
Then, the accuracy of BEP in estimating the demands at the ‘flexible side’, CM, and the ‘stiff side’ is evaluated. The
‘flexible side’ is defined as the edge of the building closer to the CM, and the ‘stiff side’ is considered to be the
opposite edge. Finally, the median drift-ratios predicted by BEP over the elevations of the buildings are compared

with those of the exact NDA for a wide range of ground motion intensity levels.

The preferred choice for intensity measure (IM) is the 5%-damped pseudo-acceleration spectral ordinate at the first-

mode period [ S, (1,4, =5%) 1, where the pseudo-acceleration spectrum is considered to be the geometric mean of

the pseudo-acceleration spectra associated with the x- and y-components of ground motions.

To calculate the error in the BEP results, the normalized area between the approximate and the exact IDA curves is

taken as an index, which is determined using the following formula:

Opax (BEP,IDA)
. |AIM|d6

Error(%) == D) x100 (11)
J~0 hax M, d6

In Eq. (11), @ is the maximum of the peak inter-story drift-ratios, extracted from the whole or a part of the

structure under assessment. The term IM ;,, is the ground acceleration intensity for the IDA curves, and AIM
represents the difference between the IMs of BEP and IDA for a given drift ratio. The term 6, ,, (IDA) is the

maximum drift ratio of the IDA curve (i.e., the drift ratio at which the curve flattens), and 6, ,, (BEP, lDA) is the
maximum drift ratio considering both BEP and IDA curves.
Unlike the displacement-based methods which often encounter distortions in the pushover curves of higher modes—

commonly seen as reversals in capacity curves (Hernandez-Montes, Kwon et al. 2004, Soleimani, Aziminejad et al.

2018)—BEB showed to have no limitation for the inclusion of higher modes. The minimum number of modes to



achieve maximum accuracy was found to be 9 and 12 modes for the 9- and 20-story buildings, respectively;
including more modes did not show much influence on the final results. To examine the effect of higher modes on
the overall response, the results derived from the first triple modes are also reported. The discussions in this section
are based on the results obtained from the 9- and 12-mode BEP (for 9- and 12-story models), unless otherwise

stated.

5.1 IDA curves
Shown in Fig. 5 Fig. 6 are the 16th, 50th, and 84th percentile IDA curves together with the predicted BEP curves for
the 9- and 20-story buildings, respectively.

An important observation on Fig. 5 Fig. 6 is that BEP offers similar accuracies for both symmetric and asymmetric
models. In the 9-story buildings, for example, BEP predicted the medium IDA curve of the symmetric model (M91)
with 9% error, and the errors for M92 and M93 were 6% and 10%, respectively. Similarly, the median IDA curves
for the 20-story buildings were predicted with roughly the same degree of accuracy (15%, 15%, and 14% error for
M201, M202, and M203, respectively). It shows that the accuracy of the method was not deteriorated by the

presence of asymmetry in structures.

The results also demonstrate that BEP provides slightly lower accuracy in the 20-story buildings compared to the 9-
story buildings. Considering both symmetric and asymmetric models, the average error of the median IDA curves
was 8.3% for the 9-story buildings and 16.7% for the 20-story buildings. This can be compared to the results of the
previous study on a 3-story, asymmetric structure subjected to the same ensemble of ground motion records, in
which the error of the median BEP curves was lower than 4%. The observation allows for the conclusion that the

accuracy of BEP decreases slightly with the increase in the height of the structures.

As a general tendency in both 9- and 20-story buildings, the 16th percentile curves were estimated with the highest
accuracy, followed by the 50th and 84th percentile curves, respectively. Taking all structural models into account,
the mean error of BEP in predicting the 16th percentile curves was equal to 5.6%, compared to 11.5% and 15.7% for
the 50th and 84th percentile curves, respectively. The only exception to this trend was M93, for which 10% error
was reported for all three percentile BEP curves. The most significant error among all BEP curves was observed in
the 84th percentile curve for M91, in which a surge of the IDA curve at around 3.5% drift-ratio was not detected by
BEP.

A comparison of the results between the 9-mode and 3-mode BEP in Fig. 5 demonstrates that the first three modes
are not adequate to predict IDA curves of the 9-story buildings. This is in contrast to the results of previous research
on low-rise buildings, for which the first triple modes were sufficient to acquire reasonable accuracy (Soleimani,
Aziminejad et al. 2018). Considering the median IDA curves as a criterion, the average error for the 9-mode BEP
was equal to 8.3%, compared to 22.3% for the 3-mode BEP. Generally, the 3-mode BEP tends to overestimate the

intensity of ground acceleration for a given drift- ratio demand.



As one might expect, this trend is more noticeable in high-rise buildings (Fig. 6). Considering all 20-story models,
12-mode BEP estimated the median IDA curves with an average error of 14.7%, while that of the 3-mode BEP was
equal to 39.3%. It should be noted that the maximum drift-ratios determined by the 3-mode BEP are not always
extracted from the same stories that the maximum drift-ratios take place in IDA. The first three modes
predominately cause drift-ratio demands in lower stories, while the maximum drift ratio in medium and high-rise

buildings often takes place in upper stories, mostly caused by higher modes (Fig. 9- Fig. 12).

Regarding computational effort, BEP roughly takes 3% of the computer time required for the exact IDA. In our
analyses, using a Core i7, 2.9 GHz processor, around 6 hours were needed to perform IDAs for each 9-story building
considering all the 22 ground motion records, and this time was around 9 hours for the 20-story buildings. On the
other hand, BEP took only 11 and 15 minutes to produce approximate IDA curves for the 9- and 20-story buildings,
respectively. In case only the first three modes were included, the computing time for BEP was about 4 minutes for

each building.
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Fig. 5. Sixteenth, 50th, and 84th percentile IDA curves together with the 3- and 9-mode BEP curves for M91, M92, and M93. The x- and y-axes

represent the maximum drift-ratio and IM, respectively.
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Fig. 6. Sixteenth, 50th, and 84th percentile IDA curves together with the 3- and 12-mode BEP curves for M201, M202, and M203. The x- and y-
axes represent the maximum drift-ratio and IM, respectively.

5.2

Stiff and flexible sides

The IDA curves presented in the previous section reflect the maximum of the peak drift-ratios throughout the whole

structure. In asymmetric buildings, these maximum drift ratios often take place at the ‘flexible side’ of the buildings.

To examine the accuracy of BEP in predicting the demands over the plan of the asymmetric models, the BEP and

IDA curves for the ‘flexible side’, CM, and the ‘stiff side’ are separately presented in this section. The ‘flexible side’

comprises the northern and eastern MRFs as they are the closest to the CM, and the ‘stiff side’ consists of the



southern and western MRFs. The drift ratios at CMs are also provided for the sake of comparison, which encompass

the demands along both x- or y-directions.

The results for M93 and M203 are presented in Fig. 7 Fig. 8, respectively. It is found that the accuracy of the

method remains consistent over the plan of the asymmetric buildings, with no systematic bias observed. For M93

(Fig. 7), the average errors of the BEP curves at the ‘flexible side’, CM, and ‘stiff side” were 10%, 8%, and 13%,

respectively. The trend was similar in M203, with 12%, 13%, and 9% errors for the ‘flexible side’, CM, and the

‘stiff side’, respectively. The results of M92 and M202 are not reported for the sake of brevity, but the findings

apply to those models as well.
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Fig. 7. Sixteenth, 50th, and 84th percentile IDA curves together with the BEP curves at the ‘flexible side’, mass center, and ‘stiff side’ for M93.
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Fig. 8. Sixteenth, 50th, and 84th percentile IDA curves together with the BEP curves at the ‘flexible side’, mass center, and ‘stiff side’ for M203.



5.3  Drift ratios over the elevations

To examine the accuracy of the demands over the height of the buildings, the BEP and NDA median drift-ratios
over the elevations are compared in Fig. 9- Fig. 12. The chosen MRF:s for this purpose are those at the northern edge
(oriented in the x-direction) and the eastern edge (oriented in the y-direction) because, being located at the ‘flexible

edge,’ these frames are more likely to experience the maximum demands.

Fig. 9 andFig. 10 show the median drift-ratio demands of the northern and eastern MRFs, respectively, for the 9-

story buildings. Four ground motion intensities are covered, ranging from S,(7;) =0.1g to 0.5g . Those of the 20-

story buildings are also presented in Fig. 11 andFig. 12, covering four ground motion intensities varying from

S,(T;)=0.1g to 0.4g . For each diagram, the height-wise average error of the BEP drift-ratios is also reported. The

following formula is used to calculate the errors:

N

Z|‘9BEP - 9NDA|
Error(%) = 4——————x100 (12)

N
Z Onpa
1
where Ogpp and Gy, are the median drift-ratio demands for BEP and NDA, and N is the number of stories.

As is demonstrated in Fig. 9- Fig. 12, when higher modes were included, the median drift-ratios predicted by BEP
were reasonably consistent with the results of NDA. The range of errors lied between 4% and 20%. The average
errors, considering all the diagrams, were equal to 9% and 12% for the 9- and 20-story buildings, respectively. The

highest error among the 9-story buildings was 19%, observed in M93 at S, (7;) =0.35g . For the 20-story buildings,

the largest error was 20% in almost all models at S,(7;) =0.1g .

A tendency is observed in the 20-story buildings for BEP to underestimate the drift-ratio demands in the elastic

domain (i.e., S,(7;) =0.1g ). This bias can also be seen in the IDA curves of all 20-story models (Fig. 6), as the

estimated IDA curves lie marginally over the exact IDA curves throughout the linear range of the building behavior.
This is interpreted to be due to an error in the combination of modal responses by the modified CQC formula, since
this is the only approximation included in BEP when the structure is still elastic. As this trend is observed in both
symmetric and asymmetric models, the error cannot be related to the modifications made to the CQC formula; note
that the modified CQC will be equivalent to the original CQC in the symmetric buildings. Moreover, in the elastic
phase of the symmetric models, the BEP procedure will be equivalent to the well-known response spectrum analysis
(RSA), and the CQC method used in RSA is known to estimate the peak responses generally on the unconservative
side, with errors up to 25% being reported in previous studies [Chapter 13—(Chopra 2011)]. This is in agreement
with the results of this research. Nevertheless, these errors were only observed in the 20-story buildings, and the
median drift-ratios over the elastic range of the 9-story buildings were predicted quite accurately. Furthermore, for

the 20-story buildings at higher intensities (i.e., S,(7;) =0.2g, 0.3g and 0.4g ), which drive the structures into the



nonlinear range, BEP has provided more accurate estimates of the median peak responses compared to that observed

in the linear range (Fig. 6).

Over the first five stories of the 9-story buildings (Fig. 9Fig. 10), little difference is observed between the drift-ratio
demands of the 3- and 9-mode BEP, which implies that higher modes have a minimal share in the drift-ratio
demands of the lower stories (the first five stories). On the other hand, higher modes are inferred to have a
substantial contribution to the drift-ratio demands of the upper stories, as there are large discrepancies between the
results of the 3- and 9-mode BEP in the upper stories. In 20-story buildings, this trend changes to only a limited
degree. Higher modes appear to have relatively more contribution to the drift-ratio demands of lower stories in the
20-story models (the first 10 stories), but the demands at the upper stories remain largely linked to the higher modes

(Fig. 11 Fig. 12).

No significant alteration in the BEP accuracy was detected throughout the nonlinear range of structural behavior
(Fig. 9- Fig. 12). Nevertheless, there is a tendency to underestimate the drift ratios at the upper stories unless in the
most intense ground motion levels. For almost all of the buildings considered, the median drift ratios of the upper

stories were underestimated in the intensities S,(7;) =0.1g and 0.2g , but they were more accurately estimated in

the higher intensities, albeit with some exceptions among the 20-story models.

Comparing the median drift-ratios in the northern and eastern MRFs (Fig. 9 Fig. 11 compared to Fig. 10 Fig. 12)
shows a consistency in the accuracy of the results between the x- and y-directions. Considering all four intensity
levels, the average drift-ratio error in the northern MRF of the 9-story buildings was equal to 10.2% (Fig. 9),
compared to 8% for the eastern MRF (Fig. 10). For 20-story buildings, the average errors in both edges were similar

at around 12% (Fig. 11Fig. 12).
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Fig. 9. Median drift-ratios by NDA and BEP (3- and 9-mode) at the northern MRF of M91, M92, and M93 for the ground motion intensities
Su(T1)=0.1g, 0.2g, 0.35g, and 0.5g.
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Fig. 10. Median drift-ratios by NDA and BEP (3- and 9-mode) at the eastern MRF of M91, M92, and M93 for the ground motion intensities
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Fig. 11. Median drift-ratios by NDA and BEP (3- and 12-mode) at the northern MRF of M201, M202, and M203 for the ground motion
intensities S,(71)=0.1g, 0.2g, 0.3g, and 0.4g.
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Fig. 12. Median drift-ratios by NDA and BEP (3- and 12-mode) at the eastern MRF of M201, M202, and M203 for the ground motion intensities
Si(T1)=0.1g, 0.2g, 0.3g, and 0.4g.



6 Conclusion

BEP, which has already proved to be useful in low-rise buildings, is evaluated for medium- and high-rise buildings.
The accuracy of the method to predict two-component IDA curves is assessed as well as its utility to estimate
median drift-ratios over the height of the structures. Six structural models were considered for this evaluation in two
groups of 9- and 20-story buildings. Each group consisted of one symmetric model, one asymmetric model about the
y-axis, and one asymmetric model about both x- and y-axes. The assessment was carried out under an ensemble of

22 two-component ground motion records, and the results led to the following conclusions:

e BEP provides sufficiently accurate IDA curves for medium- and high-rise buildings under biaxial seismic
excitations, while it takes only 3% of the computational time required for the exact IDA.

e Having a significant share in the dynamic response of medium- and high-rise buildings, higher mode effects are
well detected in BEP.

e The accuracy of the method is not affected by asymmetry in buildings, i.e., the method offers the same degree
of accuracy in asymmetric buildings as it does in symmetric buildings.

e  The accuracy of BEP slightly decreases with the increase in the height of buildings. Previous research showed
around 4% error in predicting the median IDA curves of low-rise buildings, while this figure increased to 8.3%
and 16.7% for medium- and high-rise buildings, respectively, as this study revealed.

e The 16th percentile IDA curves are predicted with the highest accuracy (5.6% average error), followed by 50th
and 84th percentile curves, respectively (11.5% and 15.7% average error).

e  The drift ratios at the ‘flexible side,” CM, and the stiff side’ of asymmetric buildings are determined with
roughly the same accuracy level.

o BEP estimates the median inter-story drift-ratios reasonably accurate over the height of the medium and high-

rise structures.
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Figure 1
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The plans of a) 9-story and b) 20-story structural models. The points indicated by CM1, CM2 and CM3 are
the mass centers of different models in each category. Solid lines represent moment resisting frames.
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First triple of periods and modes of vibration for M91, M92, and M93.
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First triple of periods and modes of vibration for M201, M202, and M203.
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Pseudo-acceleration spectra for the 22 pairs of ground motion records together with their 16th, 50th, and
84th percentile spectra.
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Sixteenth, 50th, and 84th percentile IDA curves together with the 3- and 9-mode BEP curves for M91, M92,

and M93. The x- and y-axes represent the maximum drift-ratio and IM, respectively.
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Sixteenth, 50th, and 84th percentile IDA curves together with the 3- and 12-mode BEP curves for M201,

M202, and M203. The x- and y-axes represent the maximum drift-ratio and IM, respectively.



Flexible Side

1.0 1.0 Mass Center 1.0 Stiff Side
—1IDA —IDA
o, 0,
03] [===BEP Om) —=  og| [T BEPOm) ereer: ST —
10% error T 8% error ,

) "' 0, r"' 0, 50,

2 0.64 o = 50% 0.6 50% 0.6 i 50%

s ’ - /] = i g

?’1 g "' ,f o ‘.r ',"

. ’ 34 % 4% .4 84 %
£ 04 i =4 04 o e 04 P e
170 ] L4 - - - o 4 "

Py - #, . 73 P
P4 '.r' r s, DA
’ .
0.2 ’,‘ R 0.2 v "’o 0.2 ---- BEP (9 m)
<, - -
= Y A 13% error
0.0 T T T 0.0 T T T 0.0 T - T - T -
i} 2 4 6 8 0 2 4 6 8 0 2 4 6 ]
0 (%) Bmax (%) emax (%)
Figure 7

Sixteenth, 50th, and 84th percentile IDA curves together with the BEP curves at the ‘flexible side, mass
center, and ‘stiff side’ for M93.
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center, and ‘stiff side’ for M203.
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Median drift-ratios by NDA and BEP (3- and 9-mode) at the northern MRF of M91, M92, and M93 for the
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Figure 10

Median drift-ratios by NDA and BEP (3- and 9-mode) at the eastern MRF of M91, M92, and M93 for the
ground motion intensities Sa(T1)=0.1g, 0.2g, 0.35g, and 0.5g.
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Figure 11

Median drift-ratios by NDA and BEP (3- and 12-mode) at the northern MRF of M201, M202, and M203 for
the ground motion intensities Sa(T1)=0.1g, 0.2g, 0.3g, and 0.4qg.
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Figure 12

Median drift-ratios by NDA and BEP (3- and 12-mode) at the eastern MRF of M201, M202, and M203 for
the ground motion intensities Sa(T1)=0.1g, 0.2g, 0.3g, and 0.4g.



