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Fig. 2. a) The pushover curves of model No. 8 in the Y direction for 5-story building. b, c, d) bilinear
diagrams of pushover curves for the left, middle, and right walls, respectively
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Table 1. Center configurations in 5-story models with abbreviations

No Model Eccentricity (%)

o IYleld » Strength Stéffness Dy, (eV)O/

ot () e (T (@)% &)

1 Symmetric 0.00 0.00 0.00 0.00
2 CD -8.66 -135 4.84 -160
3 B25 5.0 1.35 -4.40 5.75 25
4 SS 0.00 -5.42 5.42 0
5 CD 9.0 -17.66 -26.45 8.78 -194
6 B25 2.26 -7.79 10.05 25
7 SS 0.00 -10.01 10.01 0
8 CD -23.79 -35.10 11.31 -194
9 B25 12.0 3.07 -11.69 14.76 25
10 SS 0.00 -14.87 14.87 0
11 CD -30.51 -41.70 11.19 -202
12 B25 15.0 3.76 -15.85 19.61 25
13 SS 0.00 -19.01 19.01 0

CD=code design model; B25= Balance-25% model, SS= symmetric strength model
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Table 2. Center configurations in 5-story models with abbreviations

No Model Eccentricity (%)
Displa:::r::nt =) Strength St(ieﬁness (D ) LY (ev) %
e ey °r a) 7 eq) "
S <) % (=) % A eq
1 Symmetric 0.00 0.00 0.00 0.00
2 CD -4.10 -8.39 4.29 -82
3 B25 5.0 1.25 -3.33 4.59 25
4 SS 0.00 -4.55 4.55 0
5 CD 90 -9.95 -16.59 6.64 -111
6 B25 ' 2.25 -5.83 8.08 25
7 SS 0.00 -7.95 7.95 0
8 CD -14.98 -22.71 7.72 -125
9 B25 12.0 3.00 -7.72 10.72 25
10 SS 0.00 -10.49 10.49 0
11 CD -14.14 -23.99 9.85 -94
12 B25 15.0 3.75 -9.56 13.31 25
13 SS 0.00 -12.94 12.94 0

CD=code design model; B25= Balance-25% model, SS=strength symmetric model
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Table 3. Results of Eigen values analysis in 5-story models
T1 T2 T3

No. ) s) (s) ™1 2
1 0.712 0.656 0.435 1.64 151
2 0.712 0.669 0.428 1.66 1.56
3 0.712 0.659 0.442 1.61 1.49
4 0.712 0.660 0.441 1.61 1.50
5 0.712 0.696 0.398 1.79 1.75
6 0.712 0.669 0.430 1.66 1.56
7 0.712 0.670 0.425 1.68 1.58
8 0.732 0.712 0.368 1.99 1.93
9 0.712 0.682 0.423 1.68 1.61
10 0.712 0.684 0.413 1.72 1.66
11 0.780 0.712 0.339 2.30 2.10
12 0.936 0.712 0.265 3.53 2.69

13 0.7913 0.712 0.364 2.17 1.96
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Table 4. Results of Eigen values analysis in 9-story models

T1 T2 Ts
No. s) s) s) w1 2
1 1.06 1.03 0.64 1.65 1.61
2 1.15 1.03 0.66 1.74 1.56
3 1.06 0.99 0.61 1.74 1.62
4 1.06 0.96 0.59 1.79 1.63
5 1.15 1.01 0.56 2.05 1.80
6 1.07 0.92 0.53 2.01 1.74
7 1.07 0.93 0.54 1.98 1.72
8 1.14 0.84 0.48 2.38 1.75
9 1.08 0.89 0.51 211 1.75
10 1.07 0.92 0.53 2.01 1.74
11 1.15 0.80 0.42 2.74 1.90
12 1.09 0.94 0.54 2.01 1.74
13 1.08 0.93 0.54 2.00 1.72
B e giludoe
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Fig. 10. Peak walls plastic rotation of the 5-story model with es/A=12%; a) Code Design model; b) Balance-
25% model; ¢) Symmetric Strength model
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Fig. 11. Peak walls plastic rotation of the 9-story model with es/A=12%; a) Code Design model; b) Balance-
25% model; ¢) Symmetric Strength model
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25% model; ¢) Symmetric Strength model.
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Fig. 14. Peak displacement drift in Y direction of the 5-story model with ed/A=12%; a) Code Design model;
b) Balance-25% model; c) Symmetric Strength model.
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b) Balance-25% model; ¢) Symmetric Strength model.


http://dx.doi.org/10.22034/JEG.2022.16.3.1019801
https://c4i2016.khu.ac.ir/jeg/article-1-3107-fa.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2022.16.3.1019801 ]

AN \\‘-\};gr;)m‘ﬁsyun?‘w,\;@wuw;%;

telin ;5 ASCE/SE 07-22 asbiiyes] L ooy oo sl iz o liels (gloojler Saalins (slo ) )b, a1l o
)l s aalio 9,50 VO L+ (BIA) slo <3S e 3l s> ) (oslie (p)lie 5 1YO- iVl 0ol ()b slaojls L

903 0 )Ll 5zl 4 olgi oo bosls o g 4y 20 g axlllae 'l bl 4y sloewl b .cnl aid 57 )1 8
el 00l b5l LSy s Seglae o lae Jow 9 LY O- iYL Juw (Seliss gloj ) jlis, @

o (roglin i Jote 5 Y-l Jote 330,959 53, 50es s po (giels S ails bagte

@ il ol a8 ol atsls zol38l 2VA lsgas « ASCE/SEN 07-22 aslippm! p (iow (>lyb Jow

ASCE/SEl  aabin] ol Joo blis ;5 (coglio o lie 5 YDVl (sla e (309 crosl (oine
!l 07-22

ghw o Slib plulr iy s SShae g laciin (15 2 2o bwgle Jo 5l 6,500 loj  sla el @
il s o o o i e Jn XD ¥l e 3 i 50k
sl o 6T 5 o) -+ 2alS 4 e ot 5 4 ASCE/SEI 07-22

Gl Joe o 0 a5 58 5Sam i oles o FEMAPBIS o 5 & sl 4 g 8 mls s azgs b @
e g 009 (Sheglie o))lite 5 1V O-iVL Joo 0 bn o (Sealns sloj ) 3, 8hos (0 VL (o) 2 990
el I8 y55 55 slos ) o Shas o 5oyl ST ASCE/SEN07-22 asbiynl i ()b Joe

&lw

Applied Technology Council., 2009. Quantification of building seismic performance factors. US Department of
Homeland Security, FEMA.

Aziminejad, A., Moghadam, A.S., 2010. Fragility-based performance evaluation of asymmetric single-story
buildings in near field and far field earthquakes. Journal of Earthquake Engineering, 14(6), 789-816.

Baker, J.W., 2005. Vector-valued ground motion intensity measures for probabilistic seismic demand analysis.
Stanford University.

Bosco, M., GAF, F., Ghersi, A., Marino, E.M., Rossi, P.P., 2015. Predicting displacement demand of multi-storey
asymmetric buildings by nonlinear static analysis and corrective eccentricities. Engineering Structures. 99,373-
387.

Bosco, M., Ghersi, A.E., Marino, M., 2012. Corrective eccentricities for assessment by the nonlinear static method
of 3D structures subjected to bidirectional ground motions. Earthquake Engineering & Structural Dynamics.
41(13), 1751-1773.

Bosco, M., Marino, E.M., Rossi, P.P., 2013. An analytical method for the evaluation of the in-plan irregularity of
non-regularly asymmetric buildings. Bulletin of Earthquake Engineering. 11(5), 1423-1445.

Campbell, K.W., Bozorgnia, Y., 2008. NGA ground motion model for the geometric mean horizontal component
of PGA, PGV, PGD and 5% damped linear elastic response spectra for periods ranging from 0.01 to 10
s. Earthquake spectra, 24(1), 139-171.

Das, P.K., Dutta, S.C., Datta, T.K., 2021. Seismic behavior of plan and vertically irregular structures: state of art
and future challenges. Natural Hazards Review, 22(2), 04020062.


http://dx.doi.org/10.22034/JEG.2022.16.3.1019801
https://c4i2016.khu.ac.ir/jeg/article-1-3107-fa.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2022.16.3.1019801 ]

waib Lo Ol gladlext b (gloy ) s Shas ow) AY

Eivani, H., Tena-Colunga, A., Moghadam, A.S., 2022. Proper configuration of stiffness and strength centers in
asymmetric single-story structures with semi-flexible diaphragms. Structures ,40, 149-162.

Fujii, K., 2018. Prediction of the peak seismic response of asymmetric buildings under bidirectional horizontal
ground motion using equivalent SDOF model. Japan Architectural Review. 1(1), 29-43.

Georgoussis, G.K., 2016. An approach for minimum rotational response of medium-rise asymmetric structures
under seismic excitations. Advances in Structural Engineering. 19(3), 420-436.

Georgoussis, G.K., 2017. Preliminary structural design of wall-frame systems for optimum torsional response.
International Journal of Concrete Structures and Materials. 11(1), 45-58.

Georgoussis, G.K., 2019. Design principles for minimum torsional response of wall-frame concrete structures.
Journal of Earthquake Engineering. 23(7), 1216-1239.

Gogus, A., 2010. Structural wall systems-nonlinear modeling and collapse assessment of shear walls and slab-
column frames. University of California, Los Angeles.

Gogus, A., Wallace, J.W., 2015. Seismic safety evaluation of reinforced concrete walls through FEMA P695
methodology. Journal of Structural Engineering, 141(10), 04015002.

Hosseini lavassani, s.h., Alizadeh, H., Massumi, A., 2022. Vertical response of short and long span suspension
bridges due to near and far fault earthquakeshttps. Journal of Engineering Geology, 16(1), 45-71.

Jalali, S., 2019. Commits to opensees in github repository.

Jeong, S.H., Elnashai, A.S., 2004. Analytical and experimental seismic assessment of irregular RC buildings.
In Proceedings of 13th World Conference on Earthquake Engineering. Vancouver, British Columbia, Canada,
August 1-6.

Makhdoom, O., Aziminejad, A., Zarfam, P., Moghadam, A.S., 2022. Effect of the asymmetry level on collapse
margin of torsionally stiff single-story buildings based on FEMA P695 methodology. Structures ,37, 1042-
1052.

Manie, S., Moghadam, A.S., Ghafory-Ashtiany, M., 2015. Collapse behavior evaluation of asymmetric buildings
subjected to bi-directional ground motion. The Structural Design of Tall and Special Buildings, 24(8), 607-628.

Mirjalili, M.R., Rofooei, F.R., 2020. Dynamic-Based Pushover Analysis for Two-Way Plan-Asymmetric Buildings
under Bidirectional Seismic Excitation. Journal of Structural Engineering. 146(3), 04019223.

Myslimaj, B., Tso, W.K., 2002. A strength distribution criterion for minimizing torsional response of asymmetric
wall-type systems. Earthquake engineering & structural dynamics, 31(1), 99-120.

Myslimaj, B., Tso, W.K., 2004. Desirable strength distribution for asymmetric structures with strength-stiffness
dependent elements. Journal of Earthquake Engineering, 8(02), 231-248.

Myslimaj, B., Tso, W.K., 2005. A design-oriented approach to strength distribution in single-story asymmetric
systems with elements having strength-dependent stiffness. Earthquake Spectra, 21(1), 197-212.

Orakeal, K., Wallace, J.W., 2006. Flexural modeling of reinforced concrete walls-experimental verification. ACI
Materials Journal. 103(2), 196.

Palermo, M., Silvestri, S., Gasparini, G., Trombetti, T., 2017. A comprehensive study on the seismic response of
one-storey asymmetric systems. Bulletin of Earthquake Engineering, 15, 1497-1517.

Paulay, T., 2001. Some design principles relevant to torsional phenomena in ductile buildings. Journal of
earthquake engineering, 5(03), 273-308.

Perus, 1., Fajfar, P., 2002. On inelastic seismic response of an asymmetric single-storey structures under bi-axial
excitation.

Rahnama, M., Krawinkler, H., 1993. Effects of soft soil and hysteresis model on seismic demands. John A. Blume
Earthquake Engineering Center Standford. 108.

Rofooei, F.R., Mirjalili, M., 2018. Dynamic-based pushover analysis for one-way plan-asymmetric buildings.
Engineering Structures. 163, 332-346.

Roy, R., Chakroborty, S., 2013. Seismic demand of plan-asymmetric structures: a revisit. Earthquake
Engineering and Engineering Vibration, 12, 99-117.


http://dx.doi.org/10.22034/JEG.2022.16.3.1019801
https://c4i2016.khu.ac.ir/jeg/article-1-3107-fa.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2022.16.3.1019801 ]

AY \\‘-\};gr;)m‘ﬁsyun?‘w,\;@wuw;%;

Soleimani, S., Aziminejad, A., Moghadam, A.S., 2018. Approximate two-component incremental dynamic analysis
using a bidirectional energy-based pushover procedure. Engineering Structures. 157, 86-95.

Sommer, A., Bachmann, H., 2005. Seismic behavior of asymmetric RC wall buildings: principles and new
deformation-based design method. Earthquake Engineering & Structural Dynamics, 34(2),101-124.

Technology, N.I.0.S., 2010. Evaluation of the FEMA P-695 methodology for quantification of building seismic
performance factors, in NIST GCR 10-917-8. U.S. Department of Commerce Gaithersburg, MD.

Thomsen 1V, J.H., Wallace J.W., 2004. Displacement-based design of slender reinforced concrete structural
walls—experimental verification. Journal of Structural Engineering,. 130(4), 618-630.

Tso, W.K., Myslimaj, B., 2002. Effect of strength distribution on the inelastic torsional response of asymmetric
structural systems. In Proceedings of the 12th European conference on earthquake engineering. London,
Oxford: Elsevier.

Tso, W.K., Myslimaj, B., 2003. A yield displacement distribution-based approach for strength assignment to lateral
force-resisting elements having strength dependent stiffness. Earthquake engineering & structural
dynamics, 32(15), 2319-2351.

Tso, W.K., Smith, R.S.H., 1999. Re-evaluation of seismic torsional provisions. Earthquake engineering &
structural dynamics, 28(8), 899-917.

Vamvatsikos, D., Cornell, C.A., 2002. Incremental dynamic analysis. Earthquake Engg Struct Dyn 31, 491-514.

Yassin, M.H.M., 1994. Nonlinear analysis of prestressed concrete structures under monotonic and cyclic loads.
University of California, Berkeley.


http://dx.doi.org/10.22034/JEG.2022.16.3.1019801
https://c4i2016.khu.ac.ir/jeg/article-1-3107-fa.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2022.16.3.1019801 ]

Journal of Engineering Geology, Vol. 16, No. 3, Autumn 2022 84

Investigating the seismic performance of asymmetric multi-story buildings designed
based on the ASCE/SEI 07-22 seismic code using incremental nonlinear dynamic
analysis

Omid Makhdoom?, Armin Aziminejad*?, Panam Zarfam?, Abdolreza Sarvghad Moghadam?
1. PH. D candidate, Department of Civil Engineering, Science and Research Branch, Islamic Azad University,
Tehran, Iran
2. Assistant professor, Department of Civil Engineering, Science and Research Branch, Islamic Azad
University, Tehran, Iran
3. Associate professor, International Institute of Earthquake Engineering and Seismology, Tehran, Iran

Received: 21 Sep 2022 Accepted: 03 Dec 2022

Abstract

In most current seismic codes, the stiffness and strength of seismic members are considered to be

independent, so that a change in the strength of the members does not result in a change in the

stiffness of the members. Recent studies show that these parameters are interdependent.

Therefore, the way these parameters are calculated and the arrangement of centers of mass,

stiffness and strength can be effective in determining the seismic response. In this research,

buildings with different levels of normalized yield eccentricity (es/A) were designed according

to the ASCE/SEI 07-22 seismic code (Code Design models) and compared with the Balance-25%

and Symmetric Strength models. The results of the nonlinear static analysis and incremental

dynamic analysis showed that the average spectral acceleration at the level of collapse in the

Balance-25% and Symmetric Strength models increased by approximately 18% compared to the

Code Design model. Therefore, these models are safer than the Code Design model. In addition,

the average of the peak rotation of floors and the maximum inter-story drift at the collapse level

in the Balance-25% and Symmetric Strength models has decreased by 100% and 12%

respectively compared to the Code Design model. Therefore, the Code Design model had the

lowest and the Balance-25% and Symmetric Strength models had the highest dynamic seismic

performance.

Keywords: Asymmetric Building, Balance Design model, Code Design model, IDA, Yield

Displacement.

Introduction

Asymmetry in the building plan, especially in multi-storey buildings, has always been one of the
challenging issues in the design of structures. In the current seismic codes, including ASCE/SEI 07-
22, as well as some research (Tso and Smith, 1999), element stiffness is determined independently of
element strength. (Sommer and Bachmann, 2005) dealt with the seismic design of asymmetric multi-
storey buildings in plan. Their studies showed that the stiffness of an element is not independent of
its strength. proposed a new criterion for the distribution of strength and stiffness to obtain a uniform
distribution of ductility requirements in resistant elements. Many researchers have evaluated the
performance of single-storey structures by the arrangement of centers of mass (CM), stiffness (CR)
and strength (CV). The researches (Myslimaj and Tso, 2002; Myslimaj and Tso, 2004; Myslimaj and
Tso, 2005) and (Tso and Myslimaj, 2003; Tso and Myslimaj, 2005) showed that the balance model
(the center of mass between the centers of stiffness and strength) had better performance. Some other
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researchers (Chakraborty, 2013; Palermo et al., 2017; Das et al., 2021; Aziminejad and Moghadam,
2010; Makhdoom et al., 2022) stated that depending on the type of structural response, the
symmetrical strength model may have better performance. Eivani et al., (2022) proposed the proper
arrangement of stiffness and strength centers in asymmetric structures with flexible diaphragms.
The method of designing asymmetric structures based on current seismic codes leads to an uneven
distribution of forces and deformations in the lateral resistant elements, resulting in an uneven
distribution of ductility requirements in these elements. In this research, buildings with different
levels of normalized yield displacement eccentricity (es«/A) were designed according to the ASCE/SEI
07-22 seismic code (Code Design models) and compared with the Balance-25% and Symmetric
Strength models. In this study, nonlinear static analysis and nonlinear incremental dynamic analysis
were used for the seismic evaluation of multi-storey structures.

Materials and Methods
Modelling of archetype building

In this study, 5-storey and 9-storey building models were considered as selected multi-storey
structures to investigate the seismic behavior of the Balance-25 (e./e4=0.25), Symmetric Strength
(ev=0) and Code Design models with asymmetries of 0-15%. These building models included two
shear walls in the X-direction and three in the Y-direction. The e4 value was determined according to
the eq/A ratio. The structures were asymmetrical in the Y-direction and symmetrical in the X-
direction. The plan width and length of the models was 17.32 m. The wall heights and thicknesses
were 3.5 m and 50 cm respectively for all models. The wall lengths in the X-direction were 4 m and
6 m for the 5-storey and 9-storey models respectively. The gravity and lateral seismic loads were
carried by a simple frame system and the shear walls, respectively. The fundamental period and
design base shear in the 5-storey building were 0.584s and 1700KN respectively, while these values
were 0.91s and 2022KN in the 9-storey building. The design base shear in all models was increased
to 2102 KN (~24%) and 3948 KN (~95%) in the 5 and 9 storey buildings respectively.

Nonlinear Modeling
The axial bending behavior of the wall was simulated by the fiber column beam element with the
stiffness formulation defined in Open Sees (displacement-based beam-column). In addition, non-
linear transfer shear springs were used to model the shear deformations likely to be significant in
short walls to compensate for the weakness in the fiber elements.

Results and Discussion
Figures (7, 8) show some results of the IDA analysis. Using the above graphs, the midpoint of the
curves known as IDA-50% is shown in Figure (9). This figure shows that the median spectral
acceleration values of the Balance-25% and Symmetric Strength models were the highest and the
Code Design model had the lowest median spectral acceleration values. For example, the mean
spectral acceleration at the collapse level in the 5-storey building with (es/A=15%) is calculated to be
1.3g for the Symmetric Strength model and 1.05g for the Code Design model. For the 9-storey
building, the above values were calculated as 1.25g and 1.11g respectively. Some curves of the peak
rotation of floors at the collapse level are shown in Figures (12, 13). The curves showed that the
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highest of peak rotation of floors at the level of collapse was associated with the Code Design model
and the lowest with the Balance-25% and Symmetric Strength models. For example, the peak rotation
of floors at the level of collapse with (es/A=12%) was calculated to be 0.009 for the Balance-25%
model and 0.018 for the Code Desigh model. Some curves of the maximum inter-story drift at the
level of collapse are shown in Figures (14, 15). The maximum inter-story drift in the y-direction was
related to the Code Design model and its minimum was related to the Balance-25% and Symmetrical
Strength models. For example, the value of the maximum inter-story drift in the 5-storey building
with (es/A=12%) was calculated to be 0.020 for the Balance-25% model and 0.023 for the Code
Design model. For the 9 storey building the above values were calculated as 0.0255 and 0.0275
respectively.

Conclusions
In this research, the dynamic seismic behavior of multi-storey asymmetrical structures designed using
the ASCE/SEI 07-22 code was compared and evaluated with Balance-25% and Symmetric Strength
models. Based on the results of this study, the following findings can be highlighted:

1. The dynamic seismic behavior of the Balance-25% and the Symmetric Strength models have
been evaluated relatively the same.
2. The average spectral acceleration of the Balance-25% and Symmetric Strength models in the

Collapse Level has increased by about 18% compared to the Code Design model, which means that
these models are safer than the Code Design model.

3. The average of the peak rotation of the floors and the maximum inter-story drift in the
collapse level for the Balance-25% and Symmetric Strength models, compared to the Code Design
model, result in a decrease of 100% and 12% respectively.

4, According to the above results and based on the FEMA P695, it can be concluded that among
the investigated models, the highest dynamic seismic performance was associated with the Balance-
25% and Symmetric Strength models and the Code Design model had the lowest seismic
performance.
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