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Fig. 1. General inelastic response of a structure
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Fig. 2. Representation of the geometry of regular and irregular structures (the location ot the heavier story is numbered)
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Name of

Beams and Columns Sections

S Ti (s) Beams (first row), Columns (second row) from first
tructure story upwards
Ss-reg 1.244 IPE330, IPE330, IPE330, IPE300, IPE270
1PB340, IPB340, IPB300, IPB300, IPB300
Ss-irr-B2 1.148 IPE400, IPE330, IPE330, IPE330, IPE270
IPB360, IPB360, IPB300, IPB300, IPB300
Ss-irr-B3 1.097 IPE450, IPE330, IPE330, IPE330, IPE270
IPB550, IPB300, IPB300, IPB300, IPB300
Ss-irr-M2 1.178 IPE330, IPE360, IPE400, IPE330, IPE270
IPB360, IPB360, IPB360, IPB300, IPB300
Ss-irr-M3 1.003 IPE300, IPE300, IPE500, IPE300, IPE270
IPB600, IPB600, IPB600, IPB300, IPB300
Ss-irr-T2 1.356 IPE330, IPE360, IPE330, IPE330, IPE270
1PB340, IPB340, IPB300, IPB300, IPB300
Ss-irr-T3 1.395 IPE360, IPE360, IPE360, IPE360, IPE450

IPB340, IPB340, IPB340, IPB300, IPB300

Table 1. Structures names, 71, and steel member profiles of the 5-story structures
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Name of
Structure

T1(S)

Beams and Columns Sections

Beams (first row), Columns (second row) from first story upwards

10s-reg

10s-irr-B2

10s-irr-B3

10s-irr-M2

10s-irr-M3

10s-irr-T2

10s-irr-T3

2.209

2.148

2.088

1.937

1.827

2.195

2.325

IPE360, IPE360, IPE360, IPE360, IPE360, IPE360, IPE330, IPE330, IPE330, IPE270
IPB400, IPB400, IPB360, IPB360, IPB360, IPB360, IPB300, IPB300, IPB300, IPB300

IPE400, IPE360, IPE360, IPE360, IPE360, IPE360, IPE330, IPE330, IPE330, IPE270
IPB450, IPB450, IPB360, IPB360, IPB360, IPB360, IPB300, IPB300, IPB300, IPB300

IPE450, IPE360, IPE360, IPE360, IPE360, IPE360, IPE330, IPE330, IPE330, IPE270
IPB600, IPB400, IPB400, IPB360, IPB360, IPB360, IPB300, IPB300, IPB300, IPB300

IPE360, IPE360, IPE400, IPE400, IPE450, IPE360, IPE360, IPE330, IPE330, IPE270
IPB500, IPB500, IPB500, IPB500, IPB500, IPB360, IPB360, IPB300, IPB300, IPB300

IPE360, IPE400, IPE400, IPE400, IPE500, IPE360, IPE360, IPE330, IPE330, IPE270
IPB600, IPB600, IPB600, IPB600, IPB600, IPB360, IPB360, IPB300, IPB300, IPB300

IPE360, IPE360, IPE400, IPE400, IPE360, IPE360, IPE360, IPE330, IPE330, IPE360
IPB450, IPB450, IPB450, IPB450, IPB360, IPB360, IPB360, IPB300, IPB300, IPB300

IPE360, IPE360, IPE400, IPE400, IPE360, IPE360, IPE360, IPE360, IPE360, IPE400
IPB450, IPB450, IPB450, IPB450, IPB360, IPB360, IPB360, IPB360, IPB300, IPB300
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Table 2. Structures names, 71, and steel member profiles of the 10-story structures
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2.5 SF % ﬁes;mnse épec'rum _ ) _
Mean of‘(SFh * Response Spectrum) L;Lh;i:b J»S"L:'A ‘W C_A.w\ r‘ 1 C,.J&.‘ul:..;

9 2 —SFE = Mean nf‘(SFh = Response Spectrum) i !
.E i — Dsign Spectrum SF> u*’l?‘i" W I Lgl‘u'jf Aol dl.cf: L;Lac,..ilfjgbﬁ:
E1s |y
LF3 - . 5 . . F. . .
E’ VO L o/Y 3L el Jbo i glacel 1 Sle a5 US O Lo
< 1 . ol . s
_§ J.:L'mlg:‘_;g)bQUJ@AJJ(TI)OJLAL;Lé‘g)LuQu)j‘ﬁ
2 Z - . A - .
£ 0.5 Callols a wlie OLn 855 3 CJL b

‘ — S (8 s SFi = SF2 x SFui 5l el o )le
% os 1 15 2 25 35 4 oA () Jes S 1O =k
Period (s) 0L 5S-T-M3 o5l sl 1y besolks 03 S b
EEN??, Scaling the ground motion for nonlinear analyses of 5s- (STD) Sl Ol >l (Mean) L}y{,(ﬁﬂ ™) Jsd> a3 e
2 besloks gy odkd eslizel ulds ol o
boslo ot o Salys sla ol 5o Loal&olid sl 5 ol esliinl olde ol b slae Gl ool 5 Sl ¥ J g
Name of Structure
Ss-reg Ss-irr-B2 S5s-irr-B3 S5s-irr-M2  S5s-irr-M3 Ss-irr-T2 Ss-irr-T3
Mean of SF;s 1.501 1.382 1.342 1.421 1.336 1.595 1.613
STD of SFis 0.615 0.566 0.550 0.582 0.547 0.654 0.661
Name of Structure
10s-reg 10s-irr-B2  10s-irr-B3 10s-irr-M2 10s-irr-M3  10s-irr-T2  10s-irr-T3
Mean of SF;s 2.114 2.074 2.034 1.920 1.822 2.104 2.247
STD of SF's 0.866 0.850 0.833 0.787 0.746 0.862 0.921

Table 3. Mean and standard deviation of SFs used for ground motion records in nonlinear dynamic analyses of the
structures
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Fig.5. Obtained Cy values for the structures: 10s-reg (right), and 10s-irr-M3 (left)
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Fig. 6. Obtained mean Cy values for the structures: 5-story (right), and 10-story (left)
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Fig. 8. Obtained Cu roor values and their mean values for the structures: 5-story (right), and 10-story (left)

SLSor ol bl e Ols e sdnlpl  (Sslus
2,5 eslanal O s

S 5 4o -0

Ot 3 e et Sl Cd o pd (GRash al 53
ot DB s b (63Y 58 lae sl 3 b ik s 5 sladd
A ) S gl s e kil sls 6 035
) Ca =010 3 8 a5 o 315 0L sdel oy
Wl 31 A3 s Ll el (YAs e syl baw 5 i
ol a8 L 5s glaesl s pb s 5 glad (i
L 4 el QLIS oy il axils & b 315 3 s
@l gLl 3 S i glralr 5 Slib slass il
Wgas Gl XS o et o3l plisyl 5 Ca pS0ls 3l
b &S Codl D w0 bgye Iyl aid 3 Ca lide o eS
b oS Gopo 53 3,8 o N3 sl ol aib s 5 S
ol ail sl Ca s o 508 x5 515 ol ol 55 (S
aib (S0 LS el il g gl S il ey
b 01 3 Zwslis 5 o glols b s S
Al o SalS O w5 5 b e Sl
ot Sy (i Ca = V/0 5l eslinal L oS 5l 0l il

YV

)amdéjéCdRoqu,ﬂbuﬁszmUa}wﬁLf;)\x}; K} J_g;,
bt Salus sl o Sl sl oy G Roop (el 3l

0.7 —o—5-Story
0.6 ——10-Story
s 0.5 ——All the Structures
304
= 03
= 02
LB B e i
0 . 0 . . CO000 v N . .
5 55 6 65 7 75 8 85 9 95 10
CdRrJrJf

Fig. 9. Variation of mean error between the different
assumed Cy roos values and those obtained from the
analyses

Slr St cpl o3 sl Sy s & Sl S35 4 03N
Shls oS aipe Oba 5 obsS iy V58 e Gl
O3 (Sday 95 Ol juime Lioa gLl b3 o okl
ol g ol Gcus sl s 3l Glesle sl
e Sob  O koS o b))
L5 o Slosle i L ploosle oo 533
[ o B P PP TP P VN -t o WP
sla =i Sl eslanal Wile ahsy b 51 copoman 550



\Y‘Qq JL\A/-\ o)L«ﬁ:/M 092

ot Ol s pwdige Sagh — ode als

[7] Pirizadeh M., & Shakib H. 2013 Probabilistic
seismic performance evaluation of non-
geometric vertically irregular steel buildings.

Journal of Constructional Steel Research, 82,

88-98.

Eurocode 8, 2004 Design of Structures for

Earthquake Resistance — Part 1: General Rules,

Seismic Actions and Rules for Buildings,

European Standard EN 1998-1. European

Committee for Standardization: Brussels,

Belgium.

Kusyilmaz A., Topkaya C. 2015 Displacement

amplification factors for steel eccentrically

braced frames. Earthquake Engineering and

Structural Dynamics, 44(2), 167-184.

[10] Uang C. M., & Maarouf A. 1994 Deflection
amplification factor for seismic design
provisions. Journal of Structural Engineering,
120(8), 2423-2436.

[11] Kurban C. O., & Topkaya C. 2009 A numerical
study on response modification, overstrength,
and displacement amplification factors for
steel plate shear wall systems. Earthquake
Engineering and Structural Dynamics, 38(4),
497-516. https://doi.org/10.1002/eqe.866

[12] Samimifar M., Vatani Oskouei A.,
Rahimzadeh Rofooei F. 2015 Deflection
amplification factor for estimating seismic
lateral deformations of RC frames. Earthquake
Engineering and Engineering Vibration, 14(2),
373-384.

[13] Kugyilmaz A., & Topkaya C. 2016 Evaluation
of seismic response factors for eccentrically
braced frames using FEMA  P695
methodology. Earthquake Spectra, 32(1),303—
321.

[14] Mohammadi M., & Kordbagh B., Quantifying
panel zone effect on deflection amplification
factor. The Structural Design of Tall and
Special Buildings, 27(5), e1446.

[15] Ozkiligc Y. O., Bozkurt M. B., & Topkaya C.
2018 Evaluation of seismic response factors
for BRBFs using FEMA P695 methodology.
Journal of Constructional Steel Research, 151,
41-57.

[16] Yakhchalian M., Asgarkhani N., &
Yakhchalian M. 2020 Evaluation of deflection

(8]

[9]

amplification factor for steel buckling
restrained braced frames. Journal of Building
Engineering, 30, 101228.

https://doi.org/10.1016/j.jobe.2020.101228

[17]UBC, 1991 Uniform Building Code,
International Conference of Building Officials,
Whittier, California, USA.

A

Uast (a8 L Ol oy o 48 S a5 (slaesla 5o sledh
G o Sle s EalS dos TYVE) 35 e
S 33 o s e 8l Ca=V/0 (ol plo (Ca=0/0
Wl 50 3 A slgly b Al e Gladh
alie (Dlib sl SRl L S L esls OLE ol

Sy S gabsn nl Js b 28 Cd Roof (oSl
o=l AL s el Dlab Sl g3 gdee Slad s LS et e
DLy edgdee Syl &S Sk sl cod (ol slaws
Sy e gdoms 3ly aS oS Sb a4 Lledd il ot 2
L a5 A5 osls OLES (pomen il o 2alS Ll st 8
S 3 il Sk 3 (Ll aib (58515 o ks
2 s M e Slib ol 6 5K aib o
Cd Roof = V0 aslsl 53 555 i Jol= Cd Roof (rSiles
T 5 A e b S ys on e 558 e L

&y
Karavasilis T. L., Bazeos N., & Beskos D. E.
2008 Estimation of seismic inelastic
deformation demands in plane steel MRF with
vertical mass irregularities. FEngineering
Structures, 30(11), 3265-3275.
Valmundsson E. V., & Nau J. M. 1997 Seismic
response of building frames with vertical
structural irregularities. Journal of Structural
Engineering, 123(1), 30-41.
Choi B. J. 2004 Hysteretic energy response of
steel moment-resisting frames with vertical
mass irregularities. The Structural Design of
Tall and Special Buildings, 13(2), 123-144.
Amiri M., & Yakhchalian M. 2020
Performance of intensity measures for seismic
collapse assessment of structures with vertical
mass irregularity. Structures, 24, 728-741.
https://doi.org/10.1016/].istruc.2020.01.038
ASCE/SEI 7-16. 2017 Minimum design loads
for buildings and other structures. SEI, Reston,
Virginia.
Standard No. 2800. 2014 Iranian code of
practice for seismic resistant design of
buildings. 4th Edition. Road, Housing and
Urban Development Research Center, Tehran,
Iran. (In Persian)

(2]

(3]

(4]

(5]

(6]



osbc&l.\:\& Sl AQL:SL?.:}:Q‘ S 4Rs

Earthquake Engineering Research Center,
University of California, Berkeley.

[26] Medina R. A., & Krawinkler H. 2005
Evaluation of drift demands for the seismic
performance assessment of frames. Journal of
Structural Engineering, 131(7), 1003—-1013.

[27] Yahyazadeh A., & Yakhchalian M. 2018
Probabilistic residual drift assessment of
SMRFs with linear and nonlinear viscous
dampers. Journal of Constructional Steel
Research, 148, 409-421.
https://doi.org/10.1016/j.jcsr.2018.05.031

[28] Jamshidiha H. R., & Yakhchalian M. 2019
New vector-valued intensity measure for
predicting the collapse capacity of steel
moment resisting frames with viscous
dampers. Soil Dynamics and Earthquake
Engineering, 125, 105625.
https://doi.org/10.1016/].s0ildyn.2019.03.039

[29] Lignos D. G., & Krawinkler H. 2011
Deterioration modeling of steel components in
support of collapse prediction of steel moment
frames under earthquake loading. Journal of
Structural Engineering, 137(11), 1291-1302.

[30] Mazzoni, S., McKenna, F., Scott, M. H., &
Fenves, G. L. 2006 OpenSees command
language  manual. Pacific = Earthquake
Engineering Research (PEER) Center.

[31] Yakhchalian M., Ghodrati Amiri Gh., &
Nicknam A. 2014 A new proxy for ground
motion  selection in seismic  collapse
assessment of tall buildings. The Structural
Design of Tall and Special Buildings 23(17),
1275-1293. https://doi.org/10.1002/tal.1143

[32]32- Pacific Earthquake Engineering Research
Center (PEER), PEER Next Generation
Attenuation (NGA) Database.
https://ngawest2.berkeley.edu

YVY

[18] NEHRP, 1992 Recommended provisions for
the development of seismic regulations for new
buildings (1991 edition), FEMA Report 223,
Federal Emergency Management Agency,
Washington, DC, USA.

[19] Kennedy J. & Eberhart R. C. 1995 Particle
Swarm Optimization, Proceedings of the IEEE
International Conference on Neural Networks,
Perth, Australia, IEEE Service Center,
Piscataway, NJ, IV, pp. 1942—-1948.

[20] Yakhchalian M., Ghodrati Amiri Gh., &
Eghbali M. 2017 Reliable seismic collapse
assessment of short-period structures using
new proxies for ground motion record
selection. Scientia Iranica, 24(5), 2283-2293.
https://doi.org/10.24200/sci.2017.4162

[21] Yakhchalian M., & Ghodrati Amiri Gh. 2019
A vector intensity measure to reliably predict
maximum drift in low-to mid-rise buildings.
Proceedings of the Institution of Civil
Engineers-Structures and Buildings, 172(1),
42-54. https://doi.org/10.1680/jstbu.17.00040

[22] Yakhchalian M., Yakhchalian M., &
Yakhchalian M. 2019 Reliable fragility
functions for seismic collapse assessment of
reinforced concrete special moment resisting
frame structures under near-fault ground
motions. The Structural Design of Tall and
Special Buildings 28(9), e1608.
https://doi.org/10.1002/tal. 1608

[23] ETABS, 2015 Integrated Building Design
Software, User Manual. Computer and
Structures Inc., Berkeley, CA, USA.

[24] The Iranian Code for Design and Practice of
Steel Structures (10th Clause of the National
Building Regulations),2010 Ministry of Roads
and Urban Planning. (In Persian)

[25] Open System for Earthquake Engineering
Simulation  (OpenSees), 2016  Pacific




IFAQ b /et /ey 03 oot Olas pwlige a5 — ele alons

Investigation on deflection amplification factor for special
moment resisting frames with vertical mass irregularity

Masood Yakhchalian!”, Sajad Abdollahzadeh?

1- Assistant Professor, Department of Civil Engineering, Qazvin Branch, Islamic Azad University, Qazvin, Iran,
2- Msc. in Structural Engineering, Department of Civil Engineering, Qazvin Branch, Islamic Azad University, Qazvin,
Iran,

m.yakhchalian@gqiau.ac.ir®

Abstract

In design of structures using force-based methods applied in current seismic codes, to obtain the nonlinear
displacements of structures under the design earthquake, deflection amplification factor (C,) is applied. In
other words, the displacements obtained from elastic analyses under the reduced seismic forces are amplified
by Cy to obtain the inelastic displacements under the design earthquake. Research studies showed that using a
constant coefficient for estimating the inelastic displacements may lead to considerable overestimation or
underestimation of the displacements in different stories of structures. Generally, in regular structures the
inelastic maximum interstory drift ratio (IMIDR) occurs in lower stories. Investigating the seismic
performance of structures with irregularity in their heights showed that the inelastic responses of these types
of structures can differ significantly from the inelastic responses of regular structures. The present study
investigates Cy; for estimating IMIDR and inelastic maximum roof drift ratio (IMRDR) for steel special
moment resisting frames (SMRFs) with vertical mass irregularity under the design earthquake. In addition, the
variation of Cy with the variation of the location of the heavier story in the structural height, and mass ratio
(i.e., the ratio of the mass of the heavier story to the mass of the adjacent story) is studied. For producing a
heavier story, the dead and live loads of the story are multiplied by 2.0 and 3.0. Three different locations (i.e.,
bottom, mid-height and top story) for the heavier story, are assumed. For investigating the effects of mass
irregularity, two regular 5- and 10-story structures are also considered. Therefore, 14 structures (i.e., two mass
ratios X two building heights (5 and 10 stories) X three locations for the heavier story + two regular structures)
are considered. To perform nonlinear dynamic analyses, 67 ground motion records are applied. The records
are scaled such that the mean of the pseudo acceleration response spectra exceeds the design response spectrum
for the period range of 0.27; to 1.57;. The results show that using Cs = 5.5 recommended by Standard No.
2800 and ASCE 7 for steel SMRFs underestimates the IMIDR in most of the structures considered and their
stories, under the design earthquake. When the heavier story is located in the first story, the lowest mean Cy is
obtained in the first story. Because, increasing the mass of the story leads to an increment in the stiffness and
strength demand of the story. When the heavier story is located at the roof, the lowest mean C; is obtained for
the top story. While the mean C; in the first story increases significantly. Moreover, it is shown that C; = 5.5
underestimates the IMRDR in the structures considered. Investigating the consideration of different values for
Cq shows that using C; = 7.5 leads to the lowest error in the estimation of IMIDR in the structures considered.
In the case of estimating IMRDR, the displacement amplification factor is termed Cy roo, and it is shown that
using Cy roos = 6.5 leads to the lowest error in the estimation of IMRDR. Therefore, Cy = 7.5 and Cy roor = 6.5
are respectively proposed for more precisely estimating IMIDR and IMRDR in steel SMRFs with vertical
mass irregularity.

Keywords: deflection amplification factor, steel special moment resisting frames, vertical mass irregularity,
interstory drift ratio, roof drift ratio.
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