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ABSTRACT: This paper presents a computational approach to the analytical performance of the modal
pushover method (MPA) in predicting nonlinear response parameters of tall buildings comprising hybrid
framed tube with large-scale zipper elements. The accuracy of the results based on MPA is evaluated
by comparing the benchmark responses obtained through conducting two sets of nonlinear time history
analyses (NLRHA). Also, the effects of higher modes on the structural response parameters are measured

by considering three computational vectors of the ordered lateral loading prepared according to the
participation of the basic mode, as well as the first 3 and 5 transitional modes, separately. In this study, Keywords:
the determination of the target displacement in MPA was set based on the results of NLRHA under two Nonlinear Analysis
Modal Pushover
Higher Modes

Tall Building

Near and Far-field Records

groups of near and far-field records. The variation range of response parameters of the three high-rise
30-story studied structures was evaluated based on conducting a series of MPA as well as NLRHA
analyses. The structural system of the first studied model is a combined framed tube structure. The
second and third introduced studied models contain a multi-story arrangement of large-scale zipper
elements on the basic skeleton by connecting the aforementioned zipper elements to the columns on the
ground floor. The multi-story arrangement of large-scale zipper elements has been aimed at preventing
the formation of an intensive expanded plastic mechanism and avoiding the possible buckling mode in
the columns of the lower floors. The computational outputs of the MPA are compared with the results of
the NLRHA (as exact values) and the standard error percentage is estimated. Evaluation of the results
presented in this study demonstrates the relatively desirable computational capability of the MPA method
in predicting the behavior characteristics of tall building structures with a symmetric and regular rigid
skeleton at plan and height. Moreover, it was observed that the presence of large-scale zipper elements
in the resistant system could reduce the seismic response parameters and also relatively increases the
overall dynamic stability of the high-rise structural skeleton.

1. INTRODUCTION

Accurate evaluation of seismic demand parameters is one
ofthe key pillars of the evolution of performance-based design
methods. Nonlinear response history analysis (NLRHA)

is useful in predicting seismic demands and evaluating the
behavior of low-rise structures (the first mode is dominant).
This has led to the development of analytical aspects of this
method [5, 6].

is a robust tool for calculating seismic demands, as well as
for identifying plastic hinge mechanisms in structure [1].
However, the convergence trend of this analysis is affected
by structural modeling parameters and input earthquake
characteristics such as frequency content, intensity, and
duration of the strong ground motion [2]. Therefore, it is
inevitable to select a comprehensive set of earthquake records
to fully describe the dynamic behavior of the site. This
method will increase the computational efforts [3]. On the
other hand, the pushover analysis, unlike nonlinear dynamic
analysis, can provide valuable information about structural
weaknesses and possible failure mechanisms in the inelastic
range without the need for complex modeling and with less
computational effort [4]. The pushover analysis method
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Recently, extensive studies have been carried out on the
assumptions and limitations of the pushover analysis method.
An example of these studies is the proposed adaptive lateral
force distribution that attempts to follow the time-variant
distributions of inertia forces which is also considered
more than the fundamental vibration mode to add higher
mode effects [7]. These efforts have led to the development
of nonlinear static analysis methods and computational
techniques. Rooted in structural dynamics theory, the modal
pushover analysis (MPA) has been developed to include
the contributions of all modes of vibration that contribute
significantly to seismic demands by Chopra and Goel [8].

This research investigates the analytical capability
and effectiveness of the modal pushover method (MPA) in
predicting the important responses of high-rise steel buildings
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subjected to both far and near-field earthquake records. This
was performed based on the comparison of the predicted
values by MPA with the corresponding parameters obtained
through comprehensive non-linear dynamic time-history
analyses (NLRHA).

2. METHODOLOGY

In this research, three 30 story structural models with rigid
castled tube resistant skeleton were selected and designed.
The first studied model is classified as the basic structure with
a castled tube structural system and is identified by the CT
symbol. The second and third studied models are introduced
by setting two different multi-level configurations of large-
scale zipper elements in the structure of the basic model.
The large-scale zipper elements are connected to one or two
perimeter columns at the first story level and introduced with
the symbols MZCT-1C and MZCT-2C, respectively.

The reason for setting a multi-story arrangement of
large-scale zipper elements is preventing the formation of
expanded plastic mechanism and block the occurrence of
possible lateral-torsional buckling in the columns of lower
stories. The connection of the large-scale zipper elements
to the columns is considered flexurally rigid. The plan and
configuration of the studied structures are shown in Figure 1.
The studied structures were loaded and designed based on the
Iranian national building codes (issues six and ten) as well
as the standard 2800 (fourth edition) [9-11]. The assigned
performance profiles of plastic hinges for the description
of the non-linear behavior of structural elements have been
adapted from the report FEMA 356 [12]. All of the nonlinear
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Fig. 1. The structural configuration of the studied models:
(a) The plan of the castled tube skeleton; (b) The CT model; (c)
The MZCT-1C model; (d) The MZCT-2C model
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analyses were conducted through SAP2000 software [13].
The seismic tremors were selected in an ensemble of twelve
earthquake records, including six far-field and six near-field
ground motions which contain forward directivity effects.
The main criterion in choosing these records is the existence
of coherent pulses and high-amplitude spikes in the velocity
time history caused by the powerful rupture directivity
process [14, 15].

In this research, the response parameters of the studied
structures CT and MZCT-1C and 2C (Figure 1) were obtained
and assessed analytically through conducting NLRHA
analyses. The other phase of this study was accomplished
via performing modal pushover analyses subjected to
assigned lateral load patterns corresponding to three separate
participations of the essential mode (load case 1), the first
three lateral modes (load case 2) and the first five lateral modes
(load case 3). To investigate the accuracy of the MPA method
in estimating seismic demands of the studied structures, the
nonlinear dynamic responses were calculated under two sets
of near and far-field records. These results were considered
as the exact values. Then, MPA analyses were conducted for
the studied structures under assigned lateral load patterns
explained above. The target displacement value was set equal
to the maximum lateral movement of the mass center CM
at the top level (i.e., z=H) subjected to each record which is
calculated through NLRHA analysis. Then, the mean value of
the response parameters obtained via MPA was compared with
the corresponding ones calculated through NLRHA analyses.
The evaluation of the higher modes effects was investigated
by assessing the calculated values related to the maximum
lateral displacement of CM, the inter-story drift ratio and
the maximum rotation of the plastic hinges formed in beam-
columns, which all have been obtained via performing MPA
and NLRHA analyses.

3. RESULTS AND DISCUSSION

One of the most important response parameters which
control and evaluate the seismic behavior of tall buildings
is the lateral drift. Figure 2 shows the drift ratios obtained
from MPA using the different number of modes in addition
to the NLRHA results for all three models subjected to
selected near and far-field ground motion records. The
computational results are for CT, MZCT-1C and MZCT-2C
models, respectively. With the presence of zipper elements
in the lower four floors of the structures, the relative lateral
displacement ratio (lateral drift) in this section has decreased
significantly by an average of 47%. There was also an average
drop of 6% in the overall height of the resistant skeleton. The
maximum value of the drift also decreased from 0.033 to 0.03,
indicating an 8% drop. It is observed that in most cases, the
estimated values obtained based on the assigned lateral load
patterns are very close to the exact values and also close to
each other. Comparison of the results of the three case studies
shows that the presence of large-scale zipper configuration
may reduce the need to consider the effect of modes above 3
without losing so much accuracy.
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Fig. 2. The mean values of the maximum inter-story drift
ratio related to the floor mass center (C,) in the y-direction of
the plan under near and far-field records respectively; (a) The
CT model; (b) The MZCT-1C model; (¢) The MZCT-2C model,
(all of the above left and right diagrams are corresponding to the

near and far-field records respectively)

4. CONCLUSIONS

This paper presents a computational approach to the
analytical performance of the modal pushover method
(MPA) in predicting nonlinear response parameters of tall
buildings comprising hybrid framed tube with large-scale
zipper elements. The accuracy of the results based on MPA
is evaluated by comparing the benchmark responses obtained
through conducting two sets of nonlinear time history
analyses (NLRHA).

Evaluation of the results demonstrates the relatively
desirable computational capability of the MPA method
in predicting the behavior characteristics of tall building
structures with symmetric and regular rigid skeleton at plan
and height. Moreover, it was observed that the presence of
large-scale zipper elements in the resistant system could
reduce the seismic response parameters and it also relatively
increases the overall dynamic stability of the high-rise
structural skeleton.

Comparison of the results related to the three studied
models shows that the presence of large-scale zipper elements
relatively reduces the effects of higher modes in the analytical
process of modal pushover procedure. Furthermore, the
difference in the geometric arrangement of the mentioned
elements would have little effect on the structural response
parameters.
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1 Castled Tube Structure
2 Mega Zipper Castled Tube (Single Column Connection)
3 Mega Zipper Castled Tube (Dual Column Connection)
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Figure 1. The studied structures: (a) The symmetric plan of structure; (b) The CT model; (¢) The MZCT-1C model; (d)
The MZCT-2C model
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Table 1. Modal characteristics of the studied structures (Figure 1)
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Fig. 2. The geometric shape of the member cross section: (a) Columns; (b) Flexural beams; (c) Hinged beams; (d) Zipper
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Fig. 3. The model of nonlinear behavior: (a) Beam and column elements; (b) Large scale zipper elements
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Table 2. Details of all columns (box section)
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Table 3. Details of all beams and zipper elements

ole olaxs

aaiio o

t b S h
YO b Y- Be-
Yo o fd- Y- b
YO e Yoo Be-

Yoo fee N YO
Ve o \d- Y- o Ya
- Yoo N YF

Bl
B2
B3
B4
\ B5
- 71

“ t — —t

() ) ol o)lw s ol &y ous ‘;'>|).b 2blic f Jguo
Table 4. Sections of all structural members (Figure 1)
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Table 5. Physical properties of the selected earthquake records
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Table 6. The scale factors of the selected earthquake records
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Fig. 4. Pseudo-acceleration response spectra related to the scaled records corresponding to the studied structures: (a) The
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Table 7. Target displacement values corresponding to the selected earthquake records
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Fig. 5. The mean values of the maximum lateral displacement related to the floor mass center (CM) of the CT model in y
direction of the plan (Fig. 1): (a) the near-field records, (b) the far-field records; and the relative error due to the estima-
tion of the response parameter; (c) the near-field records, (d) the far-field records
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Fig. 6. The mean values of the maximum lateral displacement related to the floor mass center (CM) of the MZCT-1C
model in y direction of the plan (Fig. 1): (a) the near-field records, (b) the far-field records; and the relative error due to
the estimation of the response parameter; (c) the near-field records, (d) the far-field records
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Fig. 7. The mean values of the maximum lateral displacement related to the floor mass center (CM) of the MZCT-2C
model in y direction of the plan (Fig. 1): (a) the near-field records, (b) the far-field records; and the relative error due to
the estimation of the response parameter; (c) the near-field records, (d) the far-field records
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Table 8. Average error (%) and standard deviation in predicting the lateral displacement for all the studied structures
through conducting MPA with the participation of different numbers of modes
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Fig. 8. The mean values of the maximum inter-story drift ratio related to the floor mass center (CM) of the CT model in y
direction of the plan (Fig. 1): (a) the near-field records, (b) the far-field records; and the relative error due to the estima-
tion of the response parameter; (c) the near-field records, (d) the far-field records.
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Fig. 9. The mean values of the maximum inter-story drift ratio related to the floor mass center (CM) of the MZCT-1C

model in y direction of the plan (Fig. 1) : (a) the near-field records, (b) the far-field records; and the relative error due to
the estimation of the response parameter; (c) the near-field records, (d) the far-field records
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Fig. 10. The mean values of the maximum inter-story drift ratio related to the floor mass center (CM) of the MZCT-2C
model in y direction of the plan (Fig. 1); (a) the near field records, (b) the far field records, and the relative error due to
the estimation of the response parameter; (c) the near field records, (d) the far field records
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Table 9. Average error (%) and standard deviation in predicting the story drift ratios for all the studied structures
through conducting MPA with the participation of different numbers of modes

MZCT-2C Juo MZCT-1C Juo

CT Jowo

és.oé 05.01" é,.o\ 09.05 05.0\” 09.0\

a,.ob é}o‘” é}o\

Suoy 0je> sl yeT

VPO \PIYY  \PIYY VEINO VERIVY \PIVY

VY- AR VIYA VY- AR VIYA

Y2 \YIVA \YIVA

<IN <IAY <IAY

slbs vo s buwgio
3 laibew! Byl

399 039> 53,95,

AJAY AJAY AR ARO AAA AAa]

Y ABYeSY BT EY Y

QA <Yy <IYY

slbs vo s buwgio

YRR AF Y

3yl sl 1yl

50 oad ol slagles g by cldanly ains jbe -V-F
g
59 ond obml (B 5 6)97me Slog s by o B ATV So
NLRHA glo Lo gl 5 ealital b (\ JS8) M C o5t
locs 35,k cos JEnl gl oge & o ¥ o) oS Lie b MPA
JEP S35 0597 iag i 9,555 sl oo (53l )lome 5 5 (o235
MZCT- 2C y MZCT-1C CT Jos aw & by o el @
S5 50 pae s 4 oS 058 0 alaxdle 0iS (0 pgal 4],
yd 1y gt 55970 )l Cans ;o8 MPAL i) (o8 adlgs
590 5 s ol Yl oy oo sl 45 i
thie (598 j9e) T g (nd j52e) ¥ e slaial yo sla o
@l MPA s as sla s s 45 00,5 o copline 35
Vo bawgio b 1) gy Slpeds Wy, Wl oo 5 Sl a5 K00
S S S 998 g0 alimde )Ty 93l iy (e L a0
900 o9 ooy ain polie zals cel o slagld!
Sy o 50 5 Iy MPA I Jols aass glas  zalS e
Solite sl s )8 Sl Jol @l ol )88 Sslas
ol o U Q@Y JSG (opizmen 0l 0925 o slagladl
Ogw 50 00 sbl  Lies g odonn sle S aiinn i caiad
o a a8l o Ldss el SO sk e (V JS2) C
ooy o )L, 5o (sl (S Siomy (RS, (S

S &y Oy (i S wnly cews 0B MPA

on 5 (oo i aly oy Lol S plsre 4 ojle )
A3l diog i (510,55 1 o ojles 2 03,ls L g b omns]
axs S polie Sl ilis ol jo e yo mjes (bl L
B Jelod 4z i b by yell cnl @ bagrpe Sloslore oo
3 ye o 50 0al iy e laus (gl Sllllas slaojle gomy an
Bed o0 plxil wlad &S 515 0 Zdlg g,
MZCT-1C 4 CT sloJos slp iy & Slaslre mls
LMPA s, obw sl <l an il e MZCT- 2C
ol jei b ailonds pps05 JED! Jol 550 0 5 ¥ o) S ,Lice
@ 3 (nl 5o (Bl S ps jlade ol Sl 4l ez 50 )
iz By 8IS 0o, T Bgie a5 ogene 3o
ool &, cdl s )0 F lawgin job 4 55 pylie cdSl glas )| IS 58
L LRV RN R K-S VIRY L 1 g IS VERLN PRSP, § R RV-P LI
03,5] o il co o, Al G sanas jlas g3 a5 aidl
D9y Sl aw 5l ead 08 (uess polie 4 cenl )] Slewlxe
Geb g 0og RaS 4 S0 o Sllhs ojl aws o (sl MPA
abogs po & Jailinsl Gl 5 prass sl oy Lansgie 4 Joir
Sty sl awslio b i)l )13 piie Cod @ aials S 0
Sl gan Sy jpam L aS 05 ol olge MPA Gilzse
SIS Goges Blod o55l8, (S LS (RIBl 5 wlide S5
Slasiin 5 @l ot ;3 630 Gl ¥l 3YL Jlsl slasge

bl walgzs slog ) by

£0€A



FOO¥ U FOYD dxiw NF- - Jl.w N Q)Lo.w QY 0)9d ‘)ﬁ.‘f)m\ LJ‘)""C L;\-\)W 4.1).;;..:

0 .. 1000 , 2000 0 1000
(0598 o) ¥ o920 (2 S92 Fgt

0 1000 2000 0 1000
(g8 ) ¥ o950 (D0 598 g2

CT
2000 o 20,000 40,000
(cFasshs) ¥ 3520 (b B9 S92 (cF9 ) S09%%0 S92 P32
MZCT-1C
(&)
2000 O 20,000 40,000
(cFgsshs) ¥ 3570 (b3 594 S92 (P9 ohs) Ga97w 898 P
MZCT-2C
(&)

0 . 1000, 2000 0 1000
(0998 oh) ¥ 555 (b S98 P92

(cFasighs’) ¥ sg7m0 (b3 S99 S92

2000 0 .. 20,000 . ,40,000
(F g o) G097 G926 P9

(MPA) (Silis! 00 g3k )lemo (513531 9 (NLRHA) (Kol (5,005 3b e’ o3 C g 2 9,15 (29508 (slois T dlniiens gy V) JSC
SLlowly ©ljlgo 4y ¢ygiuw adaiio ¥ g ¥ b y920) t MZCT-2C Jow (o) ¢ MZCT-1C Jow () « CT Joo (W) ¢ JFP 5035 6395 9,95, b bl
(el LY 9 X
Fig. 11. The maximum axial and shear forces generated in column C in the plan based on the results of NLRHA and the
assigned static lateral load used for MPA with the participation of different numbers of modes, corresponding to JFP
near-field record: (a) The CT model, (b) The MZCT-1C model, (c) The MZCT-2C model; (The principal axes 2 and 3 of
columns cross section are parallel to the plan X and Y directions)
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Fig. 12. The maximum torsional and bending moments generated in column C in the plan based on the results of NLRHA

and the assigned static lateral load used for MPA with the participation of different numbers of modes, corresponding to

JFP near-field record: (a) The CT model, (b) The MZCT-1C model, (¢) The MZCT-2C model; (The principal axes 2 and
3 of columns cross section are parallel to the plan X and Y directions)
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Fig. 13. The maximum rotation of columns under BAM record in y direction of the plan which were obtained through
structural analysis; (a) NLRHA, and MPA (b) The CT model, (¢) The MZCT-1C model, (d) The MZCT-2C model
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Fig. 14. The maximum rotation of girders under BAM record in y direction of the plan which were obtained through
structural analysis; (a) NLRHA, and MPA (b) The CT model, (¢) The MZCT-1C model, (d) The MZCT-2C model
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Fig. 15. The final configuration of the formed plastic hinges in the 10 lower floors of the rigid corner frame of the model
MZCT-1C in y direction of the plan under scaled BAM record based on nonlinear analyses: (a) NLRHA; and MPA with
the participation of; (b) 1 mode; (¢) 3 modes; (d) 5 modes
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