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consists of two major components: a mega-frame lwisiche

Abstract—This paper focuses on the Mega-Sub Controllenain structural frame; and several sub-structureach

Structure Systems (MSCSS) performances and chestice
regarding the new control principle contained inG&S subjected to
strong earthquake excitations. The adopted costteéme consists of
modulated sub-structures where the control act®radhieved by
viscous dampers and sub-structure own configuratidrie
elastic-plastic time history analysis under sewamthquake excitation
is analyzed base on the Finite Element Analysishel{ FEAM), and
some comparison results are also given in thispdpe result shows
that the MSCSS systems can remarkably reduce whsaeffects
more than the mega-sub structure (MSS). The studyrates that the
improved MSCSS presents good seismic resistantityavien at 1.2g
and can absorb seismic energy in the structures tmply that
structural members cross section can be reducaemdve to good
economic characteristics. Furthermore, the elatstip analysis
demonstrates that the MSCSS is accurate enoughrdiega
international building evaluation and design codHsis paper also
shows that the elasto-plastic dynamic analysis ateth a reasonable
and reliable analysis method for structures subegecto strong
earthquake excitations and that the computed seardtmore precise.

containing many stores used for residential ancbonmercial
purposes. The MSS can strongly resist to exteoaald as wind
and earthquake and could also be designed int@relift
ingenious forms to increase the control abilitytheé structure,
such as the new Mega-Sub Controlled Structure Byste
(MSCSS) studied in this paper. A new configuratifom
controlling dynamic response of MSS was first idtroed by
Feng and Mita in 1995. This structure takes adgmntf the
so-called Mega-sub Structure configuration whictgéning
popularity in design and construction of tall angbar tall
building. The proposed model [1], [2] is a passiweg-sub
controlled system with base-isolated sub-structuhestheir
studies, the structure was first modeled by a
single-degree-of-freedom system and analyzed umded
load; and later a hybrid mega-sub control concegst proposed
in which actuator is added to the passively colgdoinega-sub
building to further reduce building response. ThaedMoads
were modeled as a band-limited white noise, thecgire was

Keywords—controlling  effectiveness, Elasto-plastic dynamicassumed to be of shear type, and the study watetrto the

analysis, Mega-Sub Controlled Structure, Plastigéipattern.

|. INTRODUCTION

IN recent years, Engineers and Architectures haven b

interested in the study of theory and practicalliapfon

based on structural earthquake performance. Import
geotechnical a

advances although made in materials,
structural engineering have benefited the analgssign and
construction of civil structures such as tall buntgh and
super-tall buildings to improve the characteristiesd
performances of these structures under naturadtéisasuch as
wind loads and earthquake excitations, the safétyhese
structures and their contents as well as the cdmdér
occupants, under these external forces remaiha stijnificant
engineering concern.

New-style and high performance structure, the Mggh-
Structure (MSS), has been used in construction afiyntall
buildings and super-tall buildings such as the Baih€hina at
Hong Kong and Tokyo City Hall at Japan. This stuoet
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building vibration in the along-wind direction onli.ater, a
cantilever beam is used to represent the megatusteuto
represent tall and supper-tall buildings models neree more
realistic wind load model is employed in which tiuebulent

ee.

wind speed is idealized as a non-white stochasticgss in
time and space.

In 2004, on the basis of this structure, a new rodet
structure (MSCSS) was designed by Xun'an Zhangyhith
sub-structures are designed as modulated sub+stescand
fixed to the mega-beams structures, and unlikectimepletely
flexible arrangement of the substructures initigltpposed by
Feng, additional columns are
mega-frame and the top-level of the substructifigd (and 2).
MSCSS structure is designed based on the combmafithe
control principle of structural response and stialt
configuration principle employing the structure itswn
functional element such as sub-structure to forrocatral
response control systems. The structural respomserot
through the structure itself functional elementgb¢structures)
is a new control structural design principle argpmnse control
theory realized in recent years by researchemaitler studies
[3]-[4]-[5], structural parameters and controllimyechanism
are examined and compared to the MSS. The reduts that
MSCSS obviously improves the structure’s safety eund
seismic action, reduces displacement, velocityaaueleration
responses when subjected to random load; and mlsmves
the comfort of the structure. However notice tlinase studies
were performed under elastic state, the elastdiplass not

introduced between the
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considered until now. To confirm theses performar
elastoplastic analysis need to be investigated under
earthquake and strong wind loads excitations atuate the
performances and faile mechanism of this structu

In this paper, the aim of the research is to cauy the
dynamic performances of the MSCSS systems under
earthquake using the elagitastic time history analys
method. The elastplastic dynamic analysis method only
gets accurate structure internal forces and defiiong but
also estimates the yielding mechanism, the weakipos and
the destruction form of the structure when subpbttesevere
earthquake excitation. In this study the used nteibdo ger
elasticplastic time history response of the structure wul
earthquake action through step4tep integration of th
dynamic equation, using SAP2000 software. The @-plastic
time history analysis of Meg8ub Structure (MSS) and tl
new MSCSS under sere earthquake is performed ¢
analyzed; and finally comparison studies are g

Il. STRUCTURAL CONFIGURATION AND RESPONSE COTROL
PRINCIPLE OFMSCS¢

As shown in fig.1and fig.2 of thRISCSS configuration, th
mega-frame (megeelumns and merbeams), viscous
dampers, and sutructures (the 2nd and 3rd -structure of
the figure) forms the fundamental elements of maidhad
substructural control system. These -structures have
frequency modulation function and are called freopye
modulation sub-structes. To overcome the beam large s
design problems, additional columns are designeitheatop
floor of substructures as mentioned before. And
supporting hinge joint on the top of additionalwoh is set t
relax horizontal constrains between aional columns and
megabeams to improve mechanical behaviors of additi
columns.

From the control principle, although MSCSS systey
similar to the ideology of TMD system, it is obviy different
to the simple superposition of the mdgame structure with
TMD control system. The difference between the
controlling systems can be described as foll
® TMD or MTMD system does not

displacement
and acceleration response of the frequency modalatimpec
mass; while for MSCSS systemdreing the displacement a
acceleration responses of sstbdctures which are usually us
for office or living rooms is an important requirem.
@ Substructures can be arranged as needed on
mega-stories; and each ssioucture is a mu-degree of
freedom system. This structural form is obviousiffedent
from the MTMD system.
® When the MSCSS reaches the elgststic state, its
substructures will change performance characteristidsie
the TMD and MTMD system do not consider the el-plastic
state of the lumped mass system.
The above points illustrates that MSCSS constitatesw fornm
of controlling principle which is obviously diffen¢ to TMD or
MTMD control system and the mechanism of MSCSS aser
complex and exist plentiful phenomenihich is not relisted

consider 1

and need to be investigat In addition to the MSCSS
structural principle discussed above and its resparontro
(passive) feature, it still very easy to implemetiters contro
systems as active, semnitive and hybrid control inciple on
MSCSS configuration [5] Actuators or MR dampers;
actuators combine with viscous dampers can beydastalled
between the megstructure and si-structure. At this time of
implementation of different control process, the se
frequency modlation of the su-structure still plays an
important role. Also according to the needs of twoatrol
characteristics, friction dampers can be arrangéal MSCSS
sub-structures [6]To further reduce sk-structure responses
and improve the comfort ande safety of the MSCSS model
when subjected to wind load and strong earthqua&iagion.

In this paper, a more realistic analytical model tbis
structure is proposed, and a practical steel -sub controlled
frame is investigated.

o
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Fig.1 Finite element model of the MSC
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Fig. 2 MSCSS configuratiot Fig. 3 MSS configuration

I1l. FEM MODEL OFMSCSS AND ITS EQUIVALENT SIMPLIFIED
MODEL

The megasub controlled structure is a large and com,
form of new highdse structure system. From fig.1 i
equivalent finite element model can be estabd, where
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mega-beams and mega-columns are
Therefore, there will be a large number of designte
elements, unfavorable to the computation processthef
response and control mechanism of the structureaugs of
the complicated form of the structure, the latticecbga
component, floors disposition concept are obvioukfierent
to the conventional structure system. Therefore fuidher
improve the finite element model of the structunethe sense
of the mechanical behavior of the structure it mead to
analyzed the equivalent simplified model of
mega-beams and mega-columns using the followinciple
[8].

Mega-columns are considered as space continuurensy:
continuu

and using the mathematical model of
transformation, equivalent stiffness is developgd):

EA. =E3 A

lattice

latticed structurdee characteristics of the software [9][10]. SAPRQ06an

constitute various objects of the structure (pabjects, line
objects, surface objects, and entity objects).

IV. NUMERICAL SIMULATION RESULTS

To investigate the effectiveness of the controltesys for
different structures systems, two natural earthquaaves (El
Centro (1940) and Taft ground acceleration recoaa&) one
artificial ground acceleration record synthesizedoading to
the site measurement and standard response speatewnsed
in the numerical simulations. The artificial eantlafe ground
motion data [11] used in this study is based ométttHuang

:;l'ransform (HHT) method. These inputs seismic waresrgy

are mainly concentrated within the firsts 30s, beldHz and
the energy and frequency changes details oveirtteeis very
clear. The first 6 order periods of the MSS and MG8uctures

(1) are presented in table I. The peak ground acceias{PGA)

are scaled to 0.4g, 0.8g, 1.0g and 1.2g. The esesfiltthe
simulation, calculated by the Nonlinear Direct bntion

where A; is the cross sectional area of the shear colundn ahlistory method (HHT method) are presented in tdbfer El

Acei the cross sectional area of the equivalent megayoo
The equivalent bending stiffness is obtained by (2)

El, =EY A GF +EI, )

lcei is the equivalent moment of inertia andie moment of
inertia of the original shear column.

Centro waves. The acceleration and displacemepbnsg of

the mega-sub controlled structure system (MSCSSh wi
viscous dampers are compared with the corresponding
uncontrolled one in Fig.5, 6 and Fig.7, respeciivelder the El
Centro 1940, the artificial and the Taft ground edecation
waves at the top floor of mega-frame structure.

TABLE |
STRUCTURAL PERIOD(S)

For mega-beams, the desires equivalent beam stiffisethe
unified stiffness of the whole beam root. The motéinertia

of the mega beam can be calculated as:

o =3 AC? ©

Period /s T T, Ts T, Ts Tes
MSS 2.80625 0.94517 0.54352 0.24062 0.17957  0.13799
MSCSS  1.97027 0.79920 0.65700 0.50398 0.32272 9802

and the equivalent bending stiffness can be ohfameElL.
where E is the elastic modulus of steel. The edenta
transformation process of the beam and column lzoe/s in
fig.4. Notice that the original mega-beams are coseg by 4 H
steel rods connected and mega-columns are alsoosmuby 4
[0 rods elements connected to form a space trusstisteuas
shown in figure.

[-- -] -1 -

S I & I

O-7 -
a bt E b ]

Fig. 4 Equivalent model of column and beam

This method is used on the mega - sub controliecttsiral
system to establish an accurate model and the motel
system, then using the equivalent stiffness priacipnega
beams and columns are establish as bar elemen¢det®ach
floor. Using the FEMA software SAP2000 a two dinienal
equivalent simplified model is establish as showfig.2 and
fig.3 for MSCSS and MSS respectively, where bamelet
(beam element) and material properties were seldzieed on

From tables, it can be seen that even the MSCSSoutit
dampers can accurately react to strong earthquakisoms
more than the mega-sub structure (MSS). TablddI5F6 and
fig.7 depicted the acceleration and displacemespaese
reduction ratio. When subjected to 0.4g, with 4ceis
dampers the acceleration and displacement cardbegabout
22.2% and 21.5% respectively under the El-Centitation;
and 24.6% and 46.8% when subjected to artificiateyat the
top floor of the mega-frame. To demonstrate theatiffeness
of the control system, the same comparisons are rivad.8g,
1.0g and 1.2g, and almost the same behavior cabseved as
for 0.4g. The control ratios are shown in tablérlibrackets).
The data illustrate that the structure responsesemrhe
excitation of several ground motions are close&ah be seen
that the responses of the artificial motion is lges that of El
Centro and Taft waves. On others hand, we can tethat the
seismic responses of these structures are almoshdted by
Taft wave at the top floor of the mega frame whilaximum
responses are obtained within the rest of the tstrewinder
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Fig. 5 mega-frame top floor acceleration and disgrieent under El
Centro wave (0.4Q)
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Fig. 6 mega-frame top floor acceleration and dispiaent under
artificial wave (0.49)
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Fig. 7 mega-frame top floor acceleration and disptaent under Taft
wave (0.4Q9)
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Fig. 8 Distribution of maximum story drift (El wayve

El-Centro wave.We should however
displacement control effectiveness is more obviodsen
subjected to the artificial motion than the El-Genvave. The
opposite is observed for the acceleration contfal. avoid
collision between the main structure and sub-stinecof the
MSCSS; and also improve the control effectivenadditional
dampers devices can be inserted between the mégan®
and sub-structures (preferably at the middle). Hereotice
that the MSCSS sub-structures has good controltsessnd can
satisfy dynamic response criteria.

Further, the X-directional storey drifts of theustiures are
also investigated during the nonlinear elasto-aanhalysis
using the El-Centro ground acceleration wave. Thsokte
values of maximum story drifts are illustrated ig.8. The
investigation results illustrates that the respensé these
structures are close, and almost reasonable. Wesearthat
same as the accelerations and displacements resptires
maximum inter-storey drifts values of the MSS iscafjreater
than those of the MSCSS models. The fig.8 showsMISCSS
models have an important story drift at the toghefstructures.
Also, we can see that except the MSCSS with damplees
traditional mega-sub structure and the uncontroM8ICSS
models all exceed the allowable values of inteamai code of
building security. The maximum story drifts valuese
approximately evaluated at 1/131, 1/43, 1/37, rethpaly for
the control MSCSS, uncontrolled MSCSS and the M88eah
Nevertheless, this shows once more the controltiagacity

remark that the
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and performances of the MSCSS structure systemsn whigoor, after 20.7s of computation (0.8g), and tpempagates to

subjected to rare earthquake motions.

V. PLASTIC HINGE AND FAILURE MECHANISM

SAP2000 implements the plastic hinge propertiesrnitesd
in FEMA-356 and ATC-40. Five points labeled A, B, and
E define the force—deformation behavior of a ptalsinge. The
values assigned to each of these points vary dépgiod the
type of element, material properties, longitudinahd
transverse steel content, and the axial load levéhe element.
SAP2000 provides default-hinge properties and resends

PMM hinges for columns and M3 hinges for beams
shows the

(FEMA-356 and ATC-40). Figure 9
force—deformation relationship of a typical plagtinge.

A
C
B CP
g 0 LS
4}
N
D E
A ~
Deformation -

Fig. 9 Force-deformation relationship of typicah&tic hinges

() (b) (©)
Fig. 10 Plastic hinge distribution: (a) MSS; (b) ®ISS without
dampers and (c) MSCSS ( El — 1.0g)

Following the ultimate rotation capacity of a stural
element, acceptance criteria are defined; label®rdLB, and
CP stand for Immediate Occupancy, Life Safety, @otlapse
Prevention, respectively (FEMA-356 and ATC-40).

To provide more information about the failure meukms
in the MSS and MSCSS structures systems, plastigehi
patterns are investigated using these default-hprgeerties
and compared at different location of structuress @andifferent
time step.

For the mega-sub structure (MSS) configuration esyst
plastic hinge formation starts with beam ends atftth and 7th

whole structure. The structure will attend the apdle state
when subjected to 1.2g of El Centro ground acceterawhen
the maximal displacement reaches 2.09m.

When subjected to Taft wave, it is show that ptakthge
formation starts at the 2nd sub-structure for laftgr 10s and
reaches the 1st sub-structure 10s later but didalzpse.

For the artificial ground motion excitation, plasthinge
formation starts after 13.7s for 1.2g also at tharbs ends of
the 2nd and 3rd floor of the second sub-structime gart); but
will not reach the collapse state.

Starts plastic hinge formation in first sub-struetu3rd floor
beam two ends after 5.9s of 1.0g (El-Centro wabeying the
computation, plastic hinge reaches the first sabetiire and
the right end of the second mega-beam. The coniputstiops
after 30s for 1.2g.

The analysis of MSCSS with viscous dampers shows th

there are significant differences in hinging patter The
structure did not collapse. This also can demotestthe
effectiveness of the control system on structurdeurrare
earthquake motions. On the other hand, it can be s®t the
controlled MSCSS structure can strongly resist xteraal
loads. MSCSS models (controlled model and the umalbed

one) do not present plastic hinges formation uratéficial

ground excitation.

The plastic hinging patterns of the MSS and the M@CSS
configuration systems are shown in fig.10. Compuerisf these
results shows that the yielding state of thesecsiras is
similar; hinges locations, damage and failure cgcunly at the
beams.

Also we can see that at the same time of computati®
number of plastic hinges on the MSS model is muohenthan
the two other structures. Due to the configurataord the
functionality of the MSCSS configuration, the mdgame is
expected to have more damage level than the subtstes.
This behavior can be seen in this study. It's &sen in this
study that the damage state almost occurs at beadssof the
MSCSS configuration. To illustrate the control maeism of
the MSCSS, displacement and acceleration resp@msealso
compared at the top floor of the MSCSS and MSS whese
structures reached the elasto-plastic state; anmicted in
fig.11. The figure clearly shows that MSCSS stéive good
controlling effectiveness during the elasto-plastate.

As expected, it shows that the elasto-plastic tiiséary
analysis method can judge the yielding mechanismakw
positions and damaged forms exactly for these tsires under
strong earthquake action. Although dynamic elatistiz
analysis accurately indicates the behavior of stimecit is seen
that the seismic response of building depends enirput
ground motions. If we consider the analysis resalsthe
criterion of judging the security, we can remarkttthe new
MSCSS configuration can accurately meet the remers,
when subjected to rare earthquake excitations.

Analyzing the dynamics responses and comparing thigh
performance objective, it can be conclude thatrtega-sub
controlled structure systems can satisfy the perémice
objective. It is important to notice that not omhe controlled
MSCSS do not collapse under rare earthquake adiigralso

The uncontrolled MSCSS configuration system alsd wi
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presents good seismic resistance ability. Thisrobisystem
can absorb structure dynamic energy, thus reducetste
element section. Therefore it also demonstrates tha [
mega-sub controlled structure system presents etono
advantages.

[6]
[7]
(8l
[9]
) [10]
° ° T\m{es(s) * = * ¢ ° Tlmjes(s) ” = *
Fig. 11 top floor acceleration and displacementmamson figure at 11]
1.2g (El wave)
VI. CONCLUSION [12]
This study is carried out to grasp the seismicqraréince of
the mega-sub controlled structure system (MSCSS)hiay [13]
nonlinear elasto-plastic time history analysis rodthwhen
subjected to severe earthquake excitation. Theeahoualysis
results clearly show that the MSCSS configuratigstem
presents good control effectiveness. [14]
[15]

From this study the following conclusions can be obtained:

1- The structure damage based on SAP2000 softviiferm
can accurately simulate the elasto-plastic perfagaaof the
structure, reflect the damaged status and evathatentegral
seismic resistant performance.

2-The MSCSS model can accurately resist to extreme
earthquake excitations and also meet internatibndtlings
security codes.

3-Viscous dampers not only accurately reduce aca#bes
and displacement on the structure but also carrlalssaicture
internal forces, thus reduce structure elementmsect
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