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The Nonlinear Dynamic Elasto-Plastic Analysis
for Evaluating the Controlling Effectiveness and
Failure Mechanism of the MSCSS
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consists of two major components: a mega-frame hvisithe

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

Structure Systems (MSCSS) performances and chasice
regarding the new control principle contained inG&S subjected to
strong earthquake excitations. The adopted costtedme consists of
modulated sub-structures where the control actoradhieved by
viscous dampers and sub-structure own configuratidme
elastic-plastic time history analysis under sewear¢thquake 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 wbhsaeffects
more than the mega-sub structure (MSS). The studrates that the
improved MSCSS presents good seismic resistantiyavien at 1.2g
and can absorb seismic energy in the structures tmply that
structural members cross section can be reduceceimdve to good
economic characteristics. Furthermore, the elaktstip analysis
demonstrates that the MSCSS is accurate enoughrdiega
international building evaluation and design codBsis paper also
shows that the elasto-plastic dynamic analysis atkib a reasonable
and reliable analysis method for structures subgecto strong
earthquake excitations and that the computed seargtmore precise.

containing many stores used for residential ancbonmercial
purposes. The MSS can strongly resist to exteozald as wind
and earthquake and could also be designed inteerelift
ingenious forms to increase the control abilitytteé 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 adwynt the
so-called Mega-sub Structure configuration whickg#sning
popularity in design and construction of tall angher tall
building. The proposed model [1], [2] is a passimeg-sub
controlled system with base-isolated sub-structuhestheir
studies, the structure was first modeled by
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. ThedMoads
were modeled as a band-limited white noise, thecgire was

Keywords—controlling effectiveness, Elasto-plastic dynamic@ssumed to be of shear type, and the study watetino the

analysis, Mega-Sub Controlled Structure, Plastigaipattern.

. INTRODUCTION

IN recent years, Engineers and Architectures haven b
interested in the study of theory and practicalliappon

based on structural earthquake performance. Immorta
in materials, geotechnical a

advances although made
structural engineering have benefited the analgssign and
construction of civil structures such as tall bings and
super-tall buildings to improve the characteristiemd
performances of these structures under naturastéissasuch as
wind loads and earthquake excitations, the safétyhese
structures and their contents as well as the cdambér
occupants, under these external forces remaiha stignificant
engineering concern.

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

ee

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

In 2004, on the basis of this structure, a new rotietd
structure (MSCSS) was designed by Xun'an Zhangyhith
sub-structures are designed as modulated sub+stescand
fixed to the mega-beams structures, and unliketimepletely
flexible arrangement of the substructures initiglhpposed by
Feng, additional columns are introduced between
mega-frame and the top-level of the substructdigd (and 2).
MSCSS structure is designed based on the combmafithe
control principle of structural response and sttt
configuration principle employing the structure itswvn
functional element such as sub-structure to forrmcsiral
response control systems. The structural respomsgrot
through the structure itself functional elementsbfstructures)
is a new control structural design principle argpanse control
theory realized in recent years by researchemaitlier studies
[3]-[4]-[5], structural parameters and controllimgechanism
are examined and compared to the MSS. The resuits that
MSCSS obviously improves the structure's safety eund
seismic action, reduces displacement, velocityaamweleration
responses when subjected to random load; and ralsmves
the comfort of the structure. However notice thegse studies
were performed under elastic state, the elastdiplagas not
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considered until now. To confirm theses performar
elastoplastic analysis need to be investigated under
earthquake and strong wind loads excitations amdliate the
performances and faile mechanism of this structt

In this paper, the aim of the research is to caut 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 defiomg but
also estimates the yielding mechanism, the weakipas and
the destruction form of the structure when subpbtbtesevert
earthquake excitation. In this study the used nkiedo ge!
elasticplastic time history response of the structure ul
earthquake action through stepdtep integration of th
dynamic equation, using SAP2000 software. The @-plastic
time history analysis of Meg8ub Structure (MSS) and t
new MSCSS under sere earthquake is performed ¢
analyzed; and finally comparison studies are g

Il. STRUCTURAL CONFIGURATON AND RESPONSE COTROL
PRINCIPLE OFMSCS¢

As shown in fig.1land fig.2 of thRISCSS configuration, th
mega-frame (megeelumns and merbeams), viscous
dampers, and sudtructures (the 2nd and 3rd -structure of
the figure) forms the fundamental elements of maial
substructural control system. These -structures have
frequency modulation function and are called freupye
modulation sub-structes. To overcome the beam large s
design problems, additional columns are designetthettop
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 obvgiy 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 consider 1

displacement
and acceleration response of the frequency modul&timpec
mass; while for MSCSS systemdteing the displacement a
acceleration responses of sstbdctures which are usually us
for office or living rooms is an important requirent.
@ Substructures can be arranged as needed on
mega-stories; and each ssipucture is a mu-degree of
freedom system. This structural form is obviouslffedent
from the MTMD system.
® When the MSCSS reaches the elgdtistic state, its
substructures will change performance characteristidsije
the TMD and MTMD system do not consider the el-plastic
state of the lumped mass system.
The above points illustrates that MSCSS constitatesw form
of controlling principle which is obviously diffenéto TMD or
MTMD control system and the mechanism of MSCSS désa
complex and exist plentiful phenomenihich is not relisted
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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 st-structure. At this time of
implementation of different control process, the sa
frequency modlation of the su-structure still plays an
important role. Also according to the needs of duatrol
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 earthquagitagion.

In this paper, a more realistic analytical model tbis
structure is proposed, and a practical steel -sub controlled
frame is investigated.
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Ill. FEM MODEL OFMSCSES AND ITS EQUIVALENT SIMPLIFIED
MODEL

The megasub controlled structure is a large and com,
form of new highrise structure system. From fig.1 1
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 desigmtef
elements, unfavorable to the computation processthef
response and control mechanism of the structureauge of
the complicated form of the structure, the latticedga
component, floors disposition concept are obviowsfferent
to the conventional structure system. Therefore fuidher
improve the finite element model of the structunethe sense
of the mechanical behavior of the structure it Eed to
analyzed the equivalent simplified model of
mega-beams and mega-columns using the followingimiie

[8].

Mega-columns are considered as space continuurensy:
continuu

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

lattice

latticed structurtee characteristics of the software [9][10]. SAPQ06an

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

IV. NUMERICAL SIMULATION RESULTS

To investigate the effectiveness of the controltesys for
different structures systems, two natural earthqualves (El
Centro (1940) and Taft ground acceleration recoeas) one
artificial ground acceleration record synthesizedoading to
the site measurement and standard response speateunsed
in the numerical simulations. The artificial eantiaje ground
motion data [11] used in this study is based ométt-Huang

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

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

(1) are presented in table |. The peak ground accelas{PGA)

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

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 megarso
The equivalent bending stiffness is obtained by (2)

Bl = Ei A, (g)2 +El, @)

lei is the equivalent moment of inertia andHe 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, respectiveider the El
Centro 1940, the artificial and the Taft ground ederation
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 mothadinertia

of the mega beam can be calculated as:

=3 AC) ©

Period /s T T, Ts Ta Ts Te
MSS 2.80625 0.94517 0.54352 0.24062  0.17957
MSCSS 1.97027 0.79920 0.65700 0.50398 0.32272 9&02

and the equivalent bending stiffness can be ohldaimeEl.
where E is the elastic modulus of steel. The edenta
transformation process of the beam and column laoens in
fig.4. Notice that the original mega-beams are cosep by 4 H
steel rods connected and mega-columns are alsoosaujy 4
[ rods elements connected to form a space trusetisteuas
shown in figure.

- iy T

o =Y o =
-k L
_a., E [ o]

Fig. 4 Equivalent model of column and beam

This method is used on the mega - sub controlledttstral
system to establish an accurate model and the maostel
system, then using the equivalent stiffness priecipnega
beams and columns are establish as bar elemenédrteach
floor. Using the FEMA software SAP2000 a two dimenal
equivalent simplified model is establish as showfig.2 and
fig.3 for MSCSS and MSS respectively, where bamelet
(beam element) and material properties were seldxztsed on
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From tables, it can be seen that even the MSCSlsoutit
dampers can accurately react to strong earthquakoms
more than the mega-sub structure (MSS). Tabledl5F6 and
fig.7 depicted the acceleration and displacemespaese
reduction ratio. When subjected to 0.4g, with 4cois
dampers the acceleration and displacement cardbeeabout
22.2% and 21.5% respectively under the El-Centigitation;
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 rfoad.8g,
1.0g and 1.2g, and almost the same behavior cabhdsrved as
for 0.4g. The control ratios are shown in tabl@rlbrackets).
The data illustrate that the structure responsedemurhe
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 almasndted by
Taft wave at the top floor of the mega frame whileximum
responses are obtained within the rest of the tstrewinder
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nmaxi mum accel eration and di spl acenment response values for H-Centro wave

TABLE 1 1.

*{sub-structure top floor

Accel(m/s2)

MSS
2" sub-structure top floor

Accel(m/s2)

Mega-frame top floor

Accel(m/s2)

Accel.(m/s2)

Displ(m)

Displ(m)

Displ(m)

0.63
1.26
1.47
1.68

4.92
9.92
12.06
13.78

0.8
1.

7.16
14.27
15.16

19.02
MSCSS without dampers

0.81
1.62
1.89
2.09

7.63

0.49g
0.8g
1.0g
1.2gl

15.21
16.41
20.82

1.87
2.08

1% sub-structure top flot

Accel(m/s2)

2" sub-structure top flo

Accel(m/s2)

Mega-frame top floor

Accel(m/s2)

Displ(m)

Displ(m)

Displ(m)

0.19
0.38
0.47
0.57

481
9.62
12.17
14.31

0.23
0.46
0.57
0.68

6.27
12.55
15.69
18.83

0.26
0.52

0.

6.68

0.49g
0.8g

13.36
16.7

65
77

20.04 0.

1.2gl

MSCSS
2" sub-structure top floor

Accel(m/s2)
4.73(24.6%)
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1% sub-structure top floor

Accel(m/s2)
3.38(29.7%)

Mega-frame top floor

Accel(m/s2)
5.19(22.2%)

Displ(m)
0.12(35.6%)
0.23(40.6%)

7.79(19%)
9.85(19.1%)

Displ(m)
0.20(13%)

9.33(25.7%) 0.40(12.4%)

Displ(m)
0.20(21.5%)
0.41(20%)

9.77(26.8%)
11.95(28.4%) 0.51(20.5%)

0.49
0.8g
1.0g
1.2¢l

0.27(42.6%)
0.32(42.2%)

0.59(14.3%) 12.05(15.8%)

11.61(26.1%) 0.49(13.6%)

13.74(27%)
Accel: Acceleration; Displ: Displacement

14.38(28.2%) 0.61(20.4%)

MSS
ISCSS W/O DAMP.
MSCSs

15

Time (s)

MSS
+ MSCSS W/O DAMP.
MSCSS

5

10 15
Time (s)

20 25 20

Fig. 5 mega-frame top floor acceleration and disgheent under El
Centro wave (0.49)
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&
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15
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(]

10 15
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Fig. 6 mega-frame top floor acceleration and disgheent under
artificial wave (0.4Q)
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Accel.(m/s2)

MSSs
MSCSS W/O DAMP.

MSCSS

15 20 25
Time (s)

Fig. 7 mega-frame top floor acceleration and disphaent under Taft
wave (0.4Q9)
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El-Centro wave.We should however remark
displacement control effectiveness is more obviedsen
subjected to the artificial motion than the El-Genvave. The
opposite is observed for the acceleration conffal. avoid
collision between the main structure and sub-stinecbf the
MSCSS; and also improve the control effectivenaddijtional
dampers devices can be inserted between the mégamo
and sub-structures (preferably at the middle). Heweotice
that the MSCSS sub-structures has good controltsemud can
satisfy dynamic response criteria.

Further, the X-directional storey drifts of theustiures are
also investigated during the nonlinear elasto-maahalysis
using the EI-Centro ground acceleration wave. Theokte
values of maximum story drifts are illustrated ig.8. The
investigation results illustrates that the respensé these
structures are close, and almost reasonable. Weserrihat
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 tofhefstructures.
Also, we can see that except the MSCSS with damplees
traditional mega-sub structure and the uncontroMdg8ICSS
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, retbpay for
the control MSCSS, uncontrolled MSCSS and the M®$8ah
Nevertheless, this shows once more the controlliaygacity
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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 propertiesrized
in FEMA-356 and ATC-40. Five points labeled A, B,T; and
E define the force—deformation behavior of a ptasiinge. The
values assigned to each of these points vary dapgod the
type of element, material properties, longitudinahd
transverse steel content, and the axial load l@véhe element.
SAP2000 provides default-hinge properties and resends
PMM hinges for columns and M3 hinges for
(FEMA-356 and ATC-40). Figure 9 shows
force—deformation relationship of a typical plastinge.

n
C
B CP
g 0 LS
&
IR
D E
A ~
Deformation -

Fig. 9 Force-deformation relationship of typicahgtic hinges

:

EEEE
(@) (b) ©

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

f

i

-

JIAAN
T ¥
FENEE
EEERYE

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

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

For the mega-sub structure (MSS) configuration esyst
plastic hinge formation starts with beam ends atgth and 7th
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whole structure. The structure will attend the ajpdle state
when subjected to 1.2g of El Centro ground acctterawvhen
the maximal displacement reaches 2.09m.

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

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-structioe gart); but
will not reach the collapse state.
The uncontrolled MSCSS configuration system alsth wi
Starts plastic hinge formation in first sub-struetu3rd floor
beam two ends after 5.9s of 1.0g (El-Centro wabejing the
computation, plastic hinge reaches the first subesitire and
the right end of the second mega-beam. The coniputstiops
after 30s for 1.2g.

The analysis of MSCSS with viscous dampers showas th
there are significant differences in hinging patser The
structure did not collapse. This also can demotsstthe
effectiveness of the control system on structurdearrare
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 umnaibed
one) do not present plastic hinges formation uratéficial
ground excitation.

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

Also we can see that at the same time of computatie
number of plastic hinges on the MSS model is muoherthan
the two other structures. Due to the configurateord the
functionality of the MSCSS configuration, the mdgamne is
expected to have more damage level than the subtstes.
This behavior can be seen in this study. It's a&sen in this
study that the damage state almost occurs at beadssof the
MSCSS configuration. To illustrate the control macism of
the MSCSS, displacement and acceleration resp@msesiso
compared at the top floor of the MSCSS and MSS wvthese
structures reached the elasto-plastic state; armmictdd in
fig.11. The figure clearly shows that MSCSS stiéive good
controlling effectiveness during the elasto-plastate.

As expected, it shows that the elasto-plastic timséary
analysis method can judge the yielding mechanismakw
positions and damaged forms exactly for these tsires under
strong earthquake action. Although dynamic elasstic
analysis accurately indicates the behavior of flinecit 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 remert,
when subjected to rare earthquake excitations.

Analyzing the dynamics responses and comparing thigh
performance objective, it can be conclude thatrttega-sub
controlled structure systems can satisfy the perémice
objective. It is important to notice that not otihe controlled
MSCSS do not collapse under rare earthquake adiigralso
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presents good seismic resistance ability. Thisrobrtystem
can absorb structure dynamic energy, thus reducetste
element section. Therefore it also demonstrates tha [
mega-sub controlled structure system presents etiono
advantages. (6]

T - wss [7]

(8]

Accel.(m/s2)

(9]

(10]

205 5 20 25 20 “o 5 20 25 30

15
Time (s)

T\mjes(s)
Fig. 11 top floor acceleration and displacementmanson figure at (11]
1.2g (El wave)

VI. CONCLUSION [12]

This study is carried out to grasp the seismicqrarance of
the mega-sub controlled structure system (MSCSSYhiey
nonlinear elasto-plastic time history analysis rodthwhen
subjected to severe earthquake excitation. Theeaboalysis
results clearly show that the MSCSS configuratigetem
presents good control effectiveness.

(13]

[14]
[15]
From this study the following conclusions can be obtained:

1- The structure damage based on SAP2000 softviatfenm

can accurately simulate the elasto-plastic perfogeaaof the
structure, reflect the damaged status and evathaténtegral
seismic resistant performance.

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

3-Viscous dampers not only accurately reduce acaes

and displacement on the structure but also carrlalssaicture
internal forces, thus reduce structure elementaect

ACKNOWLEDGMENT

The authors would like to acknowledge the financial
contributions received from the National NaturalieBce
Foundation of China (51078311); Doctoral Fund ohigliry of
Education of China (20096102110018) and from
Northwestern Polytechnical University through tresearch
fund project (JC200814).

the

REFERENCES

[1] M. Q. Feng and A. Mita 1995. Vibration control efltbuildings using
mega-sub configuration. ASCE. Journal of engimggennechanics,
121(10): 1082~1087.

[2] W. Chai and Maria Q. Feng. 1997. Vibration contodl super tall
buildings subjected to wind loads. Int. J. Noneln Mechanics, 32(4):
657~668..

[3] Zhang. X.A., Zhang. J.L. and Jiang, J.S. 2004. Thftuence of
sub-structural stiffness on the dynamic propertthefMSC frame. 2004.

Journal of Northwestern Polytechnical UniversitylZga (1),
2004:59-63
[4] Zhang Xun’an, Wang Dong and Jiang Jiesheng. 2088. cbntrolling
mechanism and the controlling effectiveness of ipass
International Scholarly and Scientific Research & Innovation 5(12) 2011 675

mega-sub-controlled frame subjected to random Joeads. Journal of
Sound and Vibration, 283: 543-560

Zhang X. A, Qin X. J Cherry S, Lian Y. D. 2009. A new proposed
passive mega-sub controlled structure and respomseol. Journal of
earthquake engineering. 13(2):25274.

Lian Y. d, Zhang X. A. 2006. The study of dampershie MSC frame.
Industrial Building. Vol. 36(2), 2006:16-19..

Lian Y.D, Zhang X.A, Cherry S 2007. Damping chaeaistics of friction
damped braced frame and its effectiveness in thgarseb controlled
structure system. Earthquake Engineering and Eagirg Vibration, 6
(2):171-181.

X. Y. Gao, R. Q. He. 2004. Research on Equivalerdd® of
Mega-structure. Journal of University of Sciencel arechnology of
Suzhou, vol. 16, no. 2, pp, 66—72..

SAP2000 Integrated Finite Element Analysis and @esif Structures,
steel design manual, Computers and StructuresBber&eley, California,
USA.

SAP2000 Linear and Nonlinear Static and Dynamiclysia and Design
of Three-Dimensional Structures, Computers and c8tras, Inc.
Berkeley, California, USA.

Zou Lin 2011. A Study on Reliability for Resistirf§eismic Loading
Based Structural Optimization of MSCSS. M.S thedierthwester
polytechnical university..

X.J. Qin, X. A. Zhang and C Sheldon. 2008. Studgemi-active control
of mega-sub controlled structure by MR damper siégeto random
wind loads. Earthquake Engineering and Engineéribgation

Xiangjun Qin, Xun'an Zhang. 2009. Vibration contirad characteristics
of a New Improved Mega-Sub Controlled Structurejesttied to random
wind load. In Proceedings of the International Midinference of
Engineers and Computer Scientists 2009 Vol || IMEXDS9, March 18 -
20, 2009, Hong Kong..

FEMA356, The Federal Emergency Management Agen6A.U

GB 5011—2001 (2001). National Standard of the People's Blepof
China. Code for Seismic Design of Buildings..

1SN1:0000000091950263





