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ABSTRACT:
The twin-tower tall building connected with spaaaridors is applied more and more popular. When the
corridors are soft-connected with damper supptres seismic performance may be better than rigrdheoted
scheme. To evaluate relative displacement of threpda under server seismic excitation, which is kbg
problem to prevent collapse of the corridor, théoat and experimental research are performed. B~D@del
is established, in which the twin towers and theidor are represented with 1-DOF respectively. Traasfer
function and the RMS of relative displacement ofngar are deduced in frequency domain. The seismic
excitation spectrums include white noise and Kdaragimi spectrum. Parameter study indicates that the
resonance between corridor and each tower in vilorétequency will lead to big relative supportgecement,
that the mass ratio between corridors to tower deltrease the relative support displacement, tigatlamping
ratio of support will decrease the relative suppbsplacement as well. The vibration frequency ofridor
should be calculated under restrained of both stpp&xperiments of steel frames connected withngpr
support corridor are performed on dynamic simulaldre test result proves the theoretical conclysém
indicates that to eliminate the relative supposptiicement, the adequate damping ration of thédcorshould
be least.
KEYWORDS:. Damper, Twin-tower, Tall building, Seismic, Dynansiculator, Resonance

1. FOREWORD

In last decade, the twin-tower tall buildings, whiare connected with space corridors, are applieck rand
more popular. With the design concept of giant giuey always bring impact in version and make thelaes
become landmarks in local regions, even a few efmtlhave entered the tallest buildings list in therlev
Current research and practice indicates that ifdtwers are connected with corridor rigidly, thevéos’ seismic
response will couple, in some case even becomet Was that of non-connected multi-tower scheme tt@n
other hand, if they are connected with damper-supgacorridors, the complicated and coupled respoviti

be reduced (HOU, 2006), but the calculation of tredadisplacement of the damper under server seismi
excitation will be the key problem. If the relatidisplacements exceed the limitation of the dansper’
deformation, the collapse of the corridor from spamy occur. Present researches on twin-conneatesi-tall
buildings focus on reducing seismic response oktewvith dampers (Xu, 2000), but in practice theeis’
stiffness can be increased by the lateral resistagstem themselves, and the relative supportatispient is
not good evaluated. This paper tries to find oatrfost sensitive factor to the relative supponpldisement by
theoretical research and shaking table test.

2. THEORETICAL RESEARCH

2.1. Dynamic Equation of 3-DOF

The basic vibration mode participation factor aigde tower is normally greater than 80%, thus 1-Dadelel is
applied to represent each tower as well as thd bgidy vibration of corridor restrained under twanger
supporters, 3-DOF dynamic equations set is giveRigse 1, and the meaning of each parameter iwrsio
Table 1
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Figure 1 Analysis model of 3-DOF

Table 1 Meaning of each parameter in 3-DOF model

Mass Stiffness Damping Ratign
Left Tower m ky C
Right Tower m ko (o
Left Support of Corridor m Ke1 Ce1
Right Support of Corridoy k Ceo

MIER +[CHA +[KIR = ML

m 0 O
Inwhich, [M]=| 0 m, 0] (2
0 0 m

C +Cy 0 —C
[C]=| 0" c+c, -, | (3

—Ca —Ce2 CatCeo
kl + kcl 0 _kcl
[K]=| 0" k+k, -k, | (4
_kcl _kcz kc1+ kcz

2.2. Transfer Function and RM S Displacement

Eq.( 1)left-multiplied with [M'], substituding «f = % , GF = % ;W= k%L , of, = k%L ,

_¢ _c _c, _c, _m, _m _
5'/é%m’55'72wmfﬁ'jf@mt’ﬂf'féémx’A'/ér’h'/éf D, =24,
D2 = 26‘)24(2’ Dcl = 2a)cl c1’ Dc2 = 20')(:2 c2 init, we get

[Lo{5) +IMC]{3 4IMA[KI3 = 1] [11 {5} (9

[ Lis]is 3x3 unit matrix, [I”]:{ﬂ;

a , @, are vibration circle frequencies of left and righwers;

Wey» Gz are vibration circle frequencies of corridor rasted under left or rightupport;

¢,,&, are damping ratios of left and right towers;

¢, ¢, are damping ratios of left and right support africtor;

A, A, are mass ratio between right tower to left towet mtio between corridor to left tower;
Apply Fourier transfer to Eq.( 5), we get

[Al{ X (i)} =[1,){ X (i)} (6)
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In which, [A] =[15J(ie)*+[M*][C](ig) +[M*|[K] (7)
X, (iw)

{X(ia))}={xz(ia))}, xj(iw):jm xe'“dt, j=1, 2, c(8)
X, (iw) -~

{X (@)} =-]_xe*dt(9)
Eq.( 6) is left-multiplied WitliiA]_l and right-multiplied With{ X, (ia))} _l, we get

X,(@)
. I
i@ =[A]l{%}”°’
(]
X, (@)

The transfer function expresses the transfer oelakiip of input and output variables in a lineastegn in
frequency domain. Thus, we get:

(i =

H, (i) 1
(g = B0 B0 B ) B ) 4B
N
sz(iaa: B.(ia)" +B4id) I;'aB(zi)'a) +le(|a)+Bzc( 12)
-+ _Bu(id)"+Byia)* +Bi)* +B(ic) + By,
ch(laa_
Det(A)

Det(A) = A (iw)°® + A (i)’ + A+ Aiw)+ Aiw) *+ Aliw) + A 13)
This research focuses on the relative displaceridatrelative displacement between left tower aodidor is
expressed indx , and relative displacement of right tower andidorrin dx, . In this paper,dx;,dx, are not

the differential of X, X, :
d =x-x  (14)
dx, =x,-%  (15)
Since X, X,, X, are all independence variables, apply Fouriesterto Egs. (14) ( 15), and based
on the linear relation of Fourier transfer, we get:
F(dx)=F(4-x)=F(x)-F(x) (16)
F represents Fourier transfer.
DX, (iw) = X, (iw) - X (i) (17)
DX, (iw) = X,(iw) = X (iw) (18)
Similar steps, we get

[AJ{DX (@)} =[1,){ X (i} (19)
DX, (i)
{DX(iw)} = {sz_(i a))}( 20)

X (i)
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DX, ()
X, (@)

(H, (o) = P@4 :mrﬁ}(zn

x°(%g(w)

The seismic inputx, is random load. If the ground motion acceleratsoassumed to be white noise with zero
mean value, the spectrum density of the accelergio

S, (@) =5, (22)
According to random dynamic theory, the mean sqohtiee displacement response is:

EDC()] = R(0) = [ 25 (@dw= [ H(iw)| S, (@ dw( 23)

In which, R (r) is the autocorrelation function of displacemetit) , S («) is the spectrum density of
structural displacements, is the spectrum density of ground motion and @nistThus the mean square of
the displacement and relative displacement are:

c[]= 8o 0 4o
E[x¢]=5[ |H,, (@) do
c[x]=8[ 1. (0 a
c[o¢]=8 ] .0 do
E[ o] =5, |Hy, (i) daw
e[ ] =8 |H,. (0] de

In which E[Xf] . E[Xczz] are both the mean square of corridor displacemedtexpressed with different

(24)

transfer function.

2.3. Parameter Study

Based on theoretical research above, vast amoymatrameter study is applied to investigate thelesiy
between relative displacement and some parametgioned above, including circle frequencies, masios,
damping ratios etc. Some main study cases ard list€able 2.

The following conclusions are drawn from all paréenetudy cases:

1) For the symmetric towers situation, the corridall sswers’ performance are similar with tuned mass
damper (TMD). When the corridor and towers haveelvequencies, the vibration of corridor will be
strengthened, the displacement of corridor wiltéased, the vibration of tower will be reduced and
displacement decreased. When increasing the miass b@tween corridor to tower or damping ratios of
corridor support, the displacement of towers arrdaor to the ground all decreased, the relatiapldicement
of corridor supports is reduced as well. For tihaagion of medium to high frequency tower, the ispment
of tower is rather small, the relative support lispments of corridor supports mainly come from the
displacement of corridor to the ground, and thusilitbe effective way to adjust the parametersafridor.

2) For the unsymmetrical towers situation, when cariths close frequency with any one of the tower’s,
resonance occurs, vibration of tower reduce armbofdor increase. The mass ratio between coradodrtower
and damping ratio of corridor supports lead to kinperformance in symmetric tower situation. Thead
difference with symmetric tower situation is thgrashronous driving principle, that is, the absolute
displacement of corridor is excited by softer tovirrt the big relative displacement of corridor o will
occur between corridor and stiffer tower.
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Table 2 Main Parameter Study Cases

Case| 4 W | Wy a, ' $eo | A Remark
B3 |3 3 | 1~7@1 | w, 0.03 0.03 | 0.05 Change @, , @,
F4 1~-7@1| @, |3 3 0.03 0.03] 0.05 Change &, ,
F5 3 3 1~-7@1 2.23 0.03 0.0B0.05 &) Change w,
3
Change w.,, w
F6 | 3 3 1~3@0.5 ¥ -w,’ | 0.03 0.03 | 0.05 2 g€ Gty e
3. | keep w,"+w, =%
s |3 3 512 512 0.10 0.190:01-061 change A, ,corridor &
@0.10 = | towers resonance
k -~ -
F10 | 3 3 212 212 E/lOO,k =&, | 0.05 @ | changef,,¢.,, corridor &
=1~7 towers resonance
k .
F11 | 3 3 | 212 212 | 27100 1405 | 0.05 change{, , corridor &
k=1~7 towers resonance
changeu.,, ., ,
F12 | 1.41 423 1~7@1 | w, 0.03 0.03 | 0.05 9860 Aoz
keepw, = a,
F13 | 1~7@1|5 | 3.54 3.54 0.03 0.03 0.05 Change ¢
0.49* Change @, ,,
F14 | 3 5 | (k0.95), | y¥-w? | 0.03 0.03 | 0.05 Lo
_ keepw,’ +w,” =3
k—1~7 c2 cl
F16 | 3 5 512 212 0.10 0.100-01~0.61 Change A, corridor & left
@0.10 tower resonance
c | corridor & left tower
F16a| 3 5 |212 2.12 0.10 0.10 0.05 2 | resonance, 1=10%%* ,
§ k=1~7
2k/100’ 3 Changécls 5(;2 ’
F17 | 3 5 | 212 212 |\ 217" | Féa [0.05 ® | corridor & left tower
= | resonance,
K Ry :
F18 | 3 5 | 212 212 | 21100, 1405 | 0.05 2. | Change £, corridor & left
k=1~7 S | tower resonance,
21 £ | changef,, corridor & left
F19 | 3 5 212 2.12 0.05 (k)gl 0.05 o | tower resonance,
~7
(k-0.95)* | 100 ¢y, €., Wy, W, Change
k=1~7 resonance
K-T Spectrum, other same
F21 | 1~7@1| 5 3.54 3.54 0.03 0.03 0.05 as F13
K-T Spect , oth
F22 | 141 | 423 1~7@1 | @, 0.03 0.03 | 0.05 na g OTEr Same

" In Table 2 @ represents step of variables, uniirefe frequencies is rad/s. Unless specified, esparameters
are &=¢,=0.05A=1.

3) The principles under excitation of white noise & d spectrum are similar, besides the white-notsels
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to overestimate displacement at low frequency range

3. EXPERIMENTAL RESEARCH

3.1. Experiment Design

Experiment of dynamic simulator was performed atitpiake Resistance Research Centre of Guangzhou
University in January 2008. The model is steel-slalimn structure, the slabs made from steel gate
columns from steel rebar, they are connected vatts bThis type of model has the following advaeisdl)
Accurate mass, 2) Adjustable height and stiffn@s¥ibration frequencies suitable to be exciteddggamic
simulator (Figure 3~Figure 4).

The damper supports of corridor are simulated ditfierent stiffness tension spring pairs and sméiléels.
The tension spring pairs provide various stiffresd the wheels support the corridor when movingyr&2).

Figure 2 Damper support

Figure 3 Unsymmetrical model  Figure 4 Symmetric model

This type of mechanism has been design in thisleaed on following consideration:

1) The tension spring is more stable than comprassgiring

2) spring pair can keep internal force balanceramdxtra influence to tower stiffness

According to theory analysis, the spring pair pdes fix stiffness under working tension range, tred
stiffness is calculated as:

k1+2 = k1+ k2 ( 25)

In Eq.(25) k, k, are two single spring’s stiffness, arlq,, is stiffness of spring pair. The outer diametdrs o

spring range from 14~22mm. Varies corridor frequesiare obtained with different spring pairs suppdn the
experiment cases of this paper, the corridor isahta/along two towers’ center line and fixed pediemar to
the center line.

The dynamic simulator has size of 3m x 3m at tablé can excite the model in 3 directions and 6-0d-,
team operating the machine has rich experience.

The waves used to excite the model include whiiseydel-Centro, Taft, Northridge and simple harncomave.
The harmonic wave frequencies are selected acagptdistructural frequencies. Since the model'sdasi
frequency is within 5 Hz, the seismic records weampressed in time with scale of 1:5.

3.2. Experiment Result

Totally more than 80 experiment cases are appti@hmper support model, symmetric and unsymmetrical
under horizontal excitation. The corridor time bigtproves the above conclusion by theoreticalyamisit
stationary stage. The data will be published iroffaper due to words limitation. The experimeritamy
proves the conclusion from theoretical study, be &rings further understanding to this interestiopic.
3.2.1 Equivalent Damping Ratio

The half band width of power curve methael€lough, 2003is applied to test the damping ratio of models
restrained with different corridor supports.
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f—f
§=-2—1 (26)
f,+f,

f;, fyis the values of frequencies at frequency-responsee where the peak of amplifier muItipIyin’g{*/E ,

and in Figure 5 they are the values of the intéizedetween the curve amdixis. Results of 5 cases are shown
in Table 3 it is interesting that, for the 3 cases of theofiss symmetric towers the equivalent damping ratios
are ordered in T79r73, T85. The phenomena shows that when the frequeh@e’between corridor to tower
is close to 1, the damping ratio of whole struciareigger, even can reach 5 times of single toWee. corridor
acts as energy absorber of tower.

Table 3 Equivalent Damping Ratio

T Peak | Peak+2 | Resonance Frefg| f; f, £

5 story single tower T1| 257.70182.22 5.625 5.606| 5.6440.34%

7 story single tower T61 82.88 | 58.61 3.656 3.608 3.67®.93%

7 story twin tower T73 | 538.7[7380.97 3.219 3.151] 3.2431.40%

7 story twin tower T79 | 59.75| 42.25 3.281 3.2925270| 0.34%

7 story twin tower T85 | 700 495 3.125 3.03 3.35 %02
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Figure 5 Damping Ratio tested by half band widtlver method
3.2.2 Nongtationary State
When the first peak of ground motion arrives areldbrridor is not excited thoroughly, the relatbig
displacement between corridor and tower may o®&utrat stationary stage, the corridor will be drivand
move synchronous. Thus it is important to contnel support displacement at nonstatoinary stageeftective
method to avoid resonance to tower vibration aodeimse the stiffness or damping ratios of supppFREjure
6)

o
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Figure 6 T123 Displacement Time History
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4. CONCLUSION

The theoretical and experimental research of tawmer connected with damper-support corridor indisdhat:

1) At stationary stage, resonance between corridot@mer frequencies should be avoid to minimize the
relative displacement between corridor and toweargeasing the damping ratio of supports or matés ra
between corridor to tower will be helpful as wéalhe working mechanics is to avoid the corridorragts
energy absorber of tower;

2) At nonstationary stage, first peak of ground moticay lead to large support displacement, and some
measurement should be applied, e.g. adjustingataeters of corridor or some equipment to linst th
displacement of supports.
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