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Earthquake Response Control of a Building with a Tuned
Liquid Damper Using Hybrid Experiment Method
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ABSTRACT

A real-time hybrid method, in which the experimental implementation and the numerical
computation of a structure are simultaneously carried out in real-time and combined on-line,
has been used as a dynamic testing technique of structure to investigate its dynamic
behaviors. In this paper, an experimental hybrid method, which implements the earthquake
response control of a building structure with a TLID by using only a TLD as an experimental
part, is proposed and is experimentally verified through a shaking table test. In the proposed
methodology, the whole building structure with a TLD is divided into the upper TLD and the
lower structural parts as experimental and numerical substructures, respectively. At the
moment, the control force acting between their interface is measured from the experimental
TLD with shear-type load-cell which is mounted on shaking table. Shaking table vibrates the
upper experimental TLD with the response calculated from the numerical substructure, which
is subjected to the excitations of the measured interface control force at its top story and an
earthquake input at its base. The experimental results show that the conventional method, in
which both a TLD and a building model are physically manufactured and are tested, can be
replaced by the proposed methodology with a simple experimental installation and a good
accuracy for evaluating the control performance of a TLID.

* Aojd - gEyEn 54 fRdddTh, ATALAA

** A - dadga AE5dE AT, dAFAL

Kok HEY cdF3gda A5 dE5FEy, 2 (kwmin@dankook.ac kr)
wee SHAIS Y - AF WS A AS5IH, HIAA

wiorn B - G didtn FA eRdYgATL, A

- 527 -



1A 8

52 43 74 7](Tuned Liquid Damper, TLD)E % X+ F5F T2E AAFAN=2Z ZHE
2okl A&EA g 4F 2 FAHAN 2d2 g& A7/ FPHUAN TLDE 724 e=
BAEAES 3y dvtd oz M3 TMD 2Ato]Z(analogy)& AH&3ted s4 &) Y. H et al
(1995)& TLDE A%FE BAAZ o249 TMDE 2AHssle sjAdstgc. 23y, 388 As
YL falMe B=A B d¥AE S nsiol stH, olo i Be& A7 #AHAUM J-K, Yu
et al’ (1999)¢ TLDE®E w4 sFzde we w4y 2Z-74 29I (Non-linear
Stiffness and Damping, NSD)2 2|43 %7} TMDE 33t sy sgot. 28y of2dk A3
A7e AR HAFAFTES BARIA R, 44 F2ES F2 AL AFA TLDY A&
g GAE RS H &3] AYsrId B ol Akt e AU Bel mEnt wtA o
2 o2 &2 WA HAs B =RdME solHes AEye ALY A4y wRe 2919
M Ee et AF-2ZY-AHR o] Fox FREA R HAE TLDH dJA=
AFE] B =FAqA ALEE dolBeS(hybrid) 48 £ FETX Ao o8 ¥4

2 A5dEd. o2l stolBs AYPAYHE AFEY FFH HAH §gF ALl T
2= Aoz HEE md=ld)y) ?]—E— A28 A o]7)(tuned mass damper, tuned liquid
damper 2 active mass damper$)9] AAEA E AoJAFE #<¢d= H v § FE&5TH B =
ol s AtHE delEls A¥yPe AFY ZAUA FX AA FH7)(tuned liquid
damper, TLD)T+-& AP A2 o] &3le] TLDA7]E BXNFHAEY A sE 2Pz B3
= d A8¥ F Uk

2. 4% 4y

of HoAlAE UntHog B =R Adtdt AP FIZAHE £33 L EHA duiz 1@
gt stolHelE Ay W Hdile 2913 2ol TLDS A€ AAF

o] BAWAM Eejstd, TLD 4@F9 T2 FAHYRE UxAn 2
Had 2=Ag AFstd JRlEE 5 259 AAY FESES Ao FEd =g
| FAAAFED 7B FRFe Tz HAAT sHxEHA "ok 714 R R 72
& TLDA AEe Aolgoz Aojgh

Do

Experimental
Part

Cutting at
TLD interface

Numerical
Part

- 528 -



agle FANE Trge FREd Hade AR @y TLDY A", i(t) 3 71z
Agete ANIMEE, z(t),9 1S wa nle AREE 2 A9y TxEY LEUHAL
A ()3 2o

[m{ Yi&)}+ [ { Vi) }+ [k { Vi) }= {2, ()} (1)

A7, (Yt} idA 2o Aasgels, {pt)}={-i(),0, .0, e2p(8) + k2, ()Y = Ao
nol 9y stFHE oy, i(t)E TLDAAM AZE Addolnt, 28 A 73 2 7#AA4g8 e
2(2)9F 2,

My, Cy -C,
m, —c¢, ¢, tC,_ 17 Cho
(m]= ' , lel= .. . . :
My c3tey —eCy
™m, —cy Ccytcy
k"’”. - k!L
-k, k,tk,_,—k,_,
[k]= : - (2
ky+ky —ky
—ky Kyt ky

{z)}= 141 ()} + (B {u(t)) (3)
{o@)}=[Cl{zt)}+ [DH{u(t)}

i71M, i=1~nd u, ol 2xne Auuees  {z@)= {nO} {no})’
y,(t) = Y,(t)— 2, () o1}, Zo] 2x19) A@uEE {u(t)}= (ilt),z,(t)) 013, Hol nel Hz e

= {oW)={vit)}eltt. Niaw ga [(4],(B),[C],[D]= Z+zt o] 2nx2n, 2nx2, nx2n, 2nx2
& 21 g 2 d@~(NME TR

H

0]7X7 11><71 ]

{ 'kl - m]”[C]
B {0}7 1 10},
a { 1{b} ~1}J ©
=[- ~Im]" el 6)
= [ 1{b} {o}ml 7

- 529 -



A71A, 013} e ZAZ 4ol nxn9 g8 L @gdeln {0} {-1}x Ze] nxi9 0%
-rel gom A Uk {b}E Zol nxlg] wWEHelw (1 0 0 073 o}

3. 434 HF
of BAelMe 1y1e] AHFH wFd dneFe] A 2P AFE HEH. oA 7xE

L GARER TSR AP 2929 2ok APALRLS ddEa Medlvs 24
gedy drad dA=Hcgla, TLDAPA S #4342 ASFHA 3lemxl4emx24emol v oA
2% IXEE F7]d AYPtEol (Lamb)e AH&ste BxdAT GARE oA FRES 2
drgdoz %3 FolE 06m, 1.0molH &aiue IAFL 1697kgE FAHHAAL, A2d HEE
TR 715 AL 1011.66kgf/m, FHAFE 1.49kgf « sec/mZ AU APA e ¢
% gl s 7Y, d9d 2=Ado] AFde FEHUL, WEH FHEHS EY

Elgt7] g A5del &= AAME EF39. dolH £3% dAE Aode 4N UAdE A
3 Hgr1(DSPYE &3 s Heoly 3 Bz Fd ¢dFE FAHE /tEx: % 224 b
ol & A5l olgma-tJxE WI(AD convert)dtE 715 T LabVIEWS 22 Aoj§ T2
Holl & AdE HHASE tAE-olg2Z2 2 MDA convert) e 715 & FP&o 8Ad
olH 3 Al2®& NI SC-2345 BNCAHolE A9YE 7t 129 NI PCI-6052EL. 2 o] Fo] A 3t}

transducer amplifier

Voltage acceleration signal

BNC Cable Connector

rT“"ed Liquid Damper PC forcontrol  Data Acquisition Board

[NILABVIEW] PCI-6052E

Control signal

acceleration transducer

’ T EEEn ; o M?m
Shaking Table Drive

2 2. TLD stolHe|lE AyAade HEE

AsdE AHFHY DAMIL 8 AojAzol wal &3 o), olu AAYFE e B
Az AFdeA ZAE A3ZE MEZ Ho|d FEF3 AAg Fterh waA Jdsds %‘%‘d
gle] BAHEAE AN Al 283 (FA)e Zo) AFdelA AL MHEENSE 9F
2802 3= AUy dALIFLE SAHFAUD, 13 (A} 2ol A
3 sl o2 HEF Uy ARH oz P33 5319 AEY dHEHFE 2
@3 23 ol AFuiet HHEANEY FHA5EHE HAYdE F

0 fot

- 530 -



---- Experiment .
~—— Approximation |1

Amplitude

1‘5 20

-200+ |

Phase

-400 ; X )
0 5 10 15 20
Frequency (H2)

a2 3 NEWD o HYEs

G \(s) = 0.65° +945* + 10,7465 + 498,200s* + 167,1245 + 108,216
s +204% + 15,9005° + 8,2525° + 4,6765 + 405
A7IA, st HEex WS (w)olx, it Base HSyeeolt
AEY Aor)e EHE A=) 95 wHEAsE 2AAL =9 El CentroX| A& AL4351

Az A 249 & cdolge vasigon, 18 49448 g 2 2E AL RAFTh

(8)

m/s®)

— Reference

Acceleration
o

o 5l 1|0 1I5 20
Time (sec)
I8 4 XNEW SHEMe 2d Zu

2%l A A stolr = A¥WE HFEy] s 295 o] ArlE ALY A
£ o4t A7 LabVIEWE F8 Zgect Aozl FxE daAfE FAHH qATEE0
TLDo A Aste Aojde 2=dd oz 4549 i(t) 983 Av7tE= 48 Adstd
AATEE 159 ot mst A o 1% Hdrt&eys BEANE7 H1 s d4
g3t dHE 533 AojAE e 53 AgUE e T2 Hogi
B =FoA Agtsts sojdds Ao AF5ES A 4704, El Centro, Hachinohe, Mexico

City, Northridge 7t4 % A Hg Agsigon Agdsl Ao %A 1m/s'2 F& 27dshed
Q
Kok

AYatgrt. B EE sl TLD-dA 7229 dubdoldd s TLD-dlolHas H4PWE o &%

slolpEle Agow Rustd AxEAD A¥AFE 2W6~7) YJEFGSITH

- 531 -



Control computer (LABVIEW)

I L L R R T R Y R T P T P PPy Y P TP YN PP P TR Y -
.

Interaction force #(7)

]

Dynamics of
Ground motion Structure System

r,(1)

control signal Inverse Transfer Function
of Shaking Table

Tuned Liquid Damper

2 5 stol2El= 2SS ARE HE Moo HA

33 6. & TLD-8lolHE = o] 2 Hlxo] 48 ZAAE Apgd ©
Bl A () Boh AAA(EA)EH] BN FolSo AR FxEo 2
Atk 28 7.8 AAFEEN A€ TLDY Aol A stelBg= 7|He] o8] FEE AojA
SHE ¥2Z% Holtl, Mexico City, Northridge AIL Ao ¢d A= AL

Centro, Hachinohe A/ 3toll tfaiX ¢zt 9x7F A&E & F Ut oA A&H
goie =ol2 HEY HEAUNAAN e Ao 7] Aog Bt

(acceleration: g )

El Centro
T T

02 T T
no contro! (H)
0.1 control (H) |
0 [ \ /
-0.1 t
02 1 1 I t @ 1 ! 1 i L
0 5 10 15 20 25 30 35 40 45 50
Hachinohe
02 T T T T T T T
01 -
0
0.1 - -
02 1 ] i ) 1 | I
0 5 10 15 20 25 30 35
Mexico City
0.2 T T T T T T T T
01 -
0 TP S ) e 1 l ]
Wi e W
01 -
0.2 L L L L i { 1 1
o 20 40 60 80 100 120 140 160 180
Northridge
0.2 T T T 9 T T
01 -
0 F‘—W\f\/\/\/\/V\/\/\/VWNV\/\/\/\/\NWWWW/\/\/W
01 | i -
02 I I 1 i L
0 5 10 15 20 25

time{sec)

@ NZt g9

- 532 -



(g“sec)

El Centro [
120 80 Hachinohe
no control {H, [
100 - control (H) | 70
I
i &0 ]
80
50
i
60 r 40 E
a© % 1
| 2 " |
Jy
i j ' \//\ ? L/J\/v
| A o
0 05 1 15 2 25 3 03 05 : 5 2 25
Frequency (Hz) Frequency (Hz}
180 — Mexico City N 70 Northridge
160 1 I ]
140 4
50 1
120 ¢ ]
100 40 J
80 1 30 1
60 -
20 1
40 1
20 4\\ n ) ° \/\J\
W W LT AL . Y M
0 05 1 t.5 2 2.5 3 0 0.5 1 15 2 25 3
Frequency (Hz} Frequency (Hz)
(b) Zats ¥
a3 6. TLD-stoldels A E 2o}
{acceleration ;: g) El Centro
02 T T ¥ T i T T
01 L TLD-structure (G)

= TLD-hybrid (H) |

0
01 F «i
02 | L ! i | : | 1 i ! ;
0 5 10 15 20 25 30 35 40 45 50
Hachinohe
02 r T T T T

0 5 10 15 20 25 30 35

Mexico City
T

02 L ] I ! i : . | ! ]
0 20 40 60 80 100 120 140 160 18C
Northridge
02 o 7 g
0.1t ﬂ
o M\WN\N\N\/MV\MW
| i
01 - i
02 : i i R i
0 5 10 15 20 25
time(sec)

(a) A| 71 oded

U o=

- 533 -




(g”sec) £l Centro Hachinohe

40
TLD-structure (G)
80 ——— TLD-hybrid (H) ] 35
70 1 30
60
50
40
30
20
10
g 05 1 % 2 25 3 by Y 1 s 2 25 3
Frequency (Hz) Frequency (Hz)
120 Mexico City 16 Northridge
100 1
12
80 10
80 1 8
40 1 6
4
gV N
0 0 0‘,5 I1 1‘.5 “ 2 23 3 ¢ 0 0.5 I1 1‘.5 é 215 3
Frequency (Hz) Fraquency (Hz)
(b) Fot4 G
a8 7. oM Fx=E AgZAaet TID-5loj22 =2 AEHZ D (HolAl)
4.4 &
2 =xdME stolReE AYRE o8t TLD7F AXE FE2E9 A2EH Aodds e g
AT & =& AATEES AYAE AZse APsy] ol Aol a1 AL wE
FAEHE Aol JE FFE nH, Az AFde TLDUE o] &3 AYPste A3
ooy, 397 AR B F A%l A dATFREL AL FolEy= APUL AEFHA
o HAEA $EE Hole TLDE HAY TRELS 438 F3l9 HAFsdol &, & =82
AA Aol717 AAE FERE THE B =M At dlolEds AYYP S Tk Hr)
g+ AFE BAFUNG FF TLCD, TMDe 22 FHE o719 AoHs S ¥ =AM A
et slolRFE AYWE F4 A3y ANM o Be AU Apgslel solnds 4
He dFeorsta, Hla AFE A dATFZEY BT AxdAdy o2l $HFEES
o FHA7IE =Eol oy Aoz Atz

of Ate HVIER/FTAGAG $5AT A FAHAY(RI1-2002-101-03004-0)% AL LE R
7 EdSn ARAMTE WL AN @ 0068 AMAYVEATALAY (054
5A1050001-05A0505-00110)2) AHoz Fagen oo ZAl=Huyt}

2
2
@)
—
=)

1. Y. H Chen, W. S. Hwang, L. T. Chiu and S. M. Sheu, Flexibility of TLD to High-Rise Building by

Simple Experiment and Comparison, Computers & Structures. 57, 855-861, 1995

2. J. K. Yu, T. Wakahara and D. A. Reed, A Non-linear Numerical Model of the Tuned Liquid
Damper, Earthquake Engng. Struct. Dyn, 28, 671-686, 1999

3. 8. K. Lee, Study on the Shaking Table Testing Method Based on the Substructure Method

Considering Dynamics Soil-Structure Interaction, Ph.D. Thesis, Univ. of Tohoku, Sendai, Japan. ,2004

4. H. Lamb, Hydrodynamics, 6th edn. Cambridge University Press, London, pp. 619-621, 1932

- 534 -



