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Chapter 4 Structural passive tuned

vibration control
LR TS B = 1T Bl A

Introduction to passive tuned vibration control
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Passive tuned vibration control of SDOF system
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Passive tuned vibration control of MDOF system
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Applications of passive tuned vibration control in civil
engineering
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Introduction to passive tuned vibration control
4.1.1 Principles of passive tuned vibration control

Principles
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Passive tuned vibration control system consists of
main structure and the substructure attached to it.
The additional substructure has mass, stiffness
and damping, so it is possible to tune the natural
period of substructure by itself with the
fundamental frequency of the main structure. Thus,
when the main structure vibrates under excitation,
the substructure will produce an inertia force
acting on the main structure whose direction is
opposite to the vibration of the main structure,
which minimize the vibration response of the main
structure. Since this kind of vibration control is
achieved by tuning the structural frequency and
does not need any external energy supply for
operation, it is called passive tuned vibration
control , also known as “dynamic vibration
absorption”.
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Types of passive tuned damper
V1S R=PHEsS (Tuned Mass Damper [ETMD) :
S ANEIERZEMAESE  Translational TMD

EmANEIEREMEs  Suspending TMD
E R IEIEIZEE B 28Pendulum Tuned Mass Damper
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Types of passive tuned control
VAIERIAE 288 (Tuned Liquid Damper, f&TLD) :
S ‘A fERNEEsE sloshing damper
&%k U 24N PREEE tuned liquid column damper
First is the sloshing damper as shown

In Fig. (a). Vibration period is adjusted
by the size of the container or depth of

the liquid. Damping capacity is hl f’"‘k 5 - g M .
Increased by placing meshes or rods / / K*’ J:‘
in the liquid. | | / /

The second is the tuned liquid column
damper as shown in Fig, (b). Vibration
period is adjusted by shapes of column
or air pressure in the column. Damping

capacity is increased by adjusting the @) ®)
orifice in the column which generates
high turbulence.



4.1, 2 s shiAiE B =Bl iR Mt F M e E Advantages and

applications of structural passive tuned vibration control
Advantages

(1) BN=REHNIREIR R ; Effectively reduce the vibration response of
structure

(3) FEAEET; THEEMEN the wide range of application, cost-saving of
the structure

(3) ARLEREMHBERERE LU ERIER; providing some important
structures with irreplaceable ways of vibration absorption

(4) MUEHATHESHWIRRES], BFERTEREHIRRENRR;
Not only suitable to the vibration control of the new structures but also the
improvement of the existed structures

(5) AIRSFHAESAEHNEBESRIREIEATFEN, ~wEIR; Making the
full use of the existing structure members or devices as substructure

(6) —RMRIE, KAEH, T4 Ak, LBFEIIENHRSEPRE!

Once installed, they can be used permanently without repair or
replacement



4.1. 2 LE e ahE LS R = ST HI A O AR M A0 N A Se [l Advantages and
N AFEE: applications
(1) %E\ _I%_E\ E%EE&VFL;
multi- storey, high-rise, and super high-rise buildings;
(2) SHIEBR. WEETF,;
high-rise towers, chimneys and other structures;
(3) KEEMHRE;
large-span bridges;
(4) GFFaskH HMmIFMaE;
offshore platform or other special structures;
(5) EREFYN “MERE" -

Adding vibration absorption layers on the existed buildings
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The building vibrate slightly under wind
excitation for long duration, which makes people
inside dizzy. To increase comfort of working
people and function of installed machineries and
equipments, the dampers are needed. The TMD
was made of 41 layers of 12.5cm steel plates

i Renderi f Taipei 101 Buildi
welded together, over 730 ton weight. g e

& 16101 K BE R FE JE 4%
Wind dampers of Taipei 101 Building
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Wind Damper in Shanghai World Financial Center



4.2 HRBEMWENELER RS
Vibration control of SDOF system with TMD(TLD)
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For a shear MDOF structural system under earthquake
or wind action, the vibration response of the first mode

account for more than about 80% of the total response

of structure. Thus in engineering practice, some MDOF
structural system can be approximately simplified as an
SDOF system with the same fundamental mode.
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Vibration control of SDOF system with TMD
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The are two types of excitation on the structure. one is the
excitation directly on the main structure (such as wind, waves,
machine vibration, etc.), and the other is ground excitation
(such as earthquakes, environmental vibration, etc.).
According to the frequency spectra, the external excitations
can be classified as the harmonic excitation (vibration
machine), and the random excitation (earthquake, wind,
waves, etc.)



4.2. 1 FLEERER E ISR BB R R TS
Tuned vibration absorption system under direct
harmonic excitation

Passive tuned vibration absorption is -
adopted when the machines in the ———=
structure vibrate and directly act harmonic _
excitation on the main structure. &

The dynamic model of SDOF system o MR
passive tuned vibration absorber is e

showed in the pictures -
T




4.2.1 EEMEET EIEEREL R EEE
Tuned vibration absorption system under direct
harmonic excitation

m, K, C, arethe mass, stiffness, and i )
damping of main structure respectively. |
my Ky Cy are the mass, stiffness, and _
damping of the substructure respectively. K
P(t) is the external harmonic excitation, I, mdn i
P(t)=Pysinwt — _
X, IS the displacement of main structure —iz]

X, is the displacement of substructure =~/ /7~ /////



76 FH Jé 145 14 1 B = 45 i Vibration control of
undamped structure with undamped TMD

m,X, + (K, + K, )x, — K X; = P(t)
My Xy + Ky (Xg —%) =0
Calculating by the conversion function method (%% #t 28 50122
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Where, his the ratio of the frequency of external excitation

to the natural frequency of main structure.
w I1s the mass ratio of substructure to main structure.
f is the natural frequency ratio of substructure to main

structure.




(1) when the natural frequency of substructure w 4 equals the that of
the excitation w, that is o 4 = o, then f = h.
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X,=0 shows that when the main structure is under direct harmonic excitation,
In order to achieve the optimal tuned vibration absorption on main structure ,
the natural frequencyw, of substructure must be equal that of the excitation
w. When w,- w, an inertia force is exerted on the main structure by the
substructure to make the structural vibration disappear, which equals to the
value of external excitation force with an opposite direction. And this is the
mechanism of passive tuned vibration absorption
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(2) When the frequency of substructure is equal to the natural frequency
of main structure, o= w,, that is, f=1,
If the main structure resonate with external excitation, that is:

w= w,, h=1

The displacement x, is zero:  p
X, = ?0 A=0
1

X, =07 B 24 T2 S5 MR SNl A s SRR IS, A TR S5 a8 B s LR
R R AR B A AR EE T EA M B AR, o= o
Hog= o, =1, XAFERPE, U2 ERA-hiliZ.

X,=0 shows that when the resonance of the main structure was
triggered by the external excitation, in order to achieve the optimal
tuned vibration absorption on main structure, the natural frequency of
substructure w4 should equals to that of the main structure w, , w= o,
and f=1. The different A,-h curves can be obtained with different u.
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When h=1, A,=0, that iIs:ws=w, =m, the structure achieves the optimal
control effects. But there are two peaks on the both sides of the h=1,
which indicates that if the excitation frequency deviates from the
structural natural frequency, the main structure may produce large
vibration response. Therefore the tuned vibration absorption system
with an undamped substructure is only applicable for the stable
external excitation frequency. In order to make the vibration absorption
system applicable to a broad band of frequency of the external
excitation, multiple substructures can be installed.
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When h>2.5, A, tends to zero, which indicates that tuned damping
system is especially suitable for high and flexible structures with
low natural frequencies, such as high-rise buildings, high-rise tower,
etc. but not rigid structure with high natural frequencies.



A PH e 145 4 1 U 1 RZ $2 1 Vibration control of

structure with TMD

The equation of motion of the SDOF system neglecting the damping

of main structure, that is C,=0:
mlxl T Cd (Xl - Xd ) + (Kl T Kd )Xl o Kd Xg = P(t)
mdxd +Cd (Xd _X1)+ Kd (Xd _Xl) =0

i) B FH 2 it ok B B 7 VR HEAT SR P 45 AR S R AT
M SN ] B F TR Z 4

Similarly,, the displacement of main structure
and dynamic amplification factor can be solved
by the transfer function method:
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(24;h)° +(h* = °) ;

AT E R (0 1 ah?) + [ P02 —(h D0 O

f—— FHEWS EEWHEARE, f=w/o;
h — SN S TR 2RI b= /w4
p TEMSEEBEERR, i=m/m, .

Where, f Is the natural frequency ratio of the substructure to main
structure, f=wy/w,

h is the ratio of frequency of external excitation to the natural
frequency of main structure h=w/w,

w 1S the mass ratio of the substructure to the main structure, u
=my/m,



Aq(h)

T e .
12l IR AT AY G whené, =0, it is the A;-h
F:IU " 4 e N2 ‘,1 | curve for tuned system with
8 ;' N undamped TMD
AR i Whené ==, it is the the A,-
* L T h curve for tuned system
u‘"'T N S for conventional structure.
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B 14-1-3 ARETSREK ACS L AXR i
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whené,=0.32, it is the curve for energy dissipating structural system

with large damping. because the relative displacement occurs
between the substructure and main structure, the energy
dissipation is more prominent than the tuning effect
whené,=0.10, it is the curve for the tuned vibration absorption
system with damped TMD,



A(h)

16 T T }
Il 1 ?Ff 05 Cﬁfff; For the §,=0.10 curve, there are
;:luzn ; “'A 032 v three features: (1) there are two
" a7 N | peak on the both sides of h=1;
P AN AN (2) the peak values are much
4 AT T less than that of conventional
of T M T=Ss{  structure; (3) the curve groups
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The optimal tuned vibration absorption structure can be
achieved by selecting the optimal frequency ratio and
optimal damping ratio to make the displacement response
of main structure minimum.
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.The figure and formula of A;shows that: the different f, y, and ¢, correspond
to the different A;-h curves. To get the minimum peak of A,, the following
conditions should be met:

1) The two peaks value should be equal,

2) one peak value coincides with one of the intersection points of the curve
groups.
when the above conditions are met, the optimal frequency ratio and
optimal damping ratio can be obtained: A
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Design of TMD system under direct harmonic excitation

Target: to make the displacement x,
or dynamic amplifying factor A,
less than the allowable value [ x, |
or LA,]

7 E W R i ) H bRl JRL A, ]
‘E I]%[Il:iu‘lmﬁz [Al]

L ]

R EEN AR A=

MBRARW R

l m]

HERKBIEL fo

Y

i BB L Lo

l

HRMBESMIE 2 B A

¥

— % -Tl*'-‘-_‘;[-fl:l 'Anptiffhj
 MEEE
e




4.2.2 BEHLARTBELE B =TT

Tuned vibration absorption system under random excitation

M HEHRTERN S BITER, Al 45
CANERE LY IV U7 o O A E R I R R .
/b T HIIRBN SN x
The action by wind, sea waves on the N
structure can be treated as the direct =5
excitation, the dynamic response of )

main structure can by reduced by e
adopting passive TMD or TLD. T

Equations of motion :
M, X, +(Cp +Cy )X + (K + Ky )X = Cy Xy =KXy =W (t)
My Xy +Cy (X4 —X) + Ky (X3 —%,) =0
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Tuned vibration absorption system under random excitation

Dynamic model is shown in the picture.

Where,
m,, K;, C, are the mass, stiffness, and |
damping of the main structure BN
respectively. Yl
my, Ky, Cgyarethe mass, stiffness, =
and damping of the substructure —e]

. T
respectively.

W(t) Is the random external excitation.



R EEERHINIRE SNy, AR AR H BR800 . A5 IO SOVX (t)
53R ZIW(E) F 1% 14 R 2N G (w), B
The transfer function method can be used to solve the displacement
response X, of main structure. Assuming G (w) is the transfer
function of displacement response x,(t) of main structure and the
excitation W(t), that is:

G(w)= x,(t)/ W(t)
WREALEIR Dy H R R RN RE, HARRE B NSy, W 35 M A% S B
X, FRI ARG 5 N -

Assuming the excitation is the white-noise random process and its
spectral density is S, Then the spectral density of displacement X Is:
S, (W)= G(w) -S,

FEEFINLRE S Bix, BT 29 -

The variance of the displacement response of main structure is:

, O
ol =2

» 2
" o, _OO|G(a))| dw



Glw) = (flof — o + 1284fw)) /Z ()m,
Z(w) =w' — [1 4+ u(1 4+ f7) + 448 Jwbe? +

Frat — 1208 + (1 + 08 Jo* +

(g, + pfE2f wie
R AR R G (W) AN T Z A, ST 2K T, 3 H 5/
{6, BV AI15 3]s i b Al e L Je EE -
To get the minimum value of displacement variance, Substituting the
transfer function G (w) into the formula of displacement variance, and

differentiate the formula, the optimal frequency ratio and damping ration
are obtained:

¢ _(1+050)" £ [ #0075 ]—%
opt (1+ 1) opt 4(1+14)(1+0.5 1)



LA EPRAE T ANNLAS SN ) 7 22 w19 8 /N T 2% -
The minimum variance of displacement can be obtained by
substituting the ¢, and f,

2 27Sym [1+0.75,u o
lemin k2 L)

A ErT Rl 3R TR E Y, Beb FE 850 BN [ vix,
My /N7 7, B R R iE = ROk . B b2 LEp{E RS K
. TARITR AR Qo AR R

The minimum variance of the structural displacement response
X, can be reduced by increasing the mass ratioy, that is, the
tuned vibration absorption effect is improved. With the
increment of the mass ratio y, the optimal damping ratio of the
substructure ¢, will be increased correspondingly.
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Tuned vibration absorption system under earthquake
excitation

For the SDOF system with TMD under earthquake excitation, the
equations of motion:

m X, +(C, +Cy )% + (K, + Ky )% —Cy %y — KXy =—m X,

Mg X4 +Cd (Xd - Xl) + K, (Xd - X1) =My X

AKEX,, xg KEAFIERBUE. WELEWAF ]
AL R X, (t) Kox, () SEtEMRENE | K,
12 R 2 AH, (w) KHy (w) e

The transfer function method can be | "
used to solve the displacement response x; I
and x4. Assuming H, (w)and H,(w) are the ;
transfer functions of displacement response
X,(t) and x4 and the earthquake acceleration
respectively:

To
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the transfer functions H,(w)and Hy(w)are as follows:

AP
X, () X, ()

H, (@) =

AT ET O, wEIKRZAEERBIAR, BENEEE RS,

0| £ 5 FRFLE RN AL A8 [z R x FlIx B ST 25 9 -

To simplify the analysis, assuming that the ground motion is a
white-noise random process with an spectral density of S, The
spectral densities of the displacement of the main structure, x,
and that of the substructure, x4 are as follows respectively:

S,, (@) = H; (@)S,
S,, (@) =H(@)S,
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The variances of the displacement response x,, X4 are
respectively

S, Sy
ci = - |H (oo)| do Oy, = o s- \H(m)\ do

ZRNEE, ARSELEMBR R, & TS5 E8EME
3L d =X XM FE

The variances of the displacement response x, and relative
displacement of substructure and main structure d ;=X;-X
can be solved by integrating the above formula:

o R'Sﬂﬂ.lﬁ ' L 7o _ 264
ol = zcd,uﬁ“+[4(1+”’)ﬁ (2 4+ @]+ QA+ i
Ay = o [t (L4 ]

! 24038
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TS
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B LA 1) AT RO FEER R E L5 HE T A %6 =X X, HY
FE, AUBERSFEMBEREL T AR

The above formula shows that: 1) the damping ratio of the

substructure can be increased to reduce the variance of

the relative displacement 6,=x,-x; of the main structure and

substructure.

2) AT EEEHNB N EER]D, MKSFBFTE, A
BHERER RN TEASIRRL .
In order to get the minimum variances of the displacement
response of main structure x,, let the derivative of {, be
zero, and the optimal damping ratio (,,, of the tuned
vibration absorbing substructure can be solved.

[+ (1 + p)2f?]
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When design the tuned vibration absorption structures, Let
w4= w,, Namely, =1, then the minimum variance of
displacement of the corresponding main structure and the
relative displacement of substructure can be obtained:

f =1 eaopt _ 0.5\/;
2 in = 27Soy (L4 p1) | i
Gglmin — 72.80 [(1+ :u)z + ,Ll] / 2§optlua)12
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Passive tuned vibration control of MDOF system
T EEEG. @B KSR, N
MR N, AT R AR 21 1 U k= 42 AR AR
For high-rise buildings, large-span structures and other flexible
structures, passive tuned vibration control system can be
adopted to reduce their seismic response.
RZmEERm B S YA, Al PRy Ba 24
R H 2 HHERR . RABSIAERGR R, BINZ i R4
R FE R0 B VA 1 R A% )

Many shear structures such as high-rise buildings can be
simplified as an multi-degree-of-freedom system, which can

adopt passive tuned vibration control to reduce its seismic
response
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Passive tuned vibration control of MDOF system
R AT =740, Wiztdt—kEx TR, D5
— IR A I KALAE, NITTIE BB LRI HIROR . AT R E
Zi TR R — DT E R . WREZ D741, Bl
THAR G E, Hich it R ITAEARMHEE .
If there are only one substructure, to achieve the optimal
damping control effect, which is generally installed on the top
story to control the maximum displacement of the first mode
vibration. Our discussion is limited to the case that only one
substructure is installed on the top floor of structures. The
calculation process is almost the same for the MDOF system
with multiple substructures and that with substructures installed
at other floor.




A shear high-rise building installed a TMD

on the top floor is taken as an example to : ‘ 'l

demonstrate the passive tuned vibration g 1,.

control of MDOF system: [mtcr o=
Where, m;,m,,.....,m,...,m_ are the masses %

of the floor 1, 2, ... |, ... n respectively. | —"

X1, X, ..., X, ..., X, @re respectively the relative ] TR

displacements between the floor 1, 2, ... : /_ A, Vd

l, ... nand ground (i P

m, ,K and C, are the mass, stiffness and

damping of the substructure respectively j_L

X4 1S the relative displacement between

substructure and top floor M 15-1-1 MR 2 M B

¥ Is the ground acceleration M 904

9




Equation of motion for the MDOF system with TMD

[MI{3+ [CI{RF+ KD {E J(Cy Xy + Ky xy) = ~[M {13, (1)
m, (Xg +X,)+Cy X, + KXy =-my X,

X2 0t R A ) EIRIE B AR, Al ds PRI o R SR A

The above equations for MDOF system can be solved by
using mode decomposition method

ZEr e ERE RS RA R, TEM TR, PRSIk
RUONEZEHPR

The TMD is installed on the top of the MDOF system, mainly
aiming at controlling the first mode of vibration
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In order to control the displacement of the first mode of the structure
efficiently, the optimal frequency ratio and damping ratio must be
selected in design.
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The figure shows that, if the mass ratio keeps a constant, in order to
achieve the optimal vibration control, the optimal frequency ratio of the
system, f,,=wy/ W ; Increases with the degree of freedom of the
structure while the optimal damping ratio of the substructure,

Cop=Cd/( 2Jm,K) reduces when the degree of freedom increases.
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Engineering application of structural passive tuned vibration control

238 K A ) TR VR 42 1 N A DA N A T AR
The application status of passive tuned vibration control domestic and abroad is
as follows

(1) Types of tuned substructures: two types of tuned substructures are widely
used in engineering. One is tuned mass damper( the supported or suspended),
the other is tuned liquid damper

(2) WigERE (Jr> Hir: FHITREN KR 2 BB, & LAt X
BANFEHR.
The objectives of tuned vibration control: Aiming at passive control on
structures under earthquake or wind by tuned vibration absorption

(3) B EIRES R ZE 2 53 AR N B 45 K 2 Ho ke = = i
mEmEEER, REERREE.
Types of structures by tuned vibration control: early application of tuned
vibration control are mostly super high-rise buildings, high-rise towers and large
span bridges.
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Engineering application of structural passive tuned vibration control

(4) Application examples in China(including the proposed projects):
Shanghai TV Tower(TMD), Nanjing TV Tower (TLD ) , Zhuhai
Jinshan Building (TLD), Jiujiang Yangtze River Bridge( TLD)

(5) Engineering applications abroad
USA: 4 Z)46jiE K% Citigroup building in New York (TMD) , 5 -+
25 %18 John Hancock Tower in Boston (TMD)
Japan: T &M 38 Chiba Port Tower (TMD), #& X/$& Fukuoka
Tower (TMD), KI&H1%715 Nagasaki Airport Tower (TLD), V=T
fiii £ Yokohama Port navigation tower (TLD), i F 14Uk Shin
Yokohama Prince Hotel (TLD).



