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Seismic Response Reduction of Eccentric
Structures Using Liquid Dampers

Linsheng Huo and Hongnan Li
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1. Introduction

The installation of vibration absorbers on tall buildings or other flexible structures can be a
successful method for reducing the effects of dynamic excitations, such as wind or earthquake,
which may exceed either serviceability or safety criteria. Tuned liquid column damper (TLCD)
is an effective passive control device by the motion of liquid in a column container. The
potential advantages of liquid vibration absorbers include: low manufacturing and installation
costs; the ability of the absorbers to be incorporated during the design stage of a structure, or
to be retrofitted to serve a remedial role; relatively low maintenance requirements; and the
availability of the liquid to be used for emergency purposes, or for the everyday function of
the structure if fresh water is used (Hitchcock et al., 1997a, 1997Db).

A TLCD is a U-shaped tube of uniform rectangular or circle cross-section, containing liquid.
Vibration energy is transferred from the structure to the TLCD liquid through the motion of
the rigid container exciting the TLCD liquid. And the vibration of a structure is suppressed
by a TLCD through the gravitational restoring force acting on the displaced TLCD liquid
and the energy is dissipated by the viscous interaction between the liquid and the rigid
container, as well as liquid head loss due to orifices installed inside the TLCD container.
Analytical and experimental researches on this type of vibration reduction approach has
been conducted, in which viscous interaction between a liquid and solid boundary has been
investigated and used to control vibration (Sakai et al., 1989; Qu et al.,, 1993). Their
experiments, defining the relationship between the coefficient of liquid head loss (as well as
its dependence on the orifice opening ratio) and the liquid damping, confirms the validity of
their proposed equation of motion in describing liquid column relative motion under
moderate excitation. A variation of TLCD, called a liquid column vibration absorber (LCVA)
has also been investigated, which has different cross sectional areas in its vertical and
horizontal sections depending on performance requirements (Gao and Kwok, 1997; Yan et
al., 1998; Chang and Hsu, 1998; Chang 1999). Yan et al. presented the adjustable frequency
tuned liquid column damper by adding springs to the TLCD system, which modified the
frequency of TLCD and expended its application ranges (Yan and Li, 1999).

Multiple tuned mass damper (MTMD) which consists of a number of tuned mass damper
whose natural frequencies are distributed over a certain range around the fundamental
frequency of the structure has been proposed and investigated (Kareem and Kline, 1995).
The results showed that an optimized MTMD can be more efficient than a single optimized
TMD and the sensitivity of a MTMD to the tuning ratio is diminished. A multiple tuned
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48 Vibration Analysis and Control - New Trends and Development

liquid damper (MTLD) system is investigated by Fujino and Sun(Fujino and Sun, 1993).
They found that in situations involving small amplitude liquid motion the MTLD has
similar characteristics to that of a MTMD including more effectiveness and less sensitivity to
the frequency ratio. However, in a large liquid motion case, the MTLD is not much more
effective than a single optimized TLD and a MTLD has almost the same effectiveness as a
single TLD when breaking waves occur. Gao et al analyzed the characteristics of multiple
liquid column dampers (both U-shaped and V-shaped types) (Gao et al., 1999). It was found
that the frequency of range and the coefficient of liquid head loss have significant effects on
the performance of a MTLCD; increasing the number of TLCD can enhance the efficiency of
MTLCD, but no further significant enhancement is observed when the number of TLCD is
over five. It was also confirmed that the sensitivity of an optimized MTLCD to its central
frequency ratio is not much less than that of an optimized single TLCD to its frequency
ratio, and an optimized MTLCD is even more sensitive to the coefficient of head loss.

2. Circular Tuned Liquid Dampers

Circular Tuned Liquid Column Dampers (CTLCD) is a type of damper that can control the
torsional response of structures (Jiang and Tang, 2001). The results of free vibration and
forced vibration experiments showed that it is effective to control structural torsional
response (Hochrainer et al.,, 2000), but how to determine the parameters of CTLCD to
effectively reduce torsionally coupled vibration is still necessary to be further investigated.
In this section, the optimal parameters of CLTCD for vibration control of structures are
presented based on the stochastic vibration theory.

2.1 Equation of motion for control system
The configuration of CTLCD is shown in Fig.1. Through Lagrange principle, the equation of
motion for CTLCD excited by seismic can be derived as

pA(2H+27zR)h+EpA§‘h‘h+2pAgh:—2pA;;R2(u6,+ug9) (1)

where 1 is the relative displacement of liquid in CTLCD; p means the density of liquid; H
denotes the height of liquid in the vertical column of container when the liquid is quiescent;
A expresses the cross-sectional area of CTLCD; g is the gravity acceleration; R represents the
radius of horizontal circular column; ¢ is the head loss coefficient; ii, denotes the torsional
acceleration of structure; ii 20 is the torsional acceleration of ground motion.

Because the damping in the above equation is nonlinear, equivalently linearize it and the
equation can be re-written as

mph+ cTeqh +kph = —amTR(i/lg + iigg) 2)

where Mr = pAL,, is the mass of liquid in CTLCD; L,, =2H +2zR denotes the total length of
liquid in the column; €7,y = 2mraordr is the equivalent damping of CTLCD; @r = 28/ L, is
S

the natural circular frequency of CTLCD; {; = ﬁah is equivalent linear damping ratio
78
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www.intechopen.com



Seismic Response Reduction of Eccentric Structures Using Liquid Dampers 49

(Wang, 1997); o,

“stiffness” of liquid in vibration; & =27R /L,, is the configuration coefficient of CTLCD.

means the standard deviation of the liquid velocity; k; =2pAg is the

Orifice

Fig. 1. Configuration of Circular TLCD

For a single-story offshore platform, the equation of torsional motion installed CTLCD can
be written as

Jolig + Cotig + kgt =—] giig, + Fy 3)
where ], is the inertia moment of platform to vertical axis together with additional inertial
moment of sea fluid; c,denotes the summation of damping of platform and additional
damping caused by sea fluid; k, expresses the stiffness of platform; 11, and u, are velocity
and displacement of platform, respectively; F, is the control force of CTLCD to offshore
platform, given by

Fy = =myR(Riig + Rilyg + ah) ”

Combining equation (1) to (4) yields:

1+4  ad/R](ii,] [2¢40, 0 iy) |2 0 {”9} {1”}._
.ot Lot =— u0(5)

al /R A/R*|| K 0  2Alrop /R*|| K 0 a2 /R2|| N al /R ¢

myR?

where A= denotes inertia moment ratio. Let il ,(f) = e, then

Ug | Hop(@)| o
{ h }_ {Hh (a’)}E ©)

0
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where H,(®w) and H,(®) are transfer functions in the frequency domain. Substituting
equation (6) into equation (5) leads to

—(1+ A)w?* + 2L wjio + o) —alo® /R '{Hg} __{ 1+2 } (7
—aiw® /R —A0* | R* +2A¢avio | R* + Aot / R* | [ Hy al /R

From the above equation, the transfer function of structural torsional response can be
expressed by

[A(1+2) = a®2% |0 =21+ 2) A rio - A1+ Ao

H,(o)= .
19( ) [—(1 + l)a)z + 24/9(0‘91‘60 + C()g:“:—ﬂ,a)Z + 22/47«601«16() + ﬂ,a)%] _ a222w4 ( )

Then, the torsional response variance of structure installed CTLCD can be obtained as

or = [ [H|"Si , (@)de 9)

—0

If the ground motion is assumed to be a Gauss white noise random process with an intensity
of S, and define the frequency ratio y = w; / @, , the value of 035 can be calculated by

2 72'50 )
o 2(02
21+ A) eyt +2A,8,(1+ A2 92 + 28 (1+ A)* (2B, + @?A)y* +2C, Loy + 287 (1+ A —a® A)?
2(1 +/1)2§9§T74 +2A1§(§73 +4B1§9§T72 +2D1§T27+2§9§T

(10)

where A, =a?A+4¢2(1+4), B =R -1)(A+A)+2{5+a’A, C =421+ +aA?,
D, =4() +a*A

2.2 Optimal parameters of circular tuned liquid column dampers

The optimal parameters of CTLCD should make the displacement variance of offshore
platform 039 minimum, so the optimal parameters of CTLCD can be obtained according to
the following condition

do? do?
=0 —2=0 (11)
Cr oy

Neglecting the damping ratio of offshore platform ¢, and solving above equation, the
optimal damping ratio ¢ and frequency ratio y*' for CTLCD can be formulized as

1 /1052(1+/1—§/1a2) ,/1+/1—§/1a2
opt _ 4 opt _ 2 (12)

T =5 yoo=
2 (1+/1)(1+l—§/1a2) 1+4
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Fig. 2 shows the optimal damping ratio ' and optimal frequency ratio y*' of CTLCD as

a function of inertia moment ratio 4 ranging between 0 to 5% for « =0.2, 0.4, 0.6 and 0.8. It
can be seen that as the value of 1 increases the optimal damping ratio ¢ increases and
the optimal frequency ratio y*' decreases. For a given value of A, the optimal damping
ratio £ increases and the optimal frequency ratio decreases with the rise of ¢ . It can also

be seen that the value of y”" is always near 1 for different values of a and A in Fig.2. If let
2

7 =1 and solve % =0, the optimal damping ratio of CTLCD ¥ is obtained as
T

ot zlJﬁ(aZ +1+A) +a2A(1+ )2

T (13)
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Fig. 2. The optimal parameters of CTLCD with inertia moment ratio A
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The optimal parameters of CTLCD cannot be expressed with formulas when considering the
damping of offshore platform for the complexity of equation (10), so we can only get
numerical results for different values of structural damping, as shown in Table 1. Table 1
shows that for different damping of platform system, the optimal damping ratio of CTLCD
increases and the optimal frequency ratio decreases with the rise of 4, which is the same as
Fig. 2. Table 1 also suggests the damping of platform has little effect on the optimal
parameters of CTLCD, especially on the optimal damping ratio ¢¥".

¢p=0 Co=1% Co=2% Cp=5%
y” ¢ y™ ¢ y” s |
A1=05% | 09951 | 0.0282 0.9935 0.0283 0.9915 0.0283 0.9832 | 0.0283
1=1% 0.9903 | 0.0398 0.9881 0.0398 0.9856 | 0.0398 0.9755 | 0.0398
A1=15% | 09855 | 0.0487 0.9829 0.0487 0.9799 | 0.0487 0.9687 | 0.0487
1=2% 0.9808 | 0.0561 0.9778 0.0561 0.9745 0.0561 0.9622 | 0.0561
1=5% 0.9533 | 0.0876 0.9490 0.0877 0.9442 | 0.0877 0.9278 | 0.0877

Table 1. The optimal parameters of CLTCD (a =0.8)

2.3 Analysis of structural torsional response control using CTLCD

The objective of dampers installed in the offshore platform is to increase the damping of the
structural system and reduce the response of structure. To analyze the effects of different
system parameters on the torsional response of structure, the damping of a platform
structure with CTLCD is expressed by equivalent damping ratio ¢, (Wang, 1997):

7S,

Ce=

= 14
2@205 a4

The relationships between ¢, and different parameters of control system are shown in Fig. 3
to Fig. 7.
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Fig. 3. The structural equivalent damping ratio with the damping ratio of CTLCD
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Fig. 3 shows the equivalent damping ratio of a platform structure ¢, as a function of the
damping ratio of CTLCD for 4 =0.005, 0.01, 0.015, 0.02. It is seen from the figure that the
equivalent damping ratio ¢, increases rapidly with the increase of ¢ initially, whereas it
decreases if the damping ratio of CTLCD (¢ is greater than a certain value.

Fig. 4 shows the equivalent damping ratio of a platform structure ¢, as a function of the
damping ratio of CTLCD for y =0.6, 0.8, 0.9, 1.0. It is seen from the figure that the value of
¢, increases with the rise of frequency ratio y .

Fig. 5 shows the equivalent damping ratio of structure £, as a function of the damping ratio
of CTLCD for ¢, =0.005, 0.01, 0.03 and 0.05. It is seen from the figure that as the rise of the
damping ratio of structure ¢, , the equivalent damping ratio ¢, increases.

Fig. 6 shows the equivalent damping ratio of structure ¢, as a function of A4 for a =0.5, 0.6,
0.7, 0.8 and 0.9. It can be seen from the figure that the damping ratio of structure ¢,
increases with A initially. Whereas, the curve of ¢, with 4 will be gentle when the value of
A is greater than a certain value. It can also be concluded from the figure that the damping
ratio of structure ¢, increases with the rise of configuration coefficient o .

o
=}
@
a

0.03 | 1=0.02

i \\ 1.20.01
0.025 ;

=001 // !
0.02 ?T:('M /// \ k=0.01;5
| /

|
\\\ X=0.0(;5

e
o
—
a

Z

0.01

o
=3
S
a

The structural equivalent damping ratioCe

02 04 06 08 1 12 14 16 18 2
Frequency ratio y

(= e e e e AL

Fig. 7. The structural equivalent damping ratio with the frequency ratio

Fig. 7 shows the equivalent damping ratio of structure ¢, as a function of frequency ratio
between CTLCD and structure. It is seen from the figure that the value of ¢, will be
maximum at the condition of y=1. So, the value of y can be set to approximate 1 in the
engineering application to get the best control performance.

2.4 Structural torsionally coupled response control using CTLCD

The torsional response of structure is usually coupled with translational response in
engineering, so it is necessary to consider torsionally coupled response for vibration control
of eccentric platform structure. In this paper, a single-story structure only eccentric in x
direction is taken as an example, which means that the displacement in y direction is
coupled with the torsional response of platform. The equation of torsionally coupled motion
for the eccentric platform installed CTLCD can be written as
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m 0 2 uy .\ Cy Copp L:ly . Ky Kyes u, _ m 0 2 ?gy .\ Fy (15)
0 my” |lig) |Cu Colliy) |Kyes Koy ||ug 0 myr ||ig| |Fp
The above equation can be simplified as

M,ii + Cyit + K u = -M,ii, +F (16)

where m, means the mass of platform together with additional mass of sea fluid; e, is
eccentric distance; Uy, i 7 and Ky are the displacement, ground acceleration and stiffness
of offshore platform in y direction, respectively; The control force F is calculated by

{ F, = —my (i, +iig,) } )

F, = —myR(Rii, + Rii  + )

It is assumed that the damping matrix in Equation (16) is directly proportional to the
stiffness matrix, that is

C, =aK, (18)

where the proportionality constant 2 has units of second. The proportionality constant 2 was
chosen such that the uncoupled lateral mode of vibration has damping equal to 2% of
critical damping. This was to account for the nominal elastic energy dissipation that occurs
in any real structure (Bugeja et al., 1997). The critical damping coefficient c. for a single
degree-of-freedom (SDOF) system is given by

¢, =2myw, (19)

where o, = /Ky / m, is natural frequency of the uncoupled lateral mode. From the equation
(18) and (19), the constant a is determined by

K
0.02x2m, |-+
L m, (20)

K,

Combining the Equation (2) and (15), the equation of motion for torsionally coupled system
can be written as

n 2 2
1+ u 0 0 ) aw,  ao;e, 0
R R ||| | awge uy
0 1+ i, b+ —= awd 0 iy i+
r r . r
0 auR  u |LI 0 0 2ulrop LN
] : : (21)
L, _
a)y a)yes 0 y 1+/u 0
2 y 2
., e u
P w0 Hupr=—| 0 1+”1§ {.gy}
r I r ugg
0 0 ,ua)% 0 auR
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where p=my /m, is a ratio between the mass of CTLCD and the mass of structure;

w, =+lky / (mpr?) denotes the natural frequency of the uncoupled torsional mode. The

following assumptions are made in this paper: ii,, and ii,, are two unrelated Gauss white

8y
noise random processes with intensities of S, and S,, respectively; H, , H,, H,, and
Hgy are transfer functions from ii,, to u,, il, to u,, i, to u, and ii, to uy,

respectively. Then, the displacement variance of structure can be obtained by

afw =5 T ‘HW‘Z do Giye =S, T ‘HW‘Z dw
S o @)
afgy =5 J ‘Hgy‘ dw 0'3% =S, I |H99| do

where o, and o, are displacement variances in y direction caused by the ground

W Y
motion in y direction and ¢ direction, respectively; o, ~and o, are displacement
Y

variances in @ direction caused by the ground motion in y direction and & direction,
respectively. So, the equivalent damping ratios of structure are given as

nS, . .
é’eyy = ’ - ’ é’eﬁy =
yo-uyy Y GM]/B

S, 7S,

20352

Oy Y~ Ugg

5= 5 Cepp = (23)

3.2
20,170,
where ¢, and ¢, are equivalent damping ratios in y direction caused by the ground
motions in y direction and @ direction, respectively; ¢, and ¢ are equivalent
damping ratios in @ direction caused by the ground motions in y direction and &
direction, respectively. Then, the total equivalent damping ratio ¢, in y direction and ¢,
in @ direction can be defined as

é,ey = é/eyy + eyl
Cet = Geoy +Ceap (24)

Define Q=w,/®, as the frequency ratio between the uncoupled torsional mode and
uncoupled translational mode and @, as the first frequency of torsionally coupled structure.
The relationships of equivalent damping ratio ¢,, and ¢, with parameters of control
system are shown in Fig. 8 to Fig. 11.

Fig. 8 shows the equivalent damping ratio ¢,, and ¢, as functions of frequency ratio
or / o) for mass ratio x =0.005, 0.01, 0.015 and 0.02. It is seen from the figure that the
values of ¢, and ¢, are maximum when the value of frequency ratio w; /@, is
approximate 1. The Fig. 8 also suggests that damping ratio ¢, and ¢,y increase with the
rise of mass ratio u .

Fig. 9 shows equivalent damping ratio ¢, and ¢, as functions of mass ratio x for
configuration coefficient « =0.5, 0.6, 0.7 and 0.8. It is seen from the figure that the values of
¢,y and ¢,y increase initially and approach constants finally with the rise of mass ratio s .
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It can also be concluded that the values of ¢, and ¢, both increase with the rise of
configuration coefficient « .

Fig. 8. Equivalent damping ratio of structure with frequency ratio @ / @,
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Fig. 10 shows equivalent damping ratio ¢, and ¢,, as functions of damping ratio ¢; for
a =05, 0.6, 0.7 and 0.8. It is seen from the figure that the values of ¢, and ¢, rapidly
increase initially with the rise of {7 ; whereas, after a certain value of ¢, ¢, will decrease
to a constant and {,, decrease first, then increase gradually.
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Fig. 11. Equivalent damping ratio of structure with frequency ratio Q

Fig 11 shows equivalent damping ratio ¢,, and ¢,, as functions of frequency ratio Q for
e;/r=04, 0.6 0.8 and 1.0. It is seen from the figure that the values of ¢, and ¢, are
approximate zero for the structure with Q near to e, /7 ; for the structure Q<e, /r, the
values of &, and ¢, decrease with the rise of frequency ratio Q and increase with the rise
of e, /r; for the structure withQ > e, /7, the values of ¢, and ¢,y increase with the rise of
frequency ratio Q and decrease with the rise of e, /7 .

3. Torsionally coupled vibration control of eccentric buildings

The earthquake is essentially multi-dimensional and so is the structural response excited by
earthquake, which will result in the torsionally coupled vibration that cannot be neglected.
So, the torsional response for structure is very important (Li and Wang, 1992). Previously, Li
et al. presented the method of reducing torsionally coupled response by installing TLCDs in
structural orthogonal directions (Huo and Li, 2001). Circular Tuned Liquid Column
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Dampers (CTLCD) is a type of control device sensitive to torsional response. The results of
free vibration and forced vibration experiments showed that it is effective to control
structural torsional response (Liang, 1996; Hochrainer, 2000). However, how to determine
the parameters of CTLCD to effectively reduce torsionally coupled vibration is still
necessary to be further investigated.

3.1 Equation of motion for control system
The configuration of TLCD is shown in Fig. 12(a). According to the Lagrange theory, the
equation of motion for TLCD excited by seismic can be derived as

pA(2H+B)ﬁ+%pA§‘fz‘fz+2pAgh=—pAB(ii+ilg) (25)

where h is the relative displacement of liquid in TLCD; p means the density of liquid; H
expresses the height of liquid in the container when the liquid is quiescent; A denotes the
cross-sectional area of TLCD; g is the acceleration of gravity; B represents the length of

horizontal liquid column; ¢ is the head loss coefficient; ii and ii o mean the acceleration of

structure and ground motion, respectively

|

- !
Qjfice =171+

" |

(@)
Fig. 12. Configuration of Liquid Column Dampers

The shape of CTCD is shown in Fig. 12(b). In the same way, the equation of motion for
CTLCD is derived as

pA(2H +27R )i+ > pAf‘h‘h +2pAgh =-2pArR? (il +ily ) (26)
Two TLCDs are set in the longitudinal direction and transverse direction of n-story building,

respectively, and a CTLCD is installed in the center of mass, as shown in Fig.13. The
equation of motion of system excited by multi-dimensional seismic inputs can be written as

[M<]{u} + [CS]{”} +[KS]{”} - _[MS][ES]{ﬁg} +{FT} (27)

Where, [M,], [C,] and [K,| are the mass, damping and stiffness matrices of the system

with dimension of 3nx3n, respectively. {u} means hte displacement vector of the strucutre,

T
{u}z{uxl Uy, Uy o Uy, Ugp o uen} ; [Es] is the influence matrix of the ground
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excitation; {u g} = {uxg i ugg} is the three-dimensional siesmic inputs;

F; ={O - B0 - F 0 - Fg} is the three-dimensional control vector, where

Fx = —Mryo (i’lxn + i/ixg) - amexhx + (melly + mTyZZy)(i’ian + i/ieg)

Fy = _mTtot(i’lyn + i’iyg) - aymTyh I (mellx + mTyZZx )(i’ien + i’ieg)

Fc9 3 (melly + mTyZZy )(i’ixn + iixg) - (mellx + mTyZZx)(i’iyn + i’iyg)

(28)

2 2 2\ .. <
+amexllyhx —aymTyl2xhy — (mp14 +mp,ry +mpR )(iig,, +u9g)—a6.mTRh9
where (l;,, l,) means the location of the TLCD in x direction; (L, ,,) means the

location of the TLCD in y direction; 1% =17 + llzy ;=12 + lgy .

Combining Equation (1) to (3), the equation of motion for the control system can be written as
Mx + Cx + Kx =-MEi, (29)

where M, C and K are the mass, damping and stiffness matrices of the combined and
damper system. Although the damping of the structure is assumed to be classical, the
combined structure and damper system represented by the above equation will be non-
classically damped. To analyze a non-classical damped system, it is convenient to work with
the system of first order state equations

Z=AZ+Bii, (30)

X 0 I 0
Zz{x} ’ Azl:—M‘lK —M—lc} ’ B{—E} (1)

Mass Center
Z ({1, Ity)

Siffress Genter~y o]
N _ -;ffl _

|
—(cf—_f:_;; v

s 2T X {1z Iz)

where

o]

b

|
=
H

T T

Fig. 13. An eccentric structure with liquid Dampers
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3.2 Dynamical characteristics of the structure

The structure analyzed in this paper is an 8-story moment-resisting steel frame with a plan
irregularity and a height of 36m created in this study and shown in Figure 14 and Figure
15(Kim, 2002). The structure has 208 members, 99 nodes, and 594 DOFs prior to applying
boundary conditions, rigid diaphragm constrains, and the dynamic condensation. Applying
boundary conditions and rigid diaphragm constraints results in 288 DOFs. They are further
reduced 24 DOFs by the Guyan reduction of vertical DOFs and the rotational DOFs about
two horizontal axes.

The static loading on the building consists of uniformly distributed floor dead and live load
of 4.78 Kpa and 3.35 Kpa, respectively. A total lateral force (base force) of 963 KN is obtained
and distributed over the structure using the equivalent linear static load approach. Each
floor shear force is distributed to the nodes in that floor in proportion to nodal masses.

9 10 11
5 ] 7 1
1 2 3 s
L 6m Gm fm
A

Fig. 14. Plan of the structure

Fig. 15. FEM figure of the structure
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T

e e 1 T — ]

(@) Mode 1 (b) Mode 2
Fig. 16. The first three modes of the structure

Because of plan irregularity substantially more translational and torsional coupling effect is
expected in this example. Figure 16 shows the first three modes of vibrations: (a) mode 1
with a frequency of 0.57 Hz, (b) mode 2 with a frequency of 0.72 Hz, (c) mode 3 with a
frequency of 0.75 Hz.

3.3 Optimization of the damper parameters

To reduce the torsionally coupled vibration of the 8-story eccentric buildings, two TLCDs
are respectively installed on the top story of the structure along x and y direction and one
CTLCD on the mass center of the top story. Hence, there are many parameters of the control
system to be optimized. The focus of the paper is how to optimize the parameters of liquid
dampers to effectively control the dynamical responses of structures. Genetic Algorithm
(GA) provides a general framework for the optimization of complicated systems, which is
independent of specific areas and robust for the types of problems. In this section,
parameters of liquid dampers are optimized by use of GA.

The following form of performance function is used, primarily because it is easy to evaluate
the responses of structures

n 2 2 2
\/Zi=1 (dx + dy + d@ )i,controlled
n 2 2 2
\/Zi:l (dx + dy + d@ )i ,uncontrolled

f=1- i=1,2,3,-,n (32)

where, d,, dy and d, are the drifts of a story in x, y and torsion direction.

Both, the stochastic model and the design response spectra have been used to define the
base input motion. For the stochastic model, the ground motions in x and y directions are
descried by two identical but uncorrelated zero-mean stationary processes with power
spectral density function ®;(w) of the Kanai-Tajimi form:
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2
1+4ﬂ2[“’}
w

®)(w) = — So (33)

2 2
)| el
Dg @Dg

The parameters of this function are: W, = 57, =05, S,=0.01.

As mentioned before, two TLCDs and one CTLCD are installed at the top of the building.

The objective of the study is to design the optimum parameters of these dampers that would

maximize the performance function stated earlier. The possible ranges for the design

parameters are fixed as follows:

1. Mass ratio, y: The mass ratio is defined as the ratio of the damper mass to the total
building mass. It is assumed that each damper ratio can vary in the range of 0.1 percent
to 1 percent of the building mass. Thus the maximum mass of the damper system
consisting of three dampers could be as high as 3 percent of the building mass.

2. Frequency tuning ratio, f: The frequency ratio for each damper is defined as the ratio its
own natural frequency to the fundamental frequency of the building structure. Here it
is assumed that this ratio could vary between 0-1.5.

3. Damping ratio, d: This is a ratio of the damping coefficient to its critical value. It is
assumed that this ratio can vary in the range of 0-10 percent.

4.  Damper positions from the mass center, [x in x axis and ly: in y axis: It is assumed that [x
can vary between -8 and 5 meters and ly can vary between -4 and 3 meters

The optimization process starts with a population of these individuals. For the problem at

hand, 30 individuals were selected to form the population. The probability of crossover and

mutation are 0.95 and 0.05, respectively. The process of iteration is determined to be 300 steps.

The final optimum parameters for the two optimum design criteria are given in Table 2.

Performance Criteria i (f1=0.47769)
TLCD in x direction TLCD in y direction CTLCD
H 0.008519 0.0095655 0.0014362
fr 1.2334 0.96607 1.1137
d, 0.053803 0.061988 0.052886
L -7.38 0.45567 —
ly -6.479 -2.2431 —

Table 2. The optimal parameters of liquid dampers

3.4 Seismic analysis in time domain

The parameters of liquid dampers on the 8-story building structure have been optimized in
the previous section and the results are listed in the Table 2. The control results of liquid
dampers on the building are analyzed in time domains in this section. The El Centro, Tianjin
and Qian’an earthquake records are selected to input to the structure as excitations, which
represent different site conditions.

The structural response without liquid dampers subjected to earthquake in x, y and 6
directions are expressed with xo, yo and 6o, respectively. Also, the response with liquid

www.intechopen.com



66 Vibration Analysis and Control - New Trends and Development

dampers subjected to earthquake in x, y and 0 directions are expressed with x, y and 0,
respectively. The response reduction ratio of the structure is defined as

7=20"%100% (34)

X0

The maximum displacements of the structure and response reduction ratios are computed
for three earthquake records and the results listed from Table 3 to Table 5. It can be seen

Story Xo x J Yo y J 6o 0 ]
Number | (cm) | (cm) (%) (cm) (cm) | (%) |(10“Rad) | (10“Rad) | (%)
1 0.57 0.53 6.14 1.18 099 | 1594 1.71 1.56 8.77
2 111 | 1.03 7.24 2.28 1.94 | 15.12 3.30 3.04 7.88
3 1.77 | 1.58 10.71 3.43 296 | 13.73 5.02 4.61 8.17
4 238 | 2.04 14.20 4.30 3.76 | 12.59 6.42 5.87 8.57
5 298 | 2.54 15.01 4.95 439 | 11.34 7.62 6.90 9.45
6 3.48 | 3.03 12.77 5.64 469 | 16.76 8.50 746  |12.24
7 403 | 3.67 8.86 6.58 489 | 25.64 10.05 8.63 [14.13
8 437 | 4.06 7.00 7.10 547 | 2298 10.96 9.63 |12.14
Table 3. Maximum displacements of the structure (El Centro)
Story Xo x J Yo y ] 0o 0 ]
Number | (cm) | (cm) (%) (cm) (cm) (%) | (104Rad) | (104Rad) | (%)
1 249 | 1.85 25.64 2.10 1.83 | 12.57 4.67 422 9.64
2 491 | 3.66 25.49 4.05 3.52 | 13.03 9.14 8.25 9.74
3 771 | 5.78 25.06 6.30 548 | 13.12 14.21 12.73 1042
4 10.26 | 7.69 2498 8.36 7.23 | 13.59 18.83 16.75 |11.05
5 12.77 | 9.58 2497 10.36 8.90 | 14.08 23.21 20.60 |11.25
6 14.79 | 11.09 | 24.97 11.98 |10.27 | 14.25 26.55 2356 |11.26
7 16.88 | 12.66 | 24.96 1410 | 1213 | 1391 30.45 27.05 |11.17
8 1798 | 13.51 | 24.89 1522 | 13.41 | 11.90 32.44 29.02 |10.54
Table 4. Maximum displacements of the structure (Tianjin)
Story Xo x ] Yo y J o 0 J
Number | (cm) | (cm) (%) (cm) (cm) (%) | (104Rad) | (104Rad) | (%)
1 011 | 0.10 6.91 0.10 0.091 | 6.93 0.132 0.12 410
2 019 | 0.17 6.57 0.19 0.16 | 16.00 0.25 0.24 1.25
3 023 | 0.21 6.66 0.28 0.22 | 24.60 0.39 0.38 2.82
4 024 | 0.21 11.48 0.38 0.28 | 25.86 0.51 0.50 1.45
5 0.29 | 0.22 23.54 0.48 0.36 | 24.89 0.63 0.61 1.40
6 0.34 | 0.26 24.76 0.56 0.43 | 23.54 0.72 0.70 2.20
7 0.39 | 0.34 14.17 0.70 0.54 | 21.70 0.83 0.79 4.45
8 043 | 0.39 8.15 0.77 0.62 | 1947 0.93 0.87 5.60

Table 5. Maximum displacements of the structure (Qian’an)
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from the tables that the responses of the structure in each degree of freedom are reduced
with the installation of liquid dampers. However, the reduction ratios are different for the
different earthquake records.

The displacement time history curves of the top story are shown from Fig. 6 to Fig. 8 and
acceleration time history curves in Fig. 17 to Fig. 19 for El Centro earthquake. It can be seen
from these figures that the structural response are reduced in the whole time history.

4. Conclusion

From the theoretical analysis and seismic disasters, it can be concluded that the seismic
response is not only in translational direction, but also in torsional direction. The torsional
components can aggravate the destroy of structures especially for the eccentric structures.
Hence, the control problem of eccentric structures under earthquakes is very important. This
paper focus on the seismic response control of eccentric structures using tuned liquid
dampers. The control performance of Circular Tuned Liquid Column Dampers (CTLCD) to
torsional response of offshore platform structure excited by ground motions is investigated.
Based on the equation of motion for the CTLCD-structure system, the optimal control
parameters of CITLCD are given through some derivations supposing the ground motion is
stochastic process. The influence of systematic parameters on the equivalent damping ratio
of the structures is analyzed with purely torsional vibration and translational-torsional
coupled vibration, respectively. The results show that Circular Tuned Liquid Column
Dampers (CTLCD) is an effective torsional response control device. An 8-story eccentric
steel building, with two TLCDs on the orthogonal direction and one CTLCD on the mass
center of the top story, is analyzed. The optimal parameters of liquid dampers are optimized
by Genetic Algorithm. The structural response with and without liquid dampers under bi-
directional earthquakes are calculated. The results show that the torsionally coupled
response of structures can be effectively suppressed by liquid dampers with optimal
parameters.

5. Acknowledgment

This work was jointly supported by Natural Science Foundation of China (no. 50708016 and
90815026), Special Project of China Earthquake Administration (no. 200808074) and the 111
Project (no. B08014).

6. References

Bugeja, N.; Thambiratnam, D.P. & Brameld G.H. (1999). The Influence of Stiffness and
Strength Eccentricities on the Inelastic Earthquake Response of Asymmetric
Structures, Engineering Structures, Vol. 21,No.9, pp.856-863

Chang, C. C. & Hsu, C. T.(1998). Control Performance of Liquid Column Vibration
Absorbers. Engineering Structures. Vol.20, No.7, pp.580-586

Chang, C. C.(1999). Mass Dampers and Their Optimal Design for Building Vibration
Control. Engineering Structures, Vol.21, No.5, pp.454-463

www.intechopen.com



Seismic Response Reduction of Eccentric Structures Using Liquid Dampers 69

Fujina, Y. & Sun, L. M.(1993). Vibration Control by Multiple Tuned Liquid
Dampers(MTLDs). ]. of Structural Engineering, ASCE, Vol.119, No.12,
pp-3482-3502

Gao H. & Kwok K. C. 5.(1997). Optimization of Tuned Liquid Column Dampers. Engineering
Structures, Vol.19, No.6, pp. 476-486

Gao, H.; Kwok, K. S. C. & Samali B.(1999). Characteristics Of Multiple Tuned Liquid
Column Dampers In Suppressing Structural Vibration. Engineering Structures,
Vol.21, No.4, pp.316-331

Hitchcock, P. A.; Kwok, K. C. S. & Watkins R. D. (1997). Characteristics Of Liquid Column
Vibration Absorbers (LCVA)-I. Engineering Structures, Vol.19, No.2, pp.126-134

Hitchcock, P. A.; Kwok, K. C. S. & Watkins R. D. (1997). Characteristics Of Liquid Column
Vibration  Absorbers (LCVA)-II.  Engineering  Structures, Vol.19, No.2,
pp-135-144

Hochrainer, M. J.; Adam, C. & Ziegler, F. (2000). Application of Tuned Liquid Column
Dampers for Passive Structural Control, Proc. of 7th International Congress on Sound
and Vibration (ICSV 7), Garmisch-Partenkirchen, Germany, pp.3107-3114

Huo, L.S. & Li H.N. (2001). Parameter Study of TLCD Control System Excited by Multi-
Dimensional Ground Motions. Earthquake Engineering and Engineering Vibration,
Vol.21, No.4, pp.147-153

Jiang, Y. C. & Tang, J. X. (2001). Torsional Response of the Offshore Platform with TMD,
China Ocean Engineering, Vol.15, No.2, pp.309-314

Kareem, A. & Kline, S.(1995). Performance Of Multiple Mass Dampers Under Random
Loading. |. of Structural Engineering, ASCE, Vol.121, No.2, pp.348-361

Kim, H. (2002). Wavelet-based adaptive control of structures under seismic and wind loads.
Notre Dame: The Ohio State University

Li, HN. & Wang, S.Y. (1992). Torsionally Coupled Stochastic Response Analysis of Irregular
Buildings Excited by Multiple Dimensional Ground Motions. Journal of Building
Structures, Vol.13, No.6, pp.12-20

Liang, S.G. (1996).Experiment Study of Torsionally Structural Vibration Control Using
Circular Tuned Liquid Column Dampers, Special Structures, Vol.13, No.3,
pp. 33-35

Qu, W. L; Li, Z. Y. & Li, G. Q. (1993). Experimental Study on U Type Water Tank for Tall
Buildings and High-Rise Structures, China Journal of Building Structures, Vol.14,
No.5, pp.37-43

Sakai, F.; Takaeda, S. & Tamake, T. (1989). Tuned Liquid Column Damper — New Type
Device For Suppression Of Building Vibrations. Proc. Int. Conf. On High-rise
Buildings, Nanjing, China, pp.926-931

Wang, Z. M. (1997). Vibration Control of Towering Structures, Shanghai: Press of Tongji
University.

Yan, S. & Li H. N.(1999). Performance of Vibration Control for U Type Water Tank with
Variable Cross Section. Earthquake Engineering and Engineering Vibration, Vol.19,
No.1, pp.197-201

www.intechopen.com



70 Vibration Analysis and Control - New Trends and Development

Yan, S; Li, H. N. & Lin, G. (1998). Studies on Control Parameters of Adjustable Tuned
Liquid Column Damper, Earthquake Engineering and Engineering Vibration, Voll8,
No.4, pp. 96-101

www.intechopen.com



Vibration Analysis and Control - New Trends and Developments
Edited by Dr. Francisco Beltran-Carbajal

NEW TRENDS AND DEVELOPMENTS &

J—
Edbted by Franchoo Befirin Carbagal I

ISBN 978-953-307-433-7

Hard cover, 352 pages

Publisher InTech

Published online 06, September, 2011
Published in print edition September, 2011

This book focuses on the important and diverse field of vibration analysis and control. It is written by experts
from the international scientific community and covers a wide range of research topics related to design
methodologies of passive, semi-active and active vibration control schemes, vehicle suspension systems,
vibration control devices, fault detection, finite element analysis and other recent applications and studies of
this fascinating field of vibration analysis and control. The book is addressed to researchers and practitioners
of this field, as well as undergraduate and postgraduate students and other experts and newcomers seeking
more information about the state of the art, challenging open problems, innovative solution proposals and new
trends and developments in this area.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Linsheng Huo and Hongnan Li (2011). Seismic Response Reduction of Eccentric Structures Using Liquid
Dampers, Vibration Analysis and Control - New Trends and Developments, Dr. Francisco Beltran-Carbajal
(Ed.), ISBN: 978-953-307-433-7, InTech, Available from: http://www.intechopen.com/books/vibration-analysis-
and-control-new-trends-and-developments/seismic-response-reduction-of-eccentric-structures-using-liquid-
dampers

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




