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Abstract. The sealed, tuned liquid column gas damper (TLCGD) with gas-spring effect extends the
frequency range of application up to about 5 Hz and efficiently increases the modal structural damping. In
this paper the influence of several TLCGDs to reduce coupled translational and rotational vibrations of
plan-asymmetric buildings under wind or seismic loads is investigated. The locations of the modal centers
of velocity of rigidly assumed floors are crucial to select the design and the optimal position of the liquid
absorbers. TLCGD’s dynamics can be derived in detail using the extended non-stationary Bernoulli’s
equation for moving reference systems. Modal tuning of the TLCGD renders the optimal parameters by
means of a geometrical transformation and in analogy to the classical tuned mass damper (TMD).
Subsequently, fine-tuning is conveniently performed in the state space domain. Numerical simulations
illustrate a significant reduction of the vibrations of plan-asymmetric buildings by the proposed TLCGDs.

Keywords: asymmetric building; Bernoulli’s equation; gas-spring effect; sealed absorber; modal tuning;
state space optimization.

1. Introduction

The current trend towards buildings of ever increasing heights and the use of light- weight, high-
strength materials and advanced construction techniques have led to increasingly flexible and lightly
damped structures. The tuned liquid column dampers (TLCDs) as cost-effective, passive energy
substructures substitute the tuned mechanical dampers (TMDs), either of the spring-mass-dashpot or
of the pendulum-dashpot type, in order to increase the effective structural damping and reduce the
ductility demands in the response to dynamic loads like earthquakes and various kinds of wind
excitation. Such a TLCD consists of a rigid, U-shaped tube of rectangular, oval or circular cross-
section that is smoothly integrated into a building and partially filled with a liquid, preferably water.
Sakai 1989 and Hitchcock 1997 applied TLCD to tall buildings. However, the natural frequency of
a properly sized, i.e., for civil engineering applications properly sized TLCD is limited to
frequencies below 0.5 Hz. Hochrainer 2001 invented the gas-spring effect in a novel sealed design
of the TLCD, namely TLCGD to overcome this low frequency problem and mitigate wind- and
earthquake excited vibrations of tall buildings (Hochrainer and Ziegler 2006) with in-plane
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(horizontal) translational natural modes. Reiterer 2004, Reiterer and Ziegler 2004 applied the
TLCGD to mitigate coupled flexural and torsional vibrations of long-span bridges under traffic
loads. Since both vertical and torsional forcing render parametric excitation of the fluid flow,
Reiterer and Ziegler 2006 presented the cut-off values of the damping of the fluid flow to surely
avoid any undesirable disturbance of the TLCGD damping effects. The fluid stroke reaches the
meter-range for small fluid-structural mass ratios. Therefore, the frequency range of application
must be limited to keep the relative maximum fluid speed below about 10 m/s for the sake of
keeping the fluid-gas interface intact and to avoid the dynamic contact angle to reach 180°, Lindner-
Silvester and Schneider 2005.

A real building usually possesses a large number of degrees of freedom and is actually
asymmetric to some degree even with a nominally symmetric plan. It will undergo coupled
vibrations simultaneously under purely translational excitations. The coupled, modal displacements
and the small rotation combine approximately to a rotation about the floor’s modal center of
velocity, see e.g., Ziegler 1998, page 14. If such a modal center of velocity falls outside of the floor
plan, the translation dominates. Consequently, the ideal position of the trace of the mid-plane of the
U- or V-shaped TLCGD requires its normal distance from this center to be maximum. Tuning of the
TLCGD in the design stage is performed in several steps. At first, the linearized model is tuned
with respect to a selected mode of the structure using the analogy to TMD tuning (Hochrainer
2005) with the properly transformed Den Hartog’s optimal parameters taken into account (Den
Hartog 1956). In a second step, improvements of the performance in multiple-degree-of-freedom
(MDOF) structures are achieved by subsequently considering the neighbouring modes as well in a
state space representation and minimizing the weighted squared area of the frequency response
function (FRF), with the Den Hartog parameters serving as the initial values. Such a fine-tuning
renders the optimal parameters modified. Final adjustments are easily performed in the course of in-
situ testing by adjusting the equilibrium gas pressure in the TLCGD. Optimal damping of the fluid
flow may require an orifice plate built in the piping system. The numerical simulations are
presented to demonstrate the new design procedure and lateral-torsional control effectiveness of the
spatially placed TLCGDs system with fairly small mass ratios assigned.

2. Modal center of velocity Cy,

The N-storey building is ideally modelled as a structure comprising of members connected by
rigid floors, it has three degrees of freedom at each floor using static condensation, i.e., lateral
displacements of center of mass C,, with respect to the foundation and the rotational angle about the
Vertlcal x-axis. For floor i, they are denoted v; and w;, and ¢. The orthogonal modal shape vectors
¢ by solving the eigenvalue problem of the undamped structure are considered to determine the
position of the modal center of velocity.

The point of a rigid body in-plan motion that instantly has zero velocity is called the center of
velocity C The modal displacements and rotation combine kinematically to a sufficiently small
rotation about the floor’s center of velocity. The modal center of velocity of a floor is indicated in
Fig. 1. The coordinates of the modal center of velocity og the i-th floor in the j-th mode, Cy; can be
derived in terms of the components of the modal vector ¢ ;, Ziegler 1998, page 19,
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Fig. 1 Asymmetric space-frame, small rotation |@|<<1 of the floor is understood; exaggerated in the figure

Yo, = J’(:M,—ﬁ(bj(m_l)a Zc,, = Z(:M,"'ﬁ(b_/(}:_z)a #5370 (1
’ P ' i
where rg, denotes the radius of inertia with respect to the floor’s center of mass.

The position of the center of velocity falls outside of the geometrically regular floor plan in
Fig. 1, translation of the floor dominates, thus a U- or V-shaped TLCGD can be installed parallel to
the y-axis at the lower edge of the floor, z = —b/2, rendering the normal distance of its trace to C)
as large as possible to enhance the damping efficiency and compatible to the geometric floor plan.
If the center of velocity lies inside of the floor plan, rotation dominates the translations. A novel
(torsional) TTLCGD should be installed, but is not discussed further in this context, Ziegler and Fu
2007, Fu 2008.

3. U- or V-shaped tuned liquid column-gas damper

A tuned liquid column-gas damper (TLCGD) is a symmetric, U- or V-shaped rigid and sealed
piping system consisting of one horizontal and two inclined (#/4 < < 7/2), partially fluid-filled
pipe sections, see Fig. 2. The ends of the piping system are sealed and filled with gas, contrary to
the classical TLCD design, such that an internal gas pressure can build up on either side of the
liquid path, denoted p; and p, with a common reference equilibrium pressure p,. B and H denote the
horizontal length of the liquid column and the length of the liquid column in the inclined pipe
sections at rest. Furthermore Ay, Ay denote the horizontal and inclined cross-sectional areas, the
fluid volume is 2HA,+ BAy. The relative motion of the liquid column is described by the
displacement u(¢).

Vo fluid equilibrijum position V,

Fig. 2 U- or V-shaped tuned liquid column gas damper, symmetric design as a framed structure. One-sided
gas volume V,= AyH, above fluid-gas interface 1, sealed
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Fig. 3 TLCGD in horizontal general motion. Unit vector ¢4 in direction of its trace. Instant position of the
fluid mass center C; marked

3.1 The equation of relative motion of the fluid in a TLCGD, aftached to the selected
floor number i

Let a TLCGD be installed on the i-th floor of the N-storey asymmetric building, its trace in the
floor is oriented by the angle y to y-direction and the reference point 4,(v,;,z4;, 0). The equation of
the ideal fluid flow in the rigid pipe system is derived by the generalized non-stationary Bernoulli
equation, see Fig. 3, Ziegler. 1998, page 497.

.
! 4 ]

J.gi'glds = —g(xz—xl)—;)(Pz—pl) 2)

M

where x;, x,, g and p denote the geodesic height of the free surface 1' and 2' in Fig. 2, the constant
of gravity ¢ = 9.81 m/s’ and the liquid density, e.g., of water p = 1000 kg/m®. 2/ denotes the
relative streamline’s tangential direction. The absolute acceleration of a fluid particle &, is
delineated into the guiding acceleration, the Coriolis component and the relative acceleration. Since
the Coriolis acceleration de = 20,8, x 1 is orthogonal to the relative velocity i , it does not at all
contribute to the Eq. (2). The relative acceleration @' = d'i/ /dt is the relative rate of the relative
velocity and with respect to the moving frame can be expressed as a’- &, = 6’@'1/8t+6/8s'(a2/2).
The guiding acceleration in tall buildings reduces, 77);, is the horizontal component of the relative
position of a fluid particle 7! with respect to point 4;, see Fig. 3,

2 2 H 2! 5231 S 2 >
g = aAl+01ry':’l _01 Vy'z'i o Vyzii = €x Xy (3)

The absolute acceleration of the reference point A,(y,,,2,,0) projected in &4 -direction is given
by, Fig. 4,
dai-edi = a,cos(y+6)+a,sin(y+6)
ay = Vo +V,—(24— 20, )0i—=Oui=y, )01 s Az = Wt Wi—(Vyi—ye, )O0i—(24i—2¢, )0 4)
If the piping system is sealed, the gas is quasi-statically polytropically compressed, Ziegler 1998,
page 88 by the liquid surface in sufficiently slow motion (piston theory). Hence, the gas pressure

difference p,—p; in Eq. (2) in the range of linearized gas compression, i.e., if the maximum fluid-
stroke is limited by max|u| < H,/3, is approximated by



Passive vibration control of plan-asymmetric buildings using tuned liquid column gas dampers 343

Fig. 4 TLCGD under general in-plane acceleration of the floor: ¥,,v, and &,. Resulting force components
Fuiy, F4iz and moment M, indicated in the instant configuration

pr—p1*2npou/H,, 1<n<l14, V,=A4,H, %)

H, denotes the effective height of the symmetric left and right gas volumes at rest, Fig. 2.
Performing the integration of the non-stationary term in Eq. (2), and considering the guiding
acceleration as of Eqs. (3) and (4) assigned, and further, adding the experimentally observed
averaged turbulent damping &, ili to the right hand side of Eq. (2) yields the equation of relative
fluid motion in a TLCGD under the base excitation, where 6, = /2L, is the head loss coefficient,
for detailed derivations see Fu 2008,
.2
il+§L|il|il+a)i(l —Kle—’zj = k(- 2hi) 6)
Dy
Where the geometry dependent excitation influence factors x, x; and the effective length L., of
the liquid column are defined by
Ay

= w, Ky = kcosf, L, =2H+—B @)
Ly : Ay

K

The undamped linear natural circular frequency of TLCGD includes the gas-spring effect due to
sealed tubes and is given by

o, = sz—g(sin,B+ %) , hy=nplpg, w,= JLE (mathematical pendulum) )
eff d 0

The natural frequency of the “open” TLCD is dependent on the geometry (angle of inclination S
and effective liquid column length L.). Obviously the natural frequency of the TLCD is thus
practically limited to frequencies below 0.5 Hz, see Hochrainer 2001. Nevertheless, to extend the
frequency range of application a sealed piping system with gas pressure in the equilibrium state is
properly adjusted. Equilibrium gas pressure p, and the polytropic exponent n are combined in the
pressure head /oy, the new most important frequency tuning parameter. In some applications the
atmospheric pressure p, = 1000 hPa might be still a suitable choice. Similarly to the equivalent
(linear) mathematical pendulum of length L,, we can determine the parameters of the gas-spring for
the same linear absorber frequency, hy/H, =L, /2L,—sinp.
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In the course of the tuning procedure, the nonlinear turbulent damping term &, in Eq. (6) has to
be transformed into the equivalent linearized viscous damping £,. Demanding equally dissipated
energy during one cycle &, = (4/3 rymax|u|5, is given in Eq. (9). Rotational angles are assumed to
be small, |0 |<<1, thus Eq. (6) takes on its linearized form,

i1+28,@,0+ qu = —K{ [P+ 5, (24— 2¢,, ) 0icos y+ [, + 10, + (v~ Ve, ) Oilsing} ©)

The vertical floor acceleration, expected to be present in seismic excitation and commonly equals
the vertical component of the ground acceleration, ¥, adds parametric forcing in Eq. (6) in
addition to the rotational excitation indicated, a)f,uﬁg/g. However, with sufficient damping
understood, parametric resonance does not occur, for detailed experimental and numerical
investigations see Reiterer and Ziegler 2004. If this linear damping coefficient of the relative fluid
flow, £, exceeds the cut-off value of critical parametric resonance at double frequency, the
influence of parametric excitation apparent in Eq. (6) becomes fully negligible, with respect to the

Vg
4(1 4+ hy/Hsinp)

vertical seismic excitation ;> ¢, ( = and torsional motion.

3.2 Control forces of TLCGD

To couple the TLCGD with the main structure it becomes important to know the interface
reactions. Assuming that the dead weight of a rigid piping system has been added to the
corresponding floor mass, only the interaction forces and moment between the massless, rigid,
liquid filled piping system and the supporting floor are determined. Conservation of momentum of
the fluid mass my, locate Crin Fig. 3 can be successfully applied to determine the reaction forces
Fy,, and F}., they are simplified under the condition |#|<<l and the essential linear parts become
(acting on the piping system),

FAly = m/" [‘-}g+ ‘-}1_ (ZAI_Z(,'M ,.)iz]'l/rﬁ'l] + ?Wlfl:zCOS}/
FAIZ = m/" [wg+ wl - (yAl_y(,'M,)i’lTl/rSl] + En/lfﬁSinya Up = leSl (10)
The following additional geometry coefficients are given by

K=xLy/L,, L = 2H+ﬁB (11)
1 4,

In Eq. (10) m; = pAyL, defines the total mass of the moving liquid, and L, is a length dependent
from the cross section, which becomes equal to L., in the case of 4, = A;. Conservation of the
angular momentum with respect to the accelerated reference point A, renders the undesired axial
moment, after linearization, |@|<<I is assumed, it becomes (acting on the piping system),

My, = m_/"_(}Hz’:lT//’”s: (12)
where the geometry coefficient x; due to rotation is given by
2 3
% = @[(ﬁ) +ﬁ(£) + B cosp+ lcosﬂ (13)
L\L\2H/  34,\2 2H 3

The components of the control forces should be statically reduced to the center of mass Cjy,
M =My~ Fzu—zc, )+ Fuiz(04i—Yc,, ) » for the neglected nonlinear parts see Fu 2008.

‘M %
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4. Den Hartog tuning in analogy to mechanical damper

Since the modes of the main structure seem to be sufficiently separated, modal tuning of TLCGD
is performed by a transformation of the classical Den Hartog formulas by means of the analogy
between TMD and TLCGD. This procedure needs to approximately isolate a single mode of the
structure, with TLCGD (or TMD) added, a two-DOF system results subjected to optimization. The
analogy to TMD tuning is properly worked out.

Optimal TMD design parameters, frequency ratio and damping coefficient, are determined
subjected to the harmonic excitation. The optimum tuning frequency ratio between the equivalent
mechanical absorber and the main structure for minimum total acceleration is, see Den Hartog 1956,
page 97 and 101,

* 1
Oop = (14)
1+u
and the corresponding optimum linear viscous damping coefficient is given by
34
T (15)

8(1+4)
The same parameters apply also in case of time harmonic forcing and minimizing the dynamic
displacement magnification factor of the main system.

4.1 TMD attached to floor numbered i

Considering the passive spring-mass-damper at the same position in the same floor attached,
sketched in Fig. 5 renders by the standard analysis Eqs. (16) and (17). All parameters are denoted
by an asterisk to refer to the tuned mechanical damper.

i +28 040 + o u = [+ 9,— (242, )0ilcos y— [+, + vy —ve, YOilsiny  (16)
F:,y = m;[\'ﬁg+\'5,-—(2/,,-—2(;%)9,-] +m:i2*cosy
Fi = mylog+ 30,4+ (ra=ye, Y01 +mi siny, M, ~0 (17)
Egs. (16) and (17) are the TMD counterparts of Egs. (9), (10) and (12).

CaN

Fig. 5 TMD under general in-plane acceleration of the floor: v,,%, and o,
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4.2 Substructure synthesis of TLCGD/ TMD to the main system

Preparation of the linear tuning procedure requires the linearized equation of the projected main
system with the absorber synthesized. The modal matrix of the main system is assumed known and
the absolute floor displacements of the selected mode numbered j, v,=¢q;¢,3,-2), W;=¢q;¢i-1),
urp; = ry;6; = q,4;,, are substituted in the control forces of the resulting system and in the absorber
Egs. (9) and (16) as well, assuming the natural frequencies to be well separated. The approximated
modal matrix equation of motion for the coupled system considering the multi-storey building with
the TLCGD/TMD becomes, forced by an oblique single point base excitation Xe = g = [V wg]T and by
wind forces F (1),

1+ K(vyc08y+wysinpmy/m| _ |§,
K(v,4,,C08 Y+ W ,,8in ) 1 il
26,0 0 q w0 Z m|> |3 F
+ 4659 | 4 | Psj 4 = Jx + ¢1F(t)/m_/- (18)
0 28,040 0 a)j_- KT e 0
1 +Iu_;.k (v4;c087+ wA(,sin}/)m;,/m; _ |9
(v,4,,CO8 Y+ W 4;,8in ) 1 i
2505 0 ||@|. e ollg| _|L" 4 F (0yim,
+ <58 Ds; I+ O /| = m/ Xg+ 9, F (1)/m, (19)
0 2&,0,lla] | 0 @l i 0

= mgVilm <6%, i =myV,}im;, Vi = V,} +&5(@,Hirg)’

Y

*2

2 2
Vij = Vi + Waijs Vay = ¢./(31'—2)_¢/’3I(ZAU_ZCM,)/’”S'

T . T
Waij = ¢,(3/_|)+ (15_/31'()014/ _)’(,'M,)/’”s:a I?S = [cosy siny], Zj = [L_/'y L,;]

N N *T * %
Ly =3 mg@yin-n* myVays L = Y mMguanry+muw,,, L' =1L, 1]
n=1 n=1
Ly = 3 M- * MaVays Lo = D Msuian-ny+ maWway (20)
n=1 n=1

where 1, ¢;, g, and @, are the generalized mass ratio, the light modal structural damping
(&s<<1), the circular natural frequency of the main structure and the TLCGD’s circular natural
frequency, respectively. 4/, oy, and @, are the alternative mass ratio, the circular natural
frequency of the equivalent structure and the equivalent TMD’s circular natural frequency. my,, my,
and m;, m; denote the mass of the floor number » and th_g modal mass possibly unit. The modified
participatlon factor E, 2, and the effective wind load ¢, (t)/m, ¢, (t)/m; are identified. v,
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and w,, denote the modal displacements of the reference point 4, in y- and z-directions,
respectively. m, (1 —xx) must be regarded as the dead fluid mass, thus slightly reducing the natural
frequency of the main structure. The dead mass of the piping system at this stage of the tuning
procedure is neglected. It is taken into account during the fine tuning in state space.

4.3 Modal tuning by analogy to the equivalent TMD

Comparing the right hand side of the second equations in Eqs. (18) and (19), ¥ turns out
proportional to u considering the same excitation, # = u/x. The mass ratio of the equivalent TMD-
modal system by inspection of the first equations of Egs. (18) and (19) and the TLCGD frequency
ratio by the general transformation are identified, j refers to the mode number,

KR(VIV)

H =K . 3
1+ [1- K'K(V,_/-/VU) ]

*

0 50 *

Gy =t = w2, = 4, @D
Vol kR ()]

of the TLCGD turns out slightly lowered. The optimal

A

Thus, the optimal frequency ratio &,

damping coefficient remains unchanged.

5. Optimization in the state space domain, in case of earthquake excitation

The asymmetric structure when subjected to wind forces, in-wind loading by wind gusts and lateral
loading by vertex shedding etc., requires separate investigations in the state space. In this section the
parameter optimization in state space for structure with several absorbers installed and considering a
single point oblique base excitation is performed. The MDOF main system, a 3N-degree of freedom
space frame building (with a number of N floors) considered, now with a number of n<<3N
TLCGDs at proper locations tuned to a consecutive number of low frequency modes, the linearized
control forces at i-th storey produced by several TLCGDs takes on the matrix form,

mi, tot 0 Ziml,l()l/rSl vi+vg
?, o 0 ml, tot ylml,fuf/rSl Wi + Wg
a / Irs #2m, odr it
Zlml,fof rg; ylml,tut rsi ¥ ml,tot rg; !
%r—/
W X +X%,
Kcosym,
Ksinym, 3
oo K[V _J/(j,‘“)sm 7= (Z4 —Zc, ,.)0057]7’%‘ e
W
_ Z(ZA,—Z(,'M ,.)mf _ Z(YA,—)/({,‘, ,.)mf
Zi - > yl -

m m

itot

2 2 = .2
2 Z[UAI—)/FM,.) +(z4—2¢, ) + K:H Imy
=

m

i,tot

(22)

i,tot
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where m; ,,, is the total mass of the installed TLCGDs on the i-th floor. In case there no TLCGDs
installed the control forces are zero.

The equations of motion for TLCGD-main structure system by substituting the control force and
rearranging terms, can be given as, single point excitation of the base understood,

MW W, ;+99%+Ksﬂﬁ=F+ﬁ%i
¢ 1 A AR S e
w
T
KCOS Y
S = .. Ksiny .. 9E‘N:|:1001001“2| (23)
oo Wai=ye,, Vksiny—(z,;—z¢, )KCOSy ... 0100100...

M denotes the diagonal mass matrix, containing three lumped mass elements per floor. C and K
are light damping (even non classical) and stiffness matrices of the main system. =
(Vi Wi, Uppy eees Vi W, u]-N]T means the displacement vector in the center of mass of the N-storey
building, u;y = Oyrgy. v, = a,cosa, W, = a,sina in Xg= [V, v'{/g]r are the components of the
obliquely incident ground acceleration a,(r), while soil-structure interaction is neglected. C; and
K; are the linearized damping matrix and the “stiffness” matrix of TLCGDs, i o= [u...u,]
samples the relative fluid displacements of » TLCGDs.

To make the tools of control theory applicable, this system of second order differential equation
can be lastly converted to a first order state space representation by introducing the state hyper
vector 2(3N + n), Z = [)? 7' ] and its time derivative, see e.g., Ziegler 1998, page 438

2 = (A+BR)Z +¢,¥,(1) (24)
where, in a hypermatrix notation, the system matrix remains separated,
00 1o 00 00
00 01 00 00
S e R
v KO 1€ 0 w9 v 0
99 990 01 01
0000 0
0K:00 0
*Tloooo® -
~ X %% _M/—l vl + W EN
000G ¢

The state space will turn out to be very effective in the following parameter optimization. All
absorber tuning parameters are included in parameter matrix R, whose diagonal sub-matrices C,
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and K, must have positive valued diagonal elements to ensure passivity and stability of the system.
Assuming the ground excitation to be time-harmonic

fg(t) = {ﬁg(t)} = a,ése’”", &5 = [cosa sina] (26)
We(t)

The complex time-harmonic solution simply becomes, « is the angle of attack of the earthquake,
2(a, ) = [i0] —(A+BR)] ¢, 8saq 27)

The optimal natural frequencies and the damping ratios of the absorbers are calculated by
minimizing the following performance index, corresponding to the minimum of the area under the
resonance curve,

J= IZq(w)SZq(w)dw 275 Ph—> Minimum, 2s = [% 2 ] (28)
where Zg represents the state vector 6N x1 of the main structure. The positive semidefinite
weighing matrix S is chosen e.g., to pronounce displacements. b = ¢ ano is the ex01tat10n vector. P
is consequently the solution of the algebraic Lyapunov matrix equation, (A +BR) P+P(A +BR) =
—S, see Hochrainer 2001. The latter is numerically evaluated by means of the software MATLAB
2002. The minimization of J is performed numerically by calling the function fininsearch of the
Matlab Optimization Toolbox. fininsearch finds the minimum of the scalar function J of several
variables quickly when Den Hartog’s modal tuning parameters are substituted for the initial
estimates. Especially, the dividing of a TLCGD with a much too large cross-sectional area into
smaller units in parallel action, requires fine tuning for practical applications, Fu 2008.

6. Applications of passive TLCGD to buildings

Since an impressive increase of the effective modal damping over the light structural damping by
the action of the TLCGD, the reduction of the response to wind excitation seems to be quite
naturally given. The full simulations of the linearized system (structure with TLCGDs attached)
are given for seismic excitation. There is no explicit need to repeat such simulations for the wind
load.

6.1 Single-storey asymmetric space-frame

The commonly uniformly distributed mass of the floor with rectangular plan axb = 8x4 m is
mg = 16 x 10" kg and an eccentric point mass m,; = 6 x 10’ kg is considered placed in the corner
Ay (4, 2, 0) in Fig. 1. The common anisotropic stiffness of column in each corner in y- and z-
directions are k,=981.2kN/m and k.=350 kN/m. The natural frequencies are 1.16, 1.96 and
2.37 Hz. With the three modal centers of velocity considered, all are outside of the floor plan, Fig. 6
shows the arrangement of the three TLCGDs (constant cross-sectional area of the pipe is assumed),
tuned with respect to the corresponding natural frequencies.

The fluid mass is chosen as m;; = 770 kg, m, = 320 kg and m; = 180 kg of water. Dimensions of
the three TLCGDs are summarized in Table 1. They are at first modally tuned by means of the
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z CV}

TLCGD?
Cy, TLCGDL |

TLCGDB‘

Cvz

Fig. 6 Installation of three TLCGDs in a single-storey asymmetric building. e indicates the centers of velocity
Cy

Table 1 Layout of the modally tuned TLCGDs, gas volume selected and gas equilibrium pressure assigned,

Fig. 6
TLCGD 1 TLCGD 2 TLCGD 3
Horizontal length of the liquid column B [m] 3.00 2.50 3.00
Inclined length of the liquid column H [m] 1.40 0.86 0.60
Cross-sectional area of the pipe [m?] 0.1330 0.0760 0.0430
Effective length L= L, =2H+B[m] Egs. (7) (11) 5.80 4.22 4.20
Angle of the inclined pipe section £ [rad] /4 /4 /4
Geometry factor k=% Eqgs. (7),(11) 0.86 0.88 0.92
Geometry factor x5 Eq. (13) 1.20 1.77 3.83
Equilibrium pressure head Ay, [m] n=1.2, Eq. (8) 36.70 45.26 46.50
Gas volume V, = A;H, [m’] Eq. (5) 0.340000 0.110000 0.044000
Den Hartog Eq. (14) 1.13 1.92 2.33
Natural fi H
atural frequency fuy (HZ] g ining Eq. (28) 1.13 1.90 233
. . . Den Hartog Eq. (15) 8.96 7.37 6.68
Opt | d %
phmum tinear damping *o - pine tuning Eq. (28) 7.51 5.72 491

TMD analogy, Eq. (21), and by substituting Den Hartog’s formulas, see again Eqs. (14) and (15).
Subsequently, a fine-tuning process in state space is performed, Eq. (28). Optimal frequencies
remain nearly unchanged and damping is dramatically lowered. By the action of the three TLCGDs,
the effective modal damping coefficients of the system in each mode are increased from 1% to 5.9,
4.77 and 4.34%. Varying the angle of attack of the time harmonic base acceleration, strength 0.1 g,
the weighed sum of the frequency response functions of the original and the optimized system was
calculated using MATLAB 2002. The maximum gain from all three TLCGDs is exemplarily made
visible with a selected simulation (o = 7/6) in Fig. 7. It is obvious that the parameter optimization
reduced the vibration amplitude at the resonant peaks tremendously. The maximum relative fluid
strokes for all cases are within the design limits, Fig. 8. The maximum relative fluid speed is well
below the limit given in Lindner-Silvester and Schneider 2005, a)A,|u |<10 m/s, j =1,2,3. The
detailed TLCGDs design and the simulation results see Fu 2008.

The seismic acceleration record of the 1940 NS-EI Centro earthquake (a, = 0.35 g) with the angle
of attack « is applied to this structure. The three TLCGDs with fine-tuning parameters are
considered in their linearized modal damping assigned. One illustrative result of the simulations is

max j
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ay=0.1g, a= 7/6. Maximum gain 30 dB the lowered optimal damping
0.1 0.1 0.1
v [m] w [m] I by , thim]
: | REREE EET N IR
005 003 Mﬂ;.-;:..,p:f;:._.. TR
il IIJ [ :I "'|I|.;|!;:_|: W ) '
. N T PSR e SR TSR
0 A R e e
g kel U
0.05 1 0.05 : Sl |I [N o |I [N ' \
! dy SR Y ey
1 NN LA
‘| 1t
g 5 e (] 10 15 20 0 5 gme () 10 15 2 g S oo [m] 10 15 2

Fig. 9 Relative floor displacements of center of mass, v, w, and rotation u;=r¢6, r¢=2.97 m. 1940 El
Centro earthquake, strong motion phase 20s, angle of attack: o= 7/6 --- without TLCGDs, — with
TLCGDs

shown in Fig. 9. However, the maximum accelerations, peaking at early times within the strong
motion phase, are hardly affected. Their reduction requires active control rendering the TLCGD
hybrid, the ATLCGD, see Hochrainer 2001 for a design proposal.

6.2 Four-storey asymmetric building

The same mass of each floor 16 x 10° kg with the different point mass (6 x 10° kg, 8 x 10° kg,
10 x 10° kg and 6 x 10° kg) orderly placed in the corner causes the centers of mass of the floors not
on vertical axes. The common stiffness of columns are increased from section 6.1 to k,=
5874.4 kN/m and k_;=2021.9 kN/m. The computed first four natural frequencies are 0.97, 1.61, 2.01
and 2.88 Hz. With the first four modal centers of velocity considered, the possible arrangements of
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Fourth floor: Second floor:

Cwz

Fig. 10 Installation of TLCGDs, ® the centers of velocity of second floor, ® the centers of velocity of fourth,
top floor. Scaled figures

Table 2 Layout of the modally tuned TLCGDs, gas volume selected and gas equilibrium pressure assigned,

Fig. 10
TLCD 1 TLCD 2 TLCD 3 TLCD 4
Horizontal length of the liquid column B [m] 3.00 3.00 3.00 3.50
Inclined length of the liquid column H [m] 2.40 1.40 1.40 0.50
Cross-sectional area of the pipe [m?] 0.2600 0.1400 0.0480 0.0880
Effective length L,,= L, =2H+B [m] Egs. (7) (11) 7.80 5.80 5.80 4.50
Angle of the inclined pipe section £ [rad] /4 /4 /4 /4
Geometry factor k= x Egs. (7),(11) 0.82 0.859 0.876 0.935
Geometry factor x; Eq. (13) 0.665 1.198 1.623 6.485
Equilibrium pressure head 4, [m] n = 1.2, Eq. (8) 56.28 69.72 86.88 88.08
Gas volume V, = A,H, [m’] Eq. (5) 1.040000  0.330000  0.100000  0.110000
Den Hartog Eq. (14) 0.945 1.585 1.982 2.86
Natural fi opt [H . .
atural frequency fuop [Hz]  pon e ining Eq. (28) 0.941 1.552 1.893 2.86
. . . Den Hartog Eq. (15) 8.50 7.16 6.35 4.08
Opt | d %
pHMUM finear Campimg 7o pine tuning Eq. (28) 7.81 5.75 5.81 3.62

absorbers are illustrated in Fig. 10. The top floor is suitable to host all modally TLCGDs. For the
fourth mode, the second floor with the largest modal displacement becomes suitable. The fluid mass
mp = 2030 kg, my = 810 kg, my =250 kg and myy = 400 kg of water are selected for four TLCGDs.
Dimensions of the TLCGDs are summarized in Table 2. The effective modal damping coefficients
of the system are increased from 1% to 5.6, 4.67, 4.2 and 3.1%.

Numerical studies have been performed for various angles of attack of the ground motion
ap=0.1 g, with a selected simulation shown, = 7/6. The maximum gain from all TLCGDs is
exemplarily made visible in Fig. 11 with the relative fluid strokes plotted in Fig. 12. The resonance
curves with fine-tuned optimal parameters understood, have broader peaks. The gain due to the
increase of the effective structural damping is impressive.

One illustrative result of the simulations of the four-storey asymmetric space frame under the NS-
El Centro earthquake is shown in Fig. 13, where the relative floor displacements with respect to the
base and the relative floor accelerations in terms of the root mean square (RMS) values are
displayed. The RMS value is defined by
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Fig. 13 RMS response of the relative floor displacement and of the relative floor acceleration of the four-
storey asymmetric building (EI Centro, 0.35 g, angle of attack o = 7/6)
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ty
RMS = /tl [dr, ;=205 (29)
SO

where £ is the strong motion phase of the NS-EI Centro earthquake record.

The rotation displacement about x-axis is u,; = Ory, where rg=297m, ru=298m,
re3=2.97m, rg=2.97 m. It is seen that the RMS response is impressively reduced by the increased
effective structural damping. Thus, it is concluded that the optimally tuned absorbers are adequate
for effective damping of asymmetric buildings in seismic active zones.

7. Conclusions

The tuned liquid column gas damper (TLCGD) is well suited to mitigate wind- and earthquake
excited dominating horizontal vibrations of plan-asymmetry buildings assumed a three DOF at each
floor, equally as well as an increase of the modal structural damping. Its optimum installation
location requires the largest allowable normal distance to the modal center of velocity in the floor
with large modal displacements, when this center lies outside of the floor plan. The equation of the
relative fluid flow in a sealed TLCGD uses the extended non-stationary Bernoulli equation for
moving reference systems. The interaction force and moment between TLCGD and the main
structure are assigned. Starting from the linearized equations a geometric analogy between TMD
and TLCGD is worked out which allows the transformations of the optimization parameters (Den
Hartog formula) of the TMD to TLCGD. The gas-spring effect in the sealed TLCGD extends the
frequency range of application. The adjustable equilibrium gas pressure becomes an easily
accessible tuning parameter. A sufficient condition based on the cut-off damping coefficient of
parametric resonance allows neglecting the effects of the vertical or rotational motion. In order to
keep the fluid-gas interface intact, the allowable relative speed of the fluid must be limited by about
10 m/s. Consequently, it is pointed out the first time that for a given maximum fluid stroke the
frequency range of application becomes equally limited.
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