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1. Fundamentals 1

1. Fundamentals

Traditionally, most civil engineering structuresvhaeen designed and considered as static
systems, but the development and application ofemogrotective elements demands a more
precise analysis. Instead, buildings, towers atdas must be considered as dynamic systems,
allowing better mathematical modelling and a cdrimegestigation of the dynamic behaviour.
In this introductory section a simple structureidealised as a single-degree-of-freedom
(SDOF) system with a lumped mass on a supportimgtsire, thus representing the prototype
of a spring-mass-dashpot system. Such a lineallaiscimodel permits the investigation of
typical dynamic effects like free and forced vilowat the influence of damping and the
resonance phenomenon. While such a simple modskisll for developing an understanding
of the dynamic behaviour, most real structures nhestepresented by multiple-degree-of-
freedom (MDOF) systems for better reproductionhe actual structural behaviour. After a
basic treatment of single-degree-of-freedom systefos which some general analysis
procedures are outlined, the structural modellm@xtended to multiple-degree-of-freedom
systems where resonance phenomena, a system reptesein state space description as
well as basic concepts, like state transformatiand modal analysis are discussed. The
introduction is mainly influenced by presentatiomsluded in Ziegle, Soong and Darguéh
Choprd, Clough-Penzi¢hand Magnus

1.1.Dynamic behaviour of single-degree-of-freedom systems
1.1.1. Equation of motion
The simplest model that demonstrates most esseesipbnse characteristics when subjected

to dynamic loading is the single-degree-of-freedystem, for two simple models see Figure
1-1.
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f(t) %

Kelvin Voigt body

Figurel-1: Singe degree of freedom model excited by adjviorce f(t) and a ground
motion wg(t ): a) shear frame model b) mass-spring-dashpotrayste

It consists of a mass1 concentrated on the roof level and is supported byassless frame,
providing a total linear elastic stiffneds to the system - the reduced stiffness due to the
vertical loading of the columr{P-A-effec is included, and approximately reduces the
unloaded column stiffnesk by k =k —6mg/5l , where g denotes the constant of gravity

acceleration, see ZiegferA linear viscous damper, representing a simplelehof material
damping has the viscositg and is in parallel connection to the Hookean gptimereby
forming a Kelvin-Voigt body. The system is subjette a seismic disturbance characterised

by a spatially uniform, time-dependent ground agm@ion w,, and a time dependent single

force f(t). The lateral displacemen(t), relative to the ground, describes the response of

the excited system, and the absolute displacement i

(1-1)

w(t) = wy (t) + wit).

Assuming spring and damping forces linearly prdpaodl to the displacement and the
velocity, respectively, the equation of motion this SDOF system follows directly from
Newton'’s law and can be written as

1-2)
mw+cw+kw= —ngl + f



1. Fundamentals 3

in which the differentiation with respect to timsegiven by the superimposed dots, e.g. in the

2

dt;(' If appropriate, the time argument is skippednmet

: Coodx
material descriptiorx = Ty or X=

dependent quantities to gain clarity in long expi@ss. It is often convenient to introduce the

effective loading

for (1) = —mvi, (t) + (1), (1-3)

so that it is not necessary to distinguish betweere loading and ground excitation.

1.1.1.1. Free vibrations
A structure is said to perform free vibration ifstdisturbed from its equilibrium position and
then allowed to vibrate without any external dynamxcitation. In absence of any effective
loading, the right hand terms of Edl-2) vanish and it simplifies to the case of ndtura

vibration. If the mass is given some initial disgeentw(0) and velocityw(0) the response

of the SDOF system becomes

W, (t) =w exy:(— Za)ot)COS(th - ﬂ) (1-4)

- m;(’?+ZW(O), le(M[W(OFZZ W(O)j+ : “’(O)ZJM (1-5)

ane = (1—(2)]/2 w(0) 1-¢2 Wy ) 1-7% wy?

where w, and { represent the damped natural circular frequencytha nondimensional

damping ratio given by

Wy =w1-7%, {=—2 <1, (1-6)

2maw,

and w, denotes the natural circular frequency of the ormisd structure, defined as

/ (1-7)
a)O: E:ZHfO:Z_IT,
m T,

Notice, that for¢ =0, the free vibration response Ep4) does not decay and in absence of

dissipation the motion is characterised by the gteigd exchange of potential (strain) and



1. Fundamentals 4

kinetic energies. Damping has the effect of lowgrine natural circular frequency from,
to w, and lengthening the natural period froly to T, =27/w,. These effects are
negligible for damping ratiog below 20%, a range that includes material dampihgll

civil engineering structures of interest. Incregsih to the critical damped valu¢=¢_;, = 1

changes the response character completely, sinpcebecomes complex and the system
response Eq.1¢4) looses its vibrational characteristics. Indiethe structural response of
such an over-critically damped system is descrimedwo decaying exponential functions,
obtained from the sine and cosine functions witmglex arguments. However, those highly
damped systems do not occur in the elastic defeomaange of civil engineering structures.
Common damping ratios for steel, concrete and woatieictures are betweeh=05 é&id

{ =3%, presuming linear elastic behaviour. Fidu illustrates the SDOF system’s
displacement in natural vibration for various damgpifactors with the initial conditions

W, (0) =w, andw, (0) = w,w, .

- Z:O
— (=0.01
—— (=0.05
—— (=0.2
envelope

e

'2 IIII|IIIIIIIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 1 2 3 4t/T05 6 7 8 9 10

Figurel-2: Free vibration response for various dampirnigsa

1.1.1.2. Forced vibrations — time harmonic forcing
The response of SDOF systems to harmonic excitagoa classical topic in structural

dynamics, not only because such excitations oftammin engineering systems, but because
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the frequency response function provides indeedhishow the system will respond to more
general time dependent forces. At this point wseful to distinguish between the excitation
due to a pure force loading and the vibrations edioy a ground motion.

1.1.1.3. Force loading

Firstly, in the case of forced vibrations, let ¢y@und accelerationy, be put to zero, thus,
effective forcing becomesf,, = f, cos( a)t). Consequently, a time-harmonic force of

magnitude f, and frequency excites the SDOF model. This effective loading atso be

described by the real part of the complex expoakhinction
(1-8)

feff

_ Re( f,e" )= f, cos(vt) for t20
0 for t<O

with i =+/—1 representing the imaginary unit. Due to the supstpn principle, the total

response can be given as sum of the homogenous @edicular solution

w () = wh (t) + wy t), (1-9)

Starting with homogenous initial conditions theusmn of Eq.(-2) due to the harmonic force

is obtained in the complex form:

w (t) = w expi (vt -@)+exp(- ¢ wyt)w, expi ( wp t-g), (1-10)

in which w;, w,, ¢ and ¢ denote amplitudes and phase angels, respectwgligh are

given by,
le% Y 1 AT 1V_v}z (1-11)
((1-1/) +(25y))
_ 2y¢ _ ¢ 1ty
t = =75 ¢t =
ang 1- )% ang, (1—52)]/2 1-y (1-12)

y denotes the ratio of the forcing to the undampadnal frequency,

V= @ (1-13)
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The first term appearing in EG«0) corresponds to the steady-state solutionreasethe
second describes the transient response compamigict) might be responsible for peaks in
the transient regime. Due to damping the amplitofiansient response decays and, after
several periods, the steady-state term will calis&ominant response contribution.

Referring the steady state displacement amplitwpdo the static displacement,, defines

the response functior, (y), for real input

A (y)= Wl(y)e\;(j(_i%):[(l—ﬁ)+ 2iZy]_1’ (1-14)
fo
W =2 (1-15)

The absolute value ofA, (y) is called amplitude response function and measthes

amplitude magnification when compared to the statd case, whereas phase angle between

the excitation and the response is described bptiase shifarg(A, (y)) . Both quantities are

respectively given by

| Ay (V)|:[(1—y2)2+(2Zy)2 ]2, (1-16)
ard, () =tan?) 2| .

and they are of vital interest for dynamic analy3ise amplitude response magnification can
e.g. be used to determine local stress distribgtimnestimate the possibility of material
fatigue, even within elastic limits: the admissibteess amplitude decreases with the number

of load cycles according to Wéhler's curve, see €myvalld

1.1.1.4. Ground excitation
The second loading case, by ground excitation, @atrdated analogously, if the effective

force excitation is given by the ground excitationcing fo, =12 Wy cos(vt). Thus the

solution can be given by Eq-0), when replacind, by f..
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When referring the steady state response to thengrexcitation inputv_, it is possible to

define the complex displacement frequency resptursgion

A(ve)=l(2-12)+2icp | (1-18)
Again, the absolute values &, (v) and the phase shiéirg(A,(v)) are
1 27
‘ Ay (Vg)‘ :[(1—y§)2 + (ZZyg )2 } 2, arg(AJI (Vg))= tan‘l{ 1—;J//g } (1-19)
9

but in contrast to the force loading of Sectiofh.1.3 the reciprocal nondimensional excitation

frequencyy, is defined as

4 _ G (1-20)

1.1.1.5. Resonant vibrations
Apparently, EqX-14) and EqX-18) are identical but the difference between tve

excitation types lies in the definition of the ndimensional frequencyy, namely of
Eq.@-13) andy, = y of Eq.(L-20). As it is either defined by/w, or reciprocally byw, /v,

the response functions are mirrored about the essmn frequencyy = .1Besides the
displacement response curve, the frequency resmmses of the velocityd, (y) =iy A, ()

and of the acceleratiod\ (y)=-y? A,(y), are of equal importance, when characterising
dynamic systems. It is understood, thgthas to be substituted in case of base excitaiibn.

frequency response curves are represented pareafigtrivith respect to the damping

coefficient, in a fourfold logarithmic diagram nathafter Blake, see Figude3a.
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Figurel-3: a) Blake’s diagram: Amplitude frequency resgfunction of displacement,
velocity and acceleration b) Phase frequerrllcy respof the steady state vibrations, see
Ziegle

Under steady state conditions, the maximum dispt@cé magnification occurs at the

resonance frequenay, and is given by

max A, (v)] = ﬁ (1-21)

For weakly damped systends<  (Pcan be approximated byaq A, ()] =1/2¢ . Figure
1-3b displays the phase frequency response curaeamgtrically with respect to the
damping. The phase shift at resonance is alway®, which is of practical value if a

resonance has to be determined experimentally.r@$@nance magnification is only limited

by damping, e.g. for{ = 00Xhe amplification factor is approximately 50 whesefor
¢ = 0.2 it decreases to 2.5, for structures with identstatic behaviour. It is often helpful to
work with a slightly modified notation of the fregcy response function where absolute

frequencies replace the non-dimensional frequengies y,, . The simple relation

H(v)= A, (Lj , (1-22)
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can be utilised to obtain the frequency responsetion H (y) or H (yg )

1.1.1.6. Transient resonant vibrations
If a resonant harmonic force excitation of ampléguf] is applied to a lightly damped SDOF
system at rest, then the amplitudgsand w, of Eq.(-11), and the phase angl@sand ¢, of
Eq.(1-12) can be approximated by

o= to L (1-23
k 2¢
_n ,o.n
a 5 @, 5

where w, = w, and { << 1 Inserting into EqX-10) renders the resonant transient vibration

response,

Wres(t) ZE_l(l_eXd_Zwot))Sin(a)ot) , (1_24)
k 2¢

For an undamped systedi,= , Bospital’s rule must be applied to obtain

Wres(t) :%%tsin(wot)' (1'25)

which describes an increasing unbounded vibratleor. ¢ > 0 Figurel-4 visualises the
transient vibration’s envelope function. Anothansient phenomenon for undamped SDOF

oscillators is the beat-like-vibration, if the etation and the natural frequency only differ

slightly. In this case Eqd.{11) and {-12) renderw, = w, :%1% andg =0, @ =11,
4

respectively. Inserting into E4{10) and applying the additive theorem for harrooni

functions renders
f 1 (V-w (v+w
w (t)=—--=L sin D t |sin Dy,
) Kk 1-(v/ew, ) ( 2 j ( 2 j (1-26)

Figure 1-1 displays such a beating vibration for an undansystem,{ = 0and

v -w|<<v+w.
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Figurel-4: Envelope functions of transient resonant \ibre
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Figurel-5: Beat-like-vibration of SDOF oscillator with= w,

1.1.1.7. Arbitrary periodic forcing function

If the effective excitation is a periodic functiofi,(t)= f(t+T) with T defining the

excitation period, it can be expanded in the compl€ourier time series,
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for (1)/m= ZC exp(—ntj. The excitation may then be considered termwisd, the

n=-—oo

solutions given in Sectioh.1.1.2 are applied to each term and finally, sppstion allows to
render the total response. This approach pernmetentrestigation of all steady state vibration

problems by summation of the individual contribaso

=S )

n=—co

where H (y) denotes the amplitude response function for fesaitation given by Eql(22).

If force loading and ground excitation are applghultaneously, then both load cases can
also be treated independently and superimposetittonothe total response. In practice, the
forcing is considered band-limited, and only atBmumber of terms is involved in the above

series representations.

1.1.1.8. Forced vibrations - non-periodic forcing functiotransient response

Contrary to the discrete spectrum of a periodicdothe non-periodic forcing functiofy (t)

has a continuous spectrum, according to the Fountiegral,

(1-28)

c(w)= };()exp(-iwt)dt,

e
m
with the continuous Fourier coefficients(w). The continuous formulation of the

superposition principle in the frequency domaindrees

(1-29)

wt) = L Tc(a)) H (w)exdi wt)dw

217

—00

where H(a)) denotes the complex frequency response functigr(l£2). The integrals in
Egs.(-28) and {-29) can be evaluated by means of the Fast Fourarsform (FFT), see
e.g. Walke¥. The corresponding solution in the time domaintfor0 is given by Duhamel’s
convolution integral, if homogeneous initial comalits of the structure at rest are assumed,

w(t)=] ., (r)h(t-7)dr, (1-30)
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where the impulse response functioft — 7) defines the displacement at timelue to a unit

impulse forcef, (t)=d(t), acting at timer . In terms of the frequency response function it

is given by
1 ° : (1-31)
h(t)=—— [H(w) expi wt)dw,
()= [H() exsli 1)

and becomes the Green'’s function of EeR},

ot (1-32)
h(t)= sinaw,t for <1,

maw,

in the case of a SDOF oscillator. For simple exicites the integral expression EL80) can
be solved analytically with the aid of symbolic elbga programs. In general, the convolution
integral must be solved numerically, a task whics tbecome a standard problem in

numerical mathematics. However, using the addition theorem,

sin(t - r) = cosrsint —costsinz, simplifies the evaluation of EG430).

1.1.1.9. Response with a passive damper attached

The previous section has shown the beneficial effeCpassive energy dissipation by a linear
viscous damper. However, there are many more meshanfor energy dissipation like

yielding, friction, radiation damping into the fodetion or other types of energy transmission.
Energy loss by those effects cause damping andbeammcorporated into the mechanical
model by a general damping element, typically dbedrby a force-displacement relation. If

the dynamic modulus, see e.g. Hatris the ratio between the force and the displaceme

D=, (1-33)

then most damper and absorber configurations cadeberibed by the integro-differential
operatofD. In Figurel-6 such a general damping device is added to Er@FSmodel. For its
application to multiple story high rise buildingee e.g. Léf
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Figurel-6: SDOF system with general damping device

Writing the force contribution of the device @&lw permits various response characteristics
including displacement, velocity and accelerati@pehdency. Neglecting the mass of the

damping device the extension of Hgq) takes on the simple form

mw+cw+kw+Dw= f. (1-34)

Only if the damping device is purely viscous thergy dissipation of the SDOF model is
always increased which corresponds to an increatieei overall damping ratio. For all other
types of damping devices only careful dynamic asialycan guarantee improved

performance.

1.2. Equations of motion for linear MDOF structures

A proper mathematical idealisation of a physicatstauction is crucial for the development
of vibration absorbers and the determination ofdigeamic characteristics of any structure.
Unfortunately it is rarely adequate to utilise a@Pidealisation for the entire construction.
Thus the dynamic investigations must be adapted M@OF structures. Although the

structural model can have several degrees of fragtlee structure-soil-structure interaction
is not accommodated for, and the ground excitafionvertical direction is neglected

throughout this dissertation. Figure7 displays typical idealised lumped mass MDOF

structures, a plane shear frame building, and @leaered shear-beam model.
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a)

Figurel1-7: Multiple-story model: a) shear frame b) beaodel, both in single point excitation
and (wind) force loading

One of the most appropriate techniques for a MD@Erdtisation of a continuos structure is
the Finite Element Method (FEM), where, from a pbgk point of view, each structural
member is mathematically represented by an elemawving the same mass, stiffness and
damping characteristics as the original member.s&€helements are assembled together,
according to the physical construction, renderingd aDOF system with a discrete set of
variables. The mass, stiffness and damping matdodsa general displacement vectoris
generated during this process. Then, bhesquations of motion for the discretised structural
system, under uniform ground excitation and timeying forces, can be written analogous to
Eq.@-34), in matrix notation,

(1-35)

Mw+Cw+Kw+Dw=-Mr w, +f,

whereM, C,K andr, represent the mass, damping, stiffness matricegelisas the static
influence vector, respectivelwy, and f denote the ground excitation and the dynamic
loading forces, respectively, which can be combiniad an effective loading term

fer = —Mrg W, +f. If additional damping devices are installed, tikap be treated analogous

€
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to SDOF freedom systems by adding the vector egfmesD w, which again describes
force-displacement relations, for a practical amilbn, see again ¥ In general, the
stiffness matrix is symmetribkij =k; ) whereas such a property does not always exishéor
mass matrix. For linear systems and linear energgighting devices it is convenient to
incorporateDw directly into the equations of motion, resultimymodified mass, stiffness

and damping matrices. Due to the increased compné&htcapacity of modern computers, it
is possible to solve E4.{35) directly. Nevertheless, deep insight can baaey and the

required effort can be kept to a minimum if the &ns are uncoupled via a modal
transformation. As such a transformation is norynpkrformed for the main structure, the

additional damping term® w are not considered and Ef}.35) is solved for undamped free

vibrations via the general solutiow(t):(pei“’t. This renders the associated generalised

eigenvalue problem,

(K-a?M)o=0, (1-36)
and there are numerous methods available to sh/géneralised eigenvalue problem, see
e.g. Stoer. An N -DOF system will haveN nontrivial solutions of Eql¢36), wherew and

¢, denote the corresponding natural frequencies s=mdum be well separated, and mode

shape vectors, respectively. Normally the mode shagetors are sorted according to their
natural frequencies in ascending order, startinidp Wie fundamental mode. When properly
normalised the mode shapes satisfy the followitigogonality conditions

oMo, =7, (1-37)

1

®? fori= |
o Ko, =4 "' b
Ofori# | (1-38)

where 9; represents the Kronecker Symbol. Introducing edirtransformation such that the

original displacementsv are expressed by
w=®q (1-39)

where the shape vectore, form the columns of the modal matrix (square mtri

® =[g,,--,0,] . The modal vectorg contains the new generalised, so called principal
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coordinates. Inserting EqG{39) into Eq.{-36) pre-multiplying with the transposed modal
matrix ®" and applying Eqgslé37) and {-38) render the following set of equations of

motion in modal coordinates
G+@®'COY+Q°q=-® MrgW, +®'f, (1-40)

where Q% = diag(«?, -, 7). The simultaneous diagonalisation of a dampedesyss only

possible, see e.g. HitteMuller', if the condition

CMK =KM™'C (1-41)

holds. This condition is valid for all modally daethsystems, also referred to as classically
damped systems. In such a situation the transfordaadping matrix®'C® is also of

diagonal shape and the left hand side of the damspadtural system, E4.{40), decouples
completely. Since very little is known about the¢uat damping conditions in a building,
modal damping is frequently introduced into theaopns of forced motion. The special case

of the proportional Rayleigh damping

C=a,M+a,K, (1-42)

e.g., allows modal decoupling, but it can be gdisam to the Caughey series, see S6png
p.22,

N-1 )

c=MY a,(MK) (1-43)
i=0

Using the normalisation condition, E&:87), and expanding EqG-43), renders

N-1 .
P CO=0,0'MD+a,0K D+ ZO'jtl)TK(M'lK )‘cp (1-44)
j=2

=a, @' MO+a,® K P

N-1

Yoo Koo M Ypt o Koo Mo oK @

Soocoou o’ bfoce o
0? 0? 02

N-1 .
=Y a,[0?] = diagl2z.at, - 20,).
j=0
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where {; denote the modal damping ratios. Under the camliof separated natural
frequencies Eql(-45) has a solution for the damping coefficieats The damping matrix of

a 3-DOF model, e.qg., can be given by

2 . 1-46
c=MYa,MK), (1-48)
i=0
where
-1 3\t
aO a)l a)l a)l Z1 (1_47)
a |=2lw' w, | |Z,|.
aZ a);l a‘)3 w?? Z3

After the modal transformation is performed, theia@gpns of motion simplify to a set of
scalar equations, one for each mgde

G, +2{,qw, +wq, =~EN, +oif, =12 N (1-48)

- (1-49)
E& —(PIM r's

where g; and Egj denotes the modal coordinate and the participa@ator of the ground

acceleration, respectively. Besides the particjpetactor, the first excitation term depends on
the spectral density of the ground excitation. $heond excitation term depends on spatial
distribution off and on time. Equatiorl{48) is identical with a SDOF equation of motion
with effective forcing, and consequently all metblodjy and phenomena developed and
discussed in Sectich1.1.1 to Sectiof.1.1.9 are applicable. The major computationd ims
the determination of the natural frequencies amrdniode shape vectors. For large systems,
however, often only the structural modes within tbever frequency band need to be
calculated, and a diagonalisation is performedreetioe dynamic analysis.

1.3. Energy considerations

Traditionally, the calculation of displacements|oegties, accelerations and forces has been
of outmost interest during design and investigabbdynamic resistance. However, with the
development of innovative concepts in passive gneligsipation a focus on energy as a

design criterion has been developed. This linetiaick puts the centre of attention towards
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the need to dissipate structural energy insteath@tasing the resistance to lateral loads.
Energy considerations are very general in natuik awpropriate to incorporate dynamic
effects due to various load cases e.g. wind omseifoading. The resulting formulation is
suitable for a general discussion of energy dissipaand used in the chapter about the tuned
liquid column damper (TLCD) design optimisation kvpperformance indices, see Chapter 7.
In the following section an energy formulation foe idealised SDOF and MDOF system is
developed which may include one or more passiveicdsv A straightforward energy
approach is the integration of the equations ofiomobver the entire displacement history. As

a result one obtains, see Sogng

Exin + Ep t Es + Ep = E (1-50)

where the individual energy expressions are giwen b

_1. .
Evin —EWM W, (1-51)
I R
Ep —J-W Cwdt, (1-52)
ES:J.WTdezinKW,
2 (1-53)
_ T
E. —j (Dw) dw, (1-54)
E, =—[w,Mdw+[fT dw.
=1 / (1-55)

The contributions on the left hand side of Elg50) represent the relative kinetic enefy;,,

the dissipative energ¥, caused by light material damping of the structwith viscous
module, and the elastic strain enefyy E, denotes the energy dissipated via the general
damping device. From the law of conservation of ma@écal energy it can be concluded that
the sum of these energies balances the externat gmergy E,, which comprises of the
energy input due to seismic activity and the wimeérgy. From an energy perspective, one
must attempt to minimise the amount of kinetic atchin energy by proper design. Two
approaches are feasible. The first reduces theggnaput into the structure, like base

isolation, whereas the latter focuses on the apijptic of additional energy dissipating

mechanism in the structure, which is the centraité of this thesis. The main goal is to avoid
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any damage caused by excessive loading (plastmrrdafion, overturning moments, /R-

effect, etc) of the main structure by the insta&laiof energy consuming substructures.

1.4. State transformations and state space representation

The linear equations of motion of an arbitrary éingime invariant structural system are

second order differential equations, resulting frmonservation of momentum,
MwW+Cw+Kw=f, (1-56)

with an effective load vectorf; =-Mr.w, +f , see Sectiori.1.1.7 for wind and seismic

load Often w describes the absolute deformations, but manyr aées of coordinates are
possible, e.g. the relative story displacements: pimysically meaningful coordinates can be

obtained fromw by the regular state transformation

w=T"w, (1-57)

with the regular transformation matrik. A special case is the modal transformation where

T =®, yielding a diagonal mass and stiffness matrix nvpee-multiplying with®" . The

equation of motion in transformed coordinates bexom

MTW+CTW+K Tw=f,, (1-58)

Working with a set of first order differential editas often simplifies dynamic system
analysis, and a suitable representation oflE§g) can be achieved by introducing a new state

variablez consisting of the displacements and velocitietheforiginal system, Eq.{56):

1) {3 | (1-59)

With this new state vector EG-66) can be rewritten as a system of first ord#erm@ntial

equations:
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(1)= 0 | o 0 (1-60)
z _(—T‘lM‘lKT —T"lM"1CTjZ T'M M (1))

Eq.(1-60) is known as the state space representatidheoflynamic system, EG-66). It is

not limited to linear systems. The inversion of thass matrix is always possible, unless the
original set of equations, E4-566), contains algebraic equations which mustabees before
performing the transformation. Any state spaceaggntation is equivalent to the equations of
motion, but the reduction from a second to a firsker system comes at the price that the new
system dimensions are twice the original ones.dDfse another state transformatios T z

can be applied if desired. State space represemsathave become widely used and
appreciated, since many powerful mathematical toals be applied directly, and it is the
favourite description of dynamic system in conabineering. If necessary, the state space
equations are extended by a so called ‘output equathich is a function of the state and the

external excitation, for linear systems

y(t)=Cz(t)+Df(t). (1-61)

Such an output equation is particularly usefulnéas not interested in all state variables but
in particular output quantities, e.g. certain fl@mcelerations, velocities, displacements or a
combination of those like shear forces or momentstarques.

In system analysis, Eq$-60) and {-61) are often written in a standardised form gilag
z2(t)=Az(t)+Bf (1), (1-62)

y =Cz(t)+Df,(t),

where A, B, C and D are denoted system matrix, input, output and teealigh matrix,
respectively. It is vital to be aware of the outsliag importance of the system matrix: all
relevant information about dynamic behaviour ergefvibration response, damping and
stability, pole location, is contained iA . For that reason the system matrix plays the very

central role in system analysis. Transforming E®2) into the Laplace domain,

c{f(t) = f(s)= [ f(t)e™dt, see e.g. Doetsth and solving forZ(s) yields
0

z(s)=(sl -A)*BF(s)+(sl -A)"z(0), (1-63)
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v(s)=(c(st -A)*B+D)F,(s)+C(sl -A)*z(0),

The inverse Laplace transformation is given by

_ R f(t) furt >0
Bl 1055 [Te)etas=| DI a-6)
O-ioo

where the complex variable is defined bys=J +iv, and the state transition matdXt) is

defined as the inverse Laplace transformation efésolvant matrix(s):

r(s)=(sl -A)", (1-65)

r(t)=c4r(s)},

By means of the inverse Laplace transformation(1=63), and the convolution theorem,

t
£ 1,(s) 0, ()} = [ 1,(z) f,(t - ) d7, the time domain solution can be given by
0

I (t-7)Bfy(r)dr +1(t)2(0), (1-66)

CI(t-71)Bfy(r)dr+Df(t)+Cr(t)Z(0).

There are efficient numerical schemes to calculaestate transition matrix. One is using the

Taylor series expansion, see e.g. Miflerudyk®®,

(<) Antn
l“(t)=e’“=zo - (1-67)

The system matrix uniquely defines the state ttexmsmatrix and this is another proof of the
exceptional importance oA . For linear systems a lot of system design andlysisais done
in the frequency domain, due to the existence @fstiperposition principle. The input-output
behaviour of dynamic systems, is usually describgdhe transfer functiorH(s), whose
magnitude and phase angle are called the frequesppnse of the system. From EL:6Q)

it follows directly that for homogenous initial oditions the frequency transfer functidrh(s)

is given by
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Y(s)=H(s)F.x(s), H(s)=C(sl -A)*B+D. (1-68)

If the outputY (s) is a function of the state variables only (e.dogiies and displacements),
then D = 0 and their is no direct dependence\dfs) on the input. If furthermore, the output

matrix C is chosen to be the identity matrix, then the destgcy response function simplifies

to

H(s)=(sl-A)"B. (1-69)

Under the assumption thdtt(s) can still be computed if the real part ®fis chosen to be

zero, s becomess =iv, and it can be written in the equivalent forir{(iv)=(ivI -A)™"B.
As it describes the system-response to a unit isepuxcitation £{5(t)}=1, the
corresponding time function df (s) is normally referred to as the impulse responsetfan,
see Eq1-32) for SDOF oscillators. Sincél(t)=0 for t <0, the Fourier transformed, if

existing (see Doetstf), equals the Laplace transformed with

H(t)e™dt = TH (t)e™dt, (1-70)

ssiv o

[
—~
T
~—+
==
1
I
—~
D)
1

O3

F{H( = H V)= [Hl)e™ dt= [H{)e™ dt.

However, it has to be pointed out that, for genssagtem analysis, the application of the

Laplace transformation is much more powerful, woempared to the Fourier integral.
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2. Overview of passive devices for vibration damping

The purpose of this chapter is to review commorucsiral control techniques and
applications. It is restricted to passive energyoabing devices, starting with well established
damping devices like metallic dampers, friction gamns, viscoelastic dampers or viscous
fluid dampers. Sectio2.5 is conceptually concerned with dynamic vibnatiabsorbers,

including the description of tuned liquid damperdatie shortly described idea of base
isolation. Tuned mass damper are discussed in Mmumte detail (Sectior2.6) since the

understanding of their working principle is the isa®r the analysis of tuned liquid column
dampers. The chapter ends with a short overvievenoért materials used for structural

control.

2.1.Metallic Dampers

One of the most effective mechanisms available ther dissipation of energy already
accumulated in a structure, is through inelastifortieation of metals. In traditional steel
structures the aseismic design relied on the plagformation (and post yield ductility) of
structural members whereas the introduction of lnetgield dampers started with the
concept of utilising separate metallic hystereaogers to absorb a major part of the external
energy input to the structure. During the yearsaety of such devices has been proposed,
many of them using mild steel plates with trianguta hourglass shape so that yielding
spreads evenly throughout the material. The dissip&ffect is based on the nonlinear force-
displacement behaviour, which typically containstbyesis loops for energy dissipation, see
Figure 2-1, where several load cycles with increasing @&oge displacement are displayed
for the Ramberg-Osgood model, see Wiem details. Many different designs and materials,
such as lead and shape memory alloys, have beerloged and evaluated, some with
particularly desirably features like stable hysierdehaviour, long term reliability and
insensitivity to environmental temperature. The ang research has resulted in the
development of several commercial products for g and retrofit construction projects.
The inelastic deformation of metallic elementshis tinderlying dissipative mechanism for all
different types and geometries of metallic dampkrsrder to include these devices in the
structural design, the expected hysteretic behawoder arbitrary cyclic loading has to be
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characterised. Ideally such a description wouldéged on the micro-mechanical theory of
dislocations which determine the inelastic respphsésince this approach is hardly feasible
a phenomenological description of the processasdspted. A common approach to describe
the inelastic behaviour of metallic dampers stavith the selection of a basic hysteretic
model, followed by a parameter identification, whaurve fitting is utilised to match the
model with experimental data, available from expents. Additionally, scaling and material
relationships can be determined by macroscopic arecal analysis of the device.

Strain [%0]
Figure2-1: Force displacement response of hysteretic meee Weh

Since its application in New Zealand 1980, repoite8inner et &l, metallic yield dampers
have been installed in various countries, inclugirgp-storey building in Italy, see Chiafpi
seismic retrofit installations in USA, see Pernaktand Mexico, see Martinez-Romarand

a number of installations in Japan.

2.2.Friction Dampers

Dry friction provides another excellent mechanison &€nergy dissipation, and plays an
important role in automotive brakes. Based uporaralogy to the automotive brake, began
the development of passive frictional dampers tprove the seismic response of structures.
Although a variety of devices, differing in mechaadi complexity and sliding materials, has
been proposed, it is essential for all of themwuoid stick-slip phenomena which introduce
high frequency excitation. A critical componenthe sliding interface, because an improper

composition of the interface layers causes corrosiad thus, an alteration of slipping
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properties with time. As a consequence, compatibégerials must be found to ensure a
consistent coefficient of friction independent efveonmental factors. One of the damper
elements based upon the friction mechanism is theaXed friction damper, shown in Figure
2-2, for both, a schematic view and an actually ufctured device, see PallThose devices
are not designed to operate during strong windnaderate earthquakes. Instead maximum
energy dissipation is guaranteed as slipping ocaties predetermined optimum load before
primary structural members start to yield. Typigathese devices provide good performance

almost independently of the loading amplitude, fiextcy or load cycles.

{ cover

. = =
slip joints [N & C
with _ ,
friction h links
pads
Cem—
a) ~

brace

Figure2-2: Pall Friction Damper, a) schematic view, bp@sed friction damper in X-bracing
c) exposed friction damper in single diagonal [6]
Similar to metallic yield dampers most macroscdmpysteretic models for friction dampers
are obtained from test data, generally assuminddddu friction with a constant coefficient
of friction. Those relatively simple models areongorated into an overall structural analysis,
and the concept of equivalent damping as well #snfanlinear time domain analysis, see
Lei’? have been performed. Both approaches show thetigéfaess of friction dampers in
reducing displacements, while maintaining compar alaiceleration levels, when compared to
the corresponding unbraced or conventionally bratadcture. Friction dampers have been
installed in several buildings, some as retroftane as new facilities, including structures in
Canada and USA, see again Pall
However, the classical design is based on eartlegladding only, not taking strong winds
and mild ground movements into consideration. Téeosfvely mitigate all different

excitations, a combination mechanism consisting foictional slider and a viscous damper in
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series must be used, overcoming the problem ahtieshold activation force which exists for

all frictional dampers.

2.3.Viscoelastic Dampers

The metallic and frictional devices described so, fare mainly intended for seismic
applications. On the other hand, some viscoelasiterials can be used to dissipate energy at
all deformation levels. As a consequence viscaelasaterials can be applied in both wind
and seismic protection. Since the 1950s, viscaelasterials have been applied as vibration
absorbing materials. With the installation of abd@t000 viscoelastic dampers to reduce
wind induced vibrations, in each of the twin towefghe World Trade Center in New York
in 1969, they gained civil engineering relevanes Samali et al.

A typical viscoelastic damper used in civil engineg structures, is illustrated in Figu?e3a.

It consists of viscoelastic layers bonded togethih steel plates. A corresponding force
displacement diagram under harmonic excitation rigleahows the hysteretic character
responsible for energy dissipation, and is giveRigure2-3b. Viscoelastic dampers dissipate
energy through shear deformation, and their enabgprbing behaviour strongly depends on
the dynamic load and on environmental conditiong, e vibration frequency, strain and
ambient temperature. Nevertheless, the force displant relationship is still linear and,
unlike metallic and friction dampers, a linear stwal system, with linear viscoelastic
dampers added remains linear, with an increasedalbwascous damping, as well as an
augmented lateral stiffness. This fact greatly $iiep the analytical investigations for both,

single-degree-of-freedom and multiple-degree-oédiean-systems.

T A
T F/2 F/2
dissipated energy

=V

viscoelast centreplate

material l
F

Figure2-3: Viscoelastic damper, a) schematic view, b) amoading hysteretic stress-strain
curve, see e.g. Zhatfopr Tsat*
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Although originally designed for wind loading, furthanalytical and experimental studies
have shown that viscoelastically damped structuaee Iproven to be very resistant against a
large range of earthquake ground motion inteng@tels. Results indicate that viscoelastic
dampers are effective in reducing the inelastictitityc demand of the test structure.
Investigations have demonstrated the effectivenésscoelastic dampers for both, steel and
reinforced concrete structures, and when comparetnstg steel structures, reinforced
concrete structures show inelastic response betnafoo smaller excitation levels leading to
permanent deformation and damage. With properliastan of the dampers this damage can
be significantly reduced or even eliminated.

Other than the World Trade Center, several buildinddSA and Taiwan, see again Samali
are equipped with viscoelastic dampers to reduce widdced vibrations, and also seismic

retrofit projects have been undertaken.

2.4.Viscous Fluid Dampers

In the previous sections passive dampers were esicwhich dissipate energy by inelastic
deformation of solids. But fluids can also be uséf@ctively in order to achieve a desired
level of passive control. In fact the concept dfugd damper for general shock and vibration
reduction is well known. One very prominent exampleoiscourse, the automotive shock
absorber, where the damping effect results fromntlbgement of a piston head with small
orifices in a hydraulic fluid. Initiated by signttnt efforts, the development of fluid dampers
for structural applications has reached the leeélboth, retrofit and new implementations,
mainly through a conversion of technology from hemdustry. The device shown in Figure
2-4a, see Makris et &t.is a cylindrical pot damper, where a piston defoarthick, highly

viscous substance, such as silicon gel, therelsrpditng energy. In order to maximise the
energy dissipation density, materials with high @8ty have to be employed, which typically
show both, frequency and temperature dependeneydashpot, see Figuke4b, see Taylor

I3 which is another example of the uncomplicated atiscfluid dampers, the energy

et a
dissipation occurs by forcing a fluid, usually argwund of silicone or oil, to pass through
small orifices in the piston. This effective methaidenergy conversion into heat allows high
dissipation densities, even for less viscous fluldiswever, to gain frequency independence,
compactness in comparison to stroke and outpué fand insensitivity to output force a high

level of sophistication is required.
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DampeiFluid piston head control valve
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Figure2-4: Viscous fluid damper a) cylindrical pot dampse Makris et df
b) dashpot damper, see Tayfor

The damping devices described so far are small laodl components which must be
integrated within the hosting structure, typically form of braces or vertical elements
connecting adjacent floors. A different design apicinvolves the development of viscous
damping wall (VDW). In this design, a steel plaaeting as piston, is moving in a narrow
rectangular container, filled with a viscous fluld.a typical installation in a frame bay, the
steel plate is attached to the upper floor, whike ¢ontainer is fixed to the lower floor, see
Yeund*.

Upper floor Upper floor
f T T
Inner plate e Ayt —— R e ooy pempampa — J
& ! Column = |
Outer plate . | | 5 |
g . Viscous- | | Viscous- |
Viscous fluid | damping | | damping |
I wall I I wall I
I I
| _ o - —- - = = J L uuuuuu JI
Gap
-~
Lower floor Lower floor

Figure2-5: Viscous damping wall unit, Yeulg

Relative interstory motion shears the fluid andsthprovides energy dissipation. If the
deformed fluid is purely viscous (e.g. Newtoniaamd the flow laminar, then the output force
of the damper is directly proportional to the vepoof the piston. Hence, over a large
frequency range the device behaves viscoelasticisatitls, often described by a Maxwell
model. In recent years the development of viscamspkrs has reached the level of structural

installations. Housner et &l.report, e.g. the seismic protection of a 1®06ng bridge in
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Italy, the application of viscous walls in tall llings in Japan, and several implementations

where viscous dampers are used as energy disgjgatmponents for seismic base isolation.

2.5.Dynamic Vibration Absorbers

The concept of dynamic vibration absorbers diffeosn the damping mechanism utilised by
the devices discussed in Sectidri2.4 because the vibration energy is not immediately
dissipated, but transferred to a secondary systgmically consisting of some spring-mass-
damper system. When designed correctly the eneigpypdtion occurs in this subsystem,
thereby reducing the energy dissipation demanderptimary structural members, avoiding
inelastic deformations and damage. Two basic tygfesynamic vibration absorbers are
already established in practice, see Sdorkhe first is the tuned mass damper which, in its
simplest form, consists of an auxiliary mass-spdaghpot system attached to the main
structure. Pendulum type absorber also belong i® d¢inoup. The second category is
commonly labelled tuned liquid damper, and gengradl/olves the dissipation of energy
either through the sloshing of liquids in a congaior, in case of the tuned liquid column
damper (TLCD), via turbulence losses when the digsipassing through orifices. Although
dynamic vibration absorbers have often been prapdse aseismic design, the most
important installations had the purpose of allemgatwind induced vibrations in high rise
buildings. The hurdle still limiting the seismicgjeations include the high levels of damping
that are normally required, detuning, if the hdsticture yields, and an inability to control
higher mode responses.

2.5.1. Tuned Liquid Dampers
Tuned Liquid vibration absorbers can be split i@ major groups, tuned liquid dampers
(TLD) described in this section, and tuned liquaducnn dampers, which will be investigated

in detail from Chapter 3 throughout the remaindehis thesis.
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Figure2-6: Comparison of dynamic vibration absorberguagd mass damper b) tuned
sloshing damper

Figure 2-6a displays a schematic of the standard TMD la¢tdcto a SDOF model. In
comparison, Figur@-6b shows a specific type of TLD, the tuned sloghdamper. Particular
advantages of this unit are firstly that the ligaigpplies the secondary mass, secondly that the
liquid provides viscous damping, primarily in theumdary layers, and thirdly, that the
necessary restoring forces are provided in comioimatvith gravity forces. Although
performing a complicated motion, the system hagadteristic frequencies which can be
tuned for most favourable performance.

The idea of using TLD for structural control begarthe mid-1980s, when Bad@isuggested
the use of rectangular tanks, completely filled hwitvo immiscible fluids, similarly
Rammerstorfer et df. investigated the response of storage tanks uraténceiake loading,
Heuer® and HaRlinger et af. have studied the influence of a swimming pool op of a
building, and Haye¥ has researched the vibrations of a liquid contaitveing earthquakes.
In Bauel®, the structural damping was achieved through theam of the interface. The first
TLD concepts were intended to reduce wind induckdations, followed by ideas to use
them as well for the improvement of the structweibmic response. A schematic view of the
proposed devices, see Modi efalis given in Figure2-7 a-c, and Figur@-7d illustrates a

real implementation of a TLD array at the Yokohavexine Tower, see Tamura et’al.
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Figure2-7: a) nutation damper b) rectangular TLD c) decd LD d) TLD vessels on the
Yokohama Marine Tower

As mentioned earlier, TLD operate on the same basiciples as TMDs. However, some of
the drawbacks of TMD systems are not present in TOD® to the simple physical concepts
on which the restoring force is provided by gravity, activation mechanism is necessary. As
the system is operating all time, no complicatidns to an inadequate activation occur. All
hardware requirements are surprisingly simple: thr@ainer is often made of polypropylene
and commercially available, and the moving liqusdtypically plain water. Normally, the
fundamental frequencies, even of containers withradhtaristic dimensions of less tham 1
are so low, that dozens of TLDs have to be instaNgtether they are stacked together to
form a compact unit, or distributed, the instatlatiis simple, even for temporarily
installations in existing structures. From bothmachanical and mathematical point of view
the description of a TLD is quite involved. This tdisuted system has several natural
frequencies and normally behaves strongly nonlineair for large oscillation amplitudes the
system is rather insensitive to detuning between &g secondary structure. Therefore the
water level at rest, the parameter which controlsfuhdamental sloshing frequency will not
significantly modify the response during strongraiiions. Circular containers are used for
symmetric structures with the same fundamental #rqies in the principal directions, and
for unsymmetrical structures with different fundatatrirequencies along the principal axis,
tuning may be accomplished with a rectangular ta@ke of the first structural
implementations was at a steel frame airport towdlagasaki, see Tamura etglconsisting

of 25 cylindrical TLD, each of which is a stackedaamgement of 7 layers of water. Free
vibration tests revealed a five times increaseticatidamping ratio, when compared to the
original structure, with a total water mass of onl§y3®% of the entire structure. Similar results

were obtained in a more recent implementation inbkohama marine tower, see again
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Tamura et af? and Figure2-7d, where 39 tuned sloshing dampers were installi¢d a total
water mass of 0.3% of the tower’s mass. A study onfaxdrand serviceability on both towers
reflects the beneficial action of the damper inrésponse of structures.

2.5.2. Seismic Isolation
The concept of seismic isolation was developed tayate all kinds of ground excitation, but
on the other side, this damping method is not warkor other types of loads e.g. for strong
wind excitation or from unbalanced machinery. Howeeis is only a minor restriction for
the success of seismic isolation in earthquake eommuntries because seismic isolation is a
highly appreciated concept to protect importaricttires from ground motion. The isolation
system is typically installed at the foundationao$tructure and is therefore often called base
isolation system. The first ideas of base isolatifate back to the beginning of the™0
century, see Naei but only since the development of proper higlersjth bearings, the
concept of seismic isolation has became a practeallty. By means of its flexibility, the
isolation system partially reflects the incidenemrgy, before it is transmitted to the structure.
Consequently, the energy dissipation demand o$tituetural system is reduced considerably,
resulting in an increase of survivability.
Basically, modern seismic isolation systems candivded into two groups: The most
common type are cylindrical multiple-layer hard lbeb (or elastomeric) bearings made by
vulcanisation bonding of sheets of rubber to theekreinforcing plates, Figur2-8a), see
Chopr&*. These bearings are very stiff in the verticagdiion and can carry the weight of the
building while remaining very flexible horizontallgee Figure2-8b). Because the natural
damping of such a bearing is low, additional dampsgsually provided by some form of
mechanical damper. Commonly, lead plugs are indud&hin the bearing, dissipating
energy by yielding, or alternatively, any type ertd dampers, described in Sectidi-2.4,
can be added.
The second type of isolation system uses rollersliders between the foundation and the
base of the structure. The shear force transniitie¢lde structure across the isolation interface
is limited by keeping the friction coefficient asw as possible, but at the same time
sufficiently high to sustain strong winds or smadktbquakes without sliding. To limit the
displacements, high tension springs or a concask ftir the rollers have to provide the
restoring forces to return the structure to itsildgrium position, see Chopfa Whichever

type of bearing is utilised, one has to ensure tinate is enough space around the structure
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(the isolation gap) to allow for the necessary ldbgse displacements, which are typically

about 04m .

Figure2-8: base isolatioa) cross section of a Iaminalbder bearing b) deformed
laminated rubber bearing [24]

Base isolation uncouples the building or structiscen the horizontal components of the
ground motion and allows the simultaneous reductan interstory drifts and floor
acceleration by providing the necessary flexihilithe underlying idea is to cut down the
fundamental structural frequency to be much lowantboth, its fixed base frequency and the
predominant frequencies of the earthquake. The nsbdges of a typical five storey civil
engineering structure with constant column stiffnieem floor 1-5 but with very low stiffness
in the basement is displayed in Fig@®. Apparently, the first mode shape of the isalat
building involves deformations mainly in the isatet system, keeping the structure above
more or less rigid. The mode shape vectors of tgbeln modes are also excited, however,
with very small participation factors, see Eq.()-4%Bhe isolation system does deflect the
earthquake energy through the modified structungiachics, rather than dissipating it.
Nevertheless, a certain level of damping at thiaigm level is beneficial to increase the first

mode damping ratio and thus suppress resonanbe aaiation frequency.
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mode 1 mode 2 mode 3 mode 4 mode 5

Figure2-9: Base isolation: five story building with baselation
(very low stiffness at ground level)

Although existing base isolation systems have prote@ be very effective in vibration
reduction it has to be mentioned that the predontifi@quency content of the earthquake
largely determines the beneficial influence of baselation systems. Assume that the
fundamental frequency of a base isolated buildiag decreased fror35 to 0.5Hz , thereby
increasing the damping ratio from 2% to 10% duenergy dissipating devices installed at
the isolation level. For such a building, Fig@4.0 shows the response spectrum of the 1985
Mexico City earthquake, with spectral ordinates fized-base and isolated building, see
Choprg*. Although the damping ratio was increased by aofaof five, the pseudo

acceleration increased frori25g to 063g causing accelerations and a base shear that is

approximately 25 times the base shear in the maiduilding. This is due to the unusual
spectrum of the recorded ground motion (causedhimk tlayers of alluvium), where the
predominant frequencies are between 0.3 anHZ2.6bviously the situation would be even
worse, if the fundamental damping wouldn’t haverbeereased to 10%.
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Figure2-10: Response spectrum for ground motion
recorded in Mexico City on Septembef19985, Choprd

Although base isolation systems can not guaranteemgroved structural behaviour, it
provides a widely accepted and appreciated altemad fixed base design of structures.
Clark®®, reports two structures in Japan, where the piiotesvith base isolation systems has
already been proven during earthquakes. As it isnezessary to strengthen an existing
structure by adding new structural members seissolation is attractive for both, buildings
which must remain functional after a major earthiguée.g. hospitals, schools, emergency
centres) and retrofit of existing structures tha lrittle and weak. Actual implementations
are numerous, many of them are listed in N&giincluding very prestigious buildings like
the San Francisco City Hall or the Los Angeles Gitgll (28 story), the Emergency
Operations Centre (Los Angeles), or the Fire Condreamd Control Facility (Los Angeles).
In Japan, where earthquake resistant design alhaysa high priority, the seismic isolation
implementations started 1986 and at the time ofleruary 1995 Kobe earthquake about 80
systems were installed, see e.g. K&llyn Europe base isolation is most actively studiad
designed in Italy and France, but the first baskated building of the world was completed in
1981 in New Zealand. Several other buildings fodwe.g. the outstanding retrofit of the

New Zealand Parliament House, see N&&im
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2.6.Tuned Mass Dampers

The relatively new concept of utilising tuned mdaspers for structural control has its roots
in the dynamic vibration absorbers, invented byhRd in 1909, see also DenHart8gThe
first vibration absorbers consisted of a small rggnass system (stiffness, massm)
attached to a large spring-mass system (stiffiessnassM ), as shown in Figurg-11. Let
the combinationK, M be the schematic representation of a vibrating hina¢ with a

harmonic forcef (t) = f,sin(v't) acting on it. Under this simple load it can bewhdhat the

main mass does not vibrate, if the natural freqyie{z‘k/ m of the absorber is chosen to be
equal to the frequency of the disturbing forcef . Much of the initial work has been focused

on the restrictive assumption that a single opegafrequency is in resonance with the
fundamental frequency of the machine. Civil engimggestructures however, are subjected to
different types of environmental loads, which camtaany frequency components. Thus, the
performance of TMD is complex, and for multiple-degrof-freedom less efficient than

expected. The theory of damped and undamped \dbratibsorbers in absence of structural
damping was first studied by DenHartog, who devetbpasic principles for proper selection

of absorber parameters.

l f (t): f, sin(v t)

. IW

m
I u

Figure2-11: Undamped Absorber and Main Mass (Machinejestibto harmonic excitation
(Frahm’s Absorber, Frahif)

In order to increase the absorber’s effectivenegsgducing the maximum dynamic response
of the main system, the application of nonlineairgpelements was investigated with the aim
of widening the tuning frequency range, see Sdbrigobersof® applied a Duffing type

spring and demonstrated that the ‘suppression bafnitfe nonlinear system was much wider
than that of a linear absorber. A different attengpimprove the performance of dynamic

vibration absorbers was the application of matenaith frequency dependent stiffness, see
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Snowdor®, which clearly was superior to the classical spdashpot type absorber. Sodhg
also reports that other investigators experiment#id different configurations of TMD, e.g. a
second undamped tuned mass added in parallelpte-giement absorbers, where a second
spring is added in series with the damper. Boteradttive configurations show a good

vibration reduction behaviour, but are sensitivgdadations in the tuning.

2.6.1. Basic equations
From a mechanical point of view, the model congddry DenHartog and Frahm is identical

with that of a structure under a fundamental frexpyevibration. Such a basic configuration is

given by the SDOF model in Figug12, where a ground acceleratiofy and an external

wind force f (t) excite the building.f (t) as well as the structural mab$ and stiffnessk

can also be modal quantities. By applying Newtdaig to the free-body-diagrams of mass

M andm , the equations of motion can be written direay
(M +m)vw+Cw+Kw=-(M +m)v, + f (t)-mu. (2-1)

MU +cu+ku = —m( v, +i) (2-2)
It is seen from EqgQ-2), that the influence of the dynamic absorbertto host structure is
firstly a negligible increase in effective mabt + m leading to a slightly decreased natural
frequency, and secondly, an additional forcing temii which is responsible for the
modified, normally improved, dynamic behaviour. Agaenergy considerations can help to
get a better insight into the absorber-host strecioteraction. Assuming that the excitation
terms on the right hand side of E3Z) are time-harmonic or alternatively stationeagdom

inputs, Eq.2-2) can be rewritten in form of energy or powelabae

E[(M +m)vini] + E[C ] + E[K wi] = ~E|[(M +m)w, w|+ E[f (t)w] - E[maiw], (-3)

where E[[]] denotes the expectation, which, under the assompti ergodicity becomes the

time average

i (2-4)
E[f(t)] :ﬂ f(t)dt,
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for random input. It simplifies to the time averaigeone cycle for the case of harmonic
excitation. When the steady state response israfera, the theory of random vibration states

that E[wvw] = E[ww] = 0, see e.g. Newlaritior Parku.

>

w wg f(t)

K/2

Figure2-12: Model of a SDOF structure with TMD attached

Eq.@2-3) is thus simplified and reduces to a simple @okalance equation

CE|w?|=E[(f (t)- (M +m)w, )w|-mE[aw], 2:5)

in which CE[W?] is the dissipated power due to structural dampirand

E[(f (t)-(M +m)w,)w| is the external power input from the excitationurse. The

remaining termmE[ tiw], describes the power flow from the structural eysto the absorber
mass, and plays a central role for the applicatioshynamic absorbers in structures. The basic
relation given by Eq.

(2-5) is, that the larger the power flow, the snrallee mean square velocity response of the
host structure. Apparently the power flow becomasaximum, if i and w are in phase,
which is equivalent to a relative absorber disptaeet phase lag off/2 when compared to

the main structure. As the application of a TMD aarease the energy dissipation capability
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of a structural system, it is convenient to defin®tal equivalent effective dampirtg,,, and

an effective damping ratig,, = ¢ + A{ where

C,,=C+AC, AC:mE[U\iV]

elw] (2-6)
It is worth noting, that an incompetent choice bE@ber parameter, can also inverse the
desired effect of increasing the energy dissipatiapabilities. Furthermore, the amount of
input energy from the external source can changeerting on the TMD efficiency.
However, this variation is small when comparedi® power flow, and can even decrease for

a properly tuned absorber. The definition of thaieglent dampingC,,shows clearly that it

is not a constant value, but strongly depends ereftitation frequency, as will be shown in
the next section, where DenHartog’s approach, seeHartod®, for finding the optimal

absorber parameter is presented.

2.6.2. DenHartog's solution for optimal absorber parameter
In order to obtain more general results, it is adlle to normalise EQ{1), with respect to
the acceleration terms,

f(t)_

M

(2-7)

(L+ g )W+ g G+ 20 QW+ Qe w=—(1+ )i, +

(U+wW)+2¢, wyu+awiu=-w, ,

K k C C m
Q.=.—,w, =.|—, =, = , U =—,
R YR \/; : 2Q.M <n 2w, m SRy

where Qg,w,, {5, {, denote the fundamental frequency of the SDOF-stracand the

(2-8)

attached absorber, as well as the correspondingpidgnratios, respectivelyu is the

absorber to building mass ratio. Having introdudbd ratio of the natural frequencies
0 =w,/Qs, DenHartog solved Eq2{7) and 2-8) for a time harmonic force excitation
f (t)=f,€"" with forcing frequency assigned. Under steady state conditions the sistem

response will also be a harmonic with the excitatipequency v and the complex

displacement amplitude#/(v) and U (v). The dynamic effect of a TMD is measured in
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comparison with the static deflection produced bg tmaximum forcef, when applied
statically to the structure. This static displacamée W, = f,/K, while the dynamic

amplification factofw (v) /W, is given by

(2-9)

_W_ (2448 +(y?-0*f
Ad(y)_ - 2 2 2 2 &2 2\(, 2 2\\2
(2248 (- y2(1+ )" + (uy? 8 + - 12) (2 - 02))
DenHartog’s approach assumes negligibly small &irat damping, {¢ = Q and when
keeping the mass ratig arbitrary, but constant, the frequency rattloand the damping
coefficient {, become the free parameter for the optimisatioms @ksumption of negligible

structural damping is realistic as vibration probée mainly occur in lightly damped

structures. Figurg-13 shows a typical plot of the amplitude ampéifion A, (y) Eq.@-9), as
a function of the nondimensional excitation frequep for 6 =1 (tuned case), a mass ratio

of = 005, and several damping ratids, .

Figure2-13: Amplification factor as a function ¢f and {,
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It is important to note the influence of the TMDnadaing, without absorber damping
(ZA :O) the response amplitude of the combined systenmfisite at two new resonant
frequencies on either side of the tuning frequehywever, exactly at the tuning frequency,
the amplitude response vanishes, which is the ideahtion for narrow band, or single
frequency excitation at stationary motion. If thellD damping is infinite, the two masses are
virtually fixed together, forming a new singe-degha-freedom system with an increased
massM (1+ ,u) and a slightly decreased resonant frequency. Tdreresomewhere between
these extremes there must be an optimal valug¢,dr which the peak response becomes a
minimum for broad band excitation. The main objtin designing the TMD is to reduce
the peaks ofA, (v) over a broad band of the excitation frequency.

Figure 2-13 also shows an important phenomenon which scourcase of an undamped
structure: independent of the absorber damping 1@fi there exist two invariant point®
and Q where all response curves possess the same aaitifi factor, see again
DenHartod®. The objective of minimal structural response ésamplished by demanding
that the invariant point® and Q have equal heights, e.g. equal response ampidicat
factors. This is achieved by the correct choic&odnd subsequently, can be employed to
adjust the response curve to pass horizontallyutitroeither of P or Q in Figure 2-13.

Following this procedure, DenHartog has given thgnoum frequency rati@ as

(2-10)

_ 1

5=%a
Q, 1+u

which gives the minimum response amplitudd’aand Q:

.2
A3Q: 1+;

The determination of the optimal absorber dampinm rd, is more involved, and after a

(2-11)

long and tedious derivation, the optimal dampinigoraurns out to be dependent on whether

the response curve passes horizontally throeghr Q. The corresponding optimal values of

¢, are found to be, see DenHarthg
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_ | H M (2-12)
P _'u(g /J+2) 20 _'L{3+ ,u+2]

SR (T LR N CRnE

The arithmetic mean is a useful alternative valudle broad band optimisation:

3u
Zo = = (2-13)
"8l )
From Eq.R-11) it is obvious, that an increase in TMD masi alivays reduce the maximum
amplification factor, for an optimally designed TMDhe response amplification for an
optimally designed absorber has been calculated, isnllustrated in Figure2-14: The

invariant points possess the same amplificatiotofac

Figure2-14: Optimally Tuned TMD for broad band excitatisee also DenHart6%y

Once the TMD is designed, it might be interestirg,study the influence on the overall

structural damping. Hence it is convenient to egprihe equivalent damping factor of Eq.

(2-6) in terms of the equivalent nondimensional diagpatio ¢,
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C AC
= + A = + . (2-14)
Cea=Cs T Al =50 Q, 2MQq

Apparently, the equivalent damping ratio cannotdeereased, as, in average, there is no
energy transfer from the TMD to the structure. Igufe 2-15 the increase in the equivalent
damping ratioA{ is plotted against the nondimensional excitati@ydiencyy . For small
values of{, (light TMD damping) very high effective structuidmping can be achieved in
a narrow frequency band, which is ideal for sinfflequency excitation. Increasing,
further, increasesA{s on a broad frequency band, before this desiredcefstarts to
disappear for highly damped TMDs. From Fig@r&5, it is apparent, that for a given, the

effective damping ratio varies with the excitativequency. Therefore it is misleading to

calculate an equivalent damping ratio from the cempgigenvalues of the 2-DOF system.

0,20 T
Z, =0001

=003
0=11+yu
0,15 -

Al

0,10 -

0,05 -

0,00 T

Figure2-15: Change in Equivalent Damping Rafig s, see Eq.

(2-6), due to TMD

Since the assumption of undamped host structures dot hold in reality, a numerical

optimisation of Eq. Z-9) must be performed to find the optimal valuésyoand {,. A
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detailed analysis was carried out by Warbuftowho has determined optimal parameters for
both, harmonic and stationary random excitationsmg@arison has revealed that even for
moderately damped structures the DenHartog fornguasantee an excellent optimisation, at
least for civil engineering purpose in the elastéinge, especially when taking into account
uncertainties in stiffness and mass distributionttod real structure. In Figurg-16 the
amplitude response curves are shown for an exacapproximated optimisation of a TMD

system where a structural damping ¢ =5 & assumed. Although the amplification

response curve is no longer symmetric, the respohtdee optimal designed system, does not
differ significantly for broad band excitation.

1= 003

anayltically optimised  numerically optimised

0,7 0,8 0,9 1,0 1,1 1,2 1,3

Figure2-16: Comparison of analytical and numerical TMBida

The reduction of the maximum response amplificatioe to an external force (wind load),
was the optimisation goal for the formulas derivadove. However, several other
optimisation criteria have been proposed in lite@&t some of which are summarised in
Table 2-1, see Constantiru
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Excitation Optimised response Optimised absorberpaters
Type Applied | Parameter w
.. 5opt ZA,opt
to optimised Wtat
Force Structure w
1+ 2 1 SH
f,sin(vt) fo/K U 1+ 1 8(1+ u)
Force Structure W 2 1 3u
f, sin(vt) fo/M H(L+ ) fira 8(1+1/2)
Acceleration| Base W 2 1-
. viw, \/:(:L+ 1) Vi-pz \/ S
VAW, sin(vt) 9 H 1+ u 81+ u)(1- p/2)
Acceleration| Base W, +W 1+ 2 1 3u
V2w, sin(vt) W U 1+ 41 8(1+ u)
stat. Random Structure| glw?|K 2 1+3u/4 1+ 42 /J(1+ 3#/4)
Force 2mSQ5 w1+ p) 1+ Y AL+ p)1+ p/2)

stat. Random Base | EJw?|Q3 P % 1- )2 (- /4)
3 R N —
Acceleration 2mrS, ((1%“) (— D (1+ p)? \/ A0+ p)1-p/2)

Note: Elwzl is the mean square value ‘vn(t) S, is the force intensity or acceleration intensity,

Fih =5, or A (th = S,

Table 2-1: Optimal TMD parameters for various excitatiaarel response parameters of a
SDOF-system

Several other criteria, including absorber, andediabsorber-structure measures, have been

proposed, and an excellent overview of the regulsished can be found again in Sodng

2.6.3. Structural implementations
A number of practical considerations must be oleim the engineering design of a TMD
system. First and foremost is the amount of addasisnthat can be practically placed on the
top of the building, modelled as SDOF-structurecddelly, the TMD travel relative to the
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building is another important design parameter.geamovements often need to be
accommodated for reasonable response reductidrediuilding. Another major engineering
technique associated with a sliding mass arrangemeto provide a low friction bearing
surface (often hydrostatic pressure bearings) ab tthe mass can respond to the building
movement at low levels of excitation. To compensatdriction losses the installation of an
active force system is required, causing the needcdmplex electronics and an operation
triggering system. Nevertheless a number of TMD esyst have been installed in tall
buildings, bridges and towers for response cortafgrimarily wind induced external loads,
see Holme¥ and EERE for a list of world-wide installations. Kwock et. ¥ report the
successful installation of TMD in several tall lnliigs in great detail. The first structure in
which a TMD was installed in 1973, appears to beGNeTower, Toronto, Canada. In USA
the Citicorp Center (1978) in New York and the Jétancock Tower (1977) in Boston are
equipped with TMDs. In Japan, several towers, bagdind cable stayed bridges have been
equipped, and countermeasures against traffic gdlwdrations were carried out by means
of TMD. Furthermore installations are reported fr&audi Arabia, United Arabic Emirates,

Germany, Belgium, Pakistan, Australia, see agailmds® and EECR'.

2.7.Smart Materials

Passive energy dissipation is only one approadtrtmtural control. In recent years research
and development efforts have been focused towaerlstilisation of active systems, with the
main difference that those applications need altdilarge external energy source. Between
those well established control technologies isrtiatively new field of innovative or smart
materials for sensing and control purposes. Bemugrporated into structural members or
system components those materials are capablaadlymodifying their own behaviour and
thus, the structural behaviour according to exiepa@ameters. The most famous materials
that have been examined for structural implemesratiin recent years are shape memory
alloys, piezoelectric elements, electro-rheologarad magneto-rheological fluids. Most of the
successful applications of such materials are tedan the field of aerospace structures and
mechanical systems, weapon systems and roboticselass other high precision devices.
Their application potential to civil engineeringstiures remains to be assessed from the

point of view of cost as well as technical feasiil
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2.7.1. Shape memory alloys
The shape memory effect (SME) of an alloy is gengnadferred to its ability to undergo
reversible and diffusionless transformation betweestenite, the high temperature phase

(T >T, whereT, is the transition temperature to the austenitee)st&nd martensite, the low
temperature crystalline phasd €T,, where T,, is the temperature below which the
microstructure is martensitic). In-between thera third phase, the stress induced martensite,
which is formed in the austenite phase if suffitistness is applied. For cyclic loading in the
martensite phase the schematic stress strain diaigraimilar to that for conventional steel.
The same is true for the high temperature austepli@se. However, if the ambient

temperature is slightly higher than, then a superelastic behaviour can be observesynsho

in Figure2-17a, see McKelvey,
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Figure2-17: Superelasticity of Shape Memory Alloys a) &uhtic stress strain b) measured
hysteresis for tensile cycle of NiTi material, seekdlvey*

This superelastic SMA behaviour results from theteldoading of a stable austenitic parent
phase up to a threshold stress above which a strégsed transformation from austenite to

martensite takes place. This transformation occtus significantly reduced modulus, thus

giving the appearance of a yield point. As deforamaproceeds, the volume of martensite
increases, and the path of the stress strain dorwes a stress plateau. If the microstructure is
fully martensitic, further straining will cause theartensite to be loaded elastically at a
modulus lower than that of initial austenite. Sithe martensite is stable only due to the

applied stress, a reverse transformation takes pfacing unloading, but at a lower stress
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level. Ideally, after a full loading cycle the ma#d returns to its original geometry with zero
residual strains and therefore the term “supeiielgstapplies. At much higher temperatures
this effect disappears, leading to linear elasticdviour again.

This material property of SMAs are of interest farustural applications. An additional
advantage is the inherit self centring mechaniseneor hysteretic behaviour. Today it is
possible to create different SMA some of which shiow temperature sensitivity and
excellent corrosion behaviour. At present, SMAs wedl established for medical purposes
(stents for clogged arteries), and mechanical esging (clamps, actuators), where the shape
memory effect is used, and recently and increasgearch effort in SMA has been noted, see
e.g. Graesser et dl, Casciati et &f!, Dolce et af?, Wilde®®. Two structural applications of
SMA have been reported in Italy, where church tew@ne is the famous church of
Francesco d’'Assisi) have been equipped with eneliggipating SMA-devices. A major
problem is still the heat generated during dissypatwhich is the reason that most SMA
devices work with a bunch of thin wire filamentsabsorb mechanical energy, see Figure
2-18 were a passive device, based on SMA is iHiesd:

Re-centring wire loops

Re-centring wire loops fi‘f
»

. &
Dissipating wire loops []i‘isi]'}:ltin;:'_ wire ]nn]’w

a) b) c)

Figure2-18: SMA dissipating device: a) plan view b) scém3D-view with wire filaments
c) actual implementation, see Dolce efal.

2.7.2. Piezoelectric materials

The piezoelectric effect was first discovered atehd of the 19th century, when it was shown
that a stress field applied to certain crystalimaterials produce an electrical charge on the
material surface. This phenomenon is called the cdingiezoelectric effect. It was
subsequently demonstrated that the converse dafealso true: when an electric field is
applied to a piezoelectric material it changeslitape and size, see CAtlyThis observation
resulted in their use as an actuator in many agiobies, but piezoelectric materials can also
be used as sensors, or combined as a self semsurada. Piezoelectric materials can produce

large forces or induce high voltages which leadht invention of novel devices applied to
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vibration sensing and control of aerospace strestunbotics, micro-mechanical systems and
recently structural elements, see Sdongompactness, light weight, simplicity, reliabilit
and effectiveness over a wide frequency range mpilez®electric devices superior to many
other actuators and sensors. The conversion of meeth@nergy into its electrical equivalent
and vice versa leads also to interesting applioation passive structural control. If a
piezoelectric material, fixed to a structural memhbs connected to a resonant electrical
network, the vibration reducing characteristicsaofTMD can be obtained, see e.g. von
Flotow”®. Furthermore, piezoelectric material can be usedctively influence the dynamic
behaviour of structural elements, see e.g. Hageretu®?®, Irschik et af”*® Pichler et af’

or Krommer et af’

200

Aq(y)

100

0-85 080 095 00 105 10 1115

Figure2-19: Frequency response curves of a SDOF systatainong a piezoelectric element
connected to a passive resonant electrical netwiotiow

Although considerable progress has been made @amels and applications of piezoelectric
control technology, its implementation to largelscaivil engineering structures remains to
be examined. A major problem is caused by the tatage required to generate an effective

control action which can be in the range of upaweesal thousand volts.

2.7.3. Electrorheological fluid
Electrorheological (ER) fluids are suspensions ohlyigpolarised fine particles dispersed in
an insulating oil. When an electric field is apdlim the ER fluid the particles form chains
which lead to changes in viscosity of the mediurtherange of several orders of magnitude,

as well as alterations of elasticity. The poterdfdER fluids in applications as control devices
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was early recognised, but only the discovery of ERvmaterials in the late 1980s lead to an
increased development of ER devices, including bkgc engine mounts, shock absorbers,
robotic devices and structural vibration dampergypical device, see e.g. Burton efhlis
shown in Figure2-20, and consists of a main cylinder and a pistzhthat pushes an ER

through an annular duct, where the varying eledieid is applied.

ER-duct < )
inner rod \ accumoladr

| [

I

L 14

S — - —
piston controlvalve

Figure2-20: ER damper with annular duct, see Burton &t al.

2.7.4. Magnetorheological fluid
Magnetorheological (MR) fluids, are the magneticummerpart of ER fluids, where the
reversible change in viscosity is based on magalgtipolariseable particles. This resistance
to flow can be used in a similar manner as indatdte ER fluids. Additional to all these
similarities, MR fluids show further attractive faees like low viscosity and a stable
hysteretic behaviour over a broader temperaturgeraBpencer et af.have investigated the

possible application of magnetorheological damparsemi-active control.
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3. State of the art review on Tuned Liquid Column Damper

Tuned liquid column dampers (TLCD) are a relativeéy development in vibration control,
and became of civil engineering interest in 198@mvBakdi has shown their effectiveness in
reducing the vibrations of civil engineering stuwrets. However, to the author’'s best
knowledge, the first implementation of tuned liqd@mpers date back to the beginning of the
20" century, when the German shipbuilder Frahm, sge RenHartog, introduced anti-

rolling tanks in ships, see FiguBel, to stabilise these vessels.

Figure3-1: Anti-rolling tanks, developed by Frahm in 1968e DenHartdg

Since the early works of Frahm, no major contrilmuthas been made until the development
of another type of liquid damper, the sloshing motdamper, or tuned liquid damper (TLD).
It is well known that this highly nonlinear deviseffers from a lack of energy dissipating
capabilities, but nevertheless, a lot of reseaashifeen undertaken, see &guef, Tamur4,
Sun et aP, Lou et af, Yu et al’, Reed et af, Fujino et af, Sun et al°, Baneriji et af?,
Chang et at?. An extensive review on recent advances on ligloghing dynamics is given
in Ibrahim et al®,

Due to the controlled liquid flow in TLCD they amaperior to TLDs, and an increased
research interest in the last decade has resul@eshiimber of publications, some of which are
discussed in the remainder of this chapter.

Abé et al** (Control laws for semi-active tuned liquid columnmjzer with variable orifice
opening$ proposed two different semi-active control laves adjust the TLCD’s orifice
opening based on the perturbation solution of glsib-shaped TLCD attached onto a SDOF
structure, the control strategies assume the erifigening to be adjustable during the zero
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crossing of the liquid velocity. The first strateggy/ to keep the equivalent damping ratio
constant by adjusting the orifice opening to eliatéthe velocity dependence. The other
strategy is to excite the second, highly dampedatitn mode by taking advantage of the
dependence of the mode shape on the head losscm@ffNumerical simulation, which use
parameter of the Higashi Kobe Bridge, (where passitCD were installed to reduce
vibrations during construction) confirm the impravent of the proposed device, especially
for the second control strategy.

Haroun et al® (Suppression of environmentally-induced vibratiangail buildings by hybrid
liquid column dampe)shave developed a very interesting hybrid liqualummn damper,
where an adaptation to active control was done. Utshaped device has a compressor unit
added which allows supplemental energisation bgqunesing the air filled pipe section. In
addition, an orifice control system has been adtted semi-active control. Based on

instantaneous optimal control algorithms, see ¥ang et af-®71819:20

, an optimal control
force is determined which can be applied to théesydy either changing the orifice opening,
if the energy must be dissipated, or by active sargsation of the air chamber, if energy input
is required. Numerical results are given for twauaures, including a SDOF and a MDOF
building mode, showing that the active orifice cohtloes not improve the dynamic response
when compared to constant orifice opening. Thevatitin of the compressor unit can
improve the dynamic results of the SDOF systemutlid®o for peak and 20% for RMS
responses. The author believes, that those resattde improved significantly, if a better
control law is applied.

Based on the work of HrusKaand Koflef?, experimental investigations on small laboratory
models have been published by Adam €t 4Elastic Structures with tuned liquid column
damper3, where the influence of U-shaped TLCD with consteross sectional area on the
structural response of SDOF shear frame strucisres/estigated. The length of the liquid
column is varied for free vibration experimentsdam another experimental series, forced
harmonic vibrations are explored. For the virtualipdamped main structure (0.15%
structural damping), and an absorber-structure matie between 5.1% and 7.6%, a
maximum main-structure acceleration reduction &84 achieved. Similarly, the decay time
for the free vibration experiments is reduced towd2% for the perfectly tuned TLCD and
the same host structure.

The effectiveness for TLCD to mitigate wind inducatrations was shown by Balendra et

al* (Effectiveness of tuned liquid column dampers foration control of towers)They use
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the linearised equations of motion to obtain tleelsastic response of the tower due to wind
turbulence. A SDOF tower model is equipped witlingle TLCD and the response reduction
is calculated for various tower models. Interestinthe amount of response reduction was
found to be almost the same for any tower of pcatinterest. Thorough investigations about
the influence of the opening ratio of the orifidatp are performed, including the error due to
equivalent linearisation, the dependence of theidiqdisplacement and the reduction in
structural acceleration or displacement. It is ssggd that the natural frequencies of the
TLCD and the tower are identical for best perforoerbut even if the TLCD is not tuned
optimally adjustments of the opening ratio of thiéice plate can be used to obtain acceptable
results. Furthermore, the characteristics of alleshaped TLCD is reported to be determined
experimentally. In another work Balendra et”a(Vibration Control of tapered buildings
using TLCD) applied U-shaped TLCD to linearly tapered strussursubjected to wind
loading. Both, shear and flexural behaviour areswered by modelling the structure by
shear-flexural beams. A continuum formulation i®@ed to overcome the drawbacks of a
lumped mass formulation, and the non-linearity itesy from the turbulent damping term in
the TLCD equation of motion was linearised for #malysis. A discretisation of the coupled
partial differential equation of motion using Rapproximations allows to calculate the
response reduction in terms of acceleration anplaement variances. A tapered structure
(Transamerica building in San Francisco, USA) tigled in detail, and the effect of several
TLCDs as well as the effect of damper mass and dapgsition variations are reported. It is
concluded that flexural buildings experienced greatesponse reductions than shear
buildings, an effect which decreases with the degfetaper. In a later publicatiddalendra

et al?® (Effectiveness of TLCD on various structural sysjepmesented further numerical
simulations using the same continuum formulatiorshdped TLCD were installed in four
non-uniform buildings, and the acceleration redurctior wind excitation in a typical city
centre was calculated. Firstly, a single TLCD tutedhe fundamental frequency is utilised,
but if the response variations also contained highede contributions, a second TLCD is
installed and tuned to this higher frequency mateended parameter studies have also been
performed, Balendra et &l.(Vibration control of various types of building ugiTLCD),
where in addition to the already mentioned invediogn the relation between optimal
damping ratio and the structural period, the stmattdamping ratio, and the damper position ,
respectively, is analysed.
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In a recent publication Balendra ef&{Control of wind-excited towers by active tuned iiu
column dampgrhave proposed an active TLCD. Contrary to thdesgsproposed in this
thesis, the active power input is obtained from a/@ment of the TLCD housing, which is
placed on an active tuned mass damper, see Chapiée authors are still using U-shaped
TLCD for vibration absorption, and the wind-exciteavers are modelled by SDOF-systems.
The frequency domain feedback control law suppasetrongly dependent on the type of
sensor used, and contains only two design paranvetech are optimised with respect to the
RMS response under the actual wind load. Surpiligithgg ATLCD performs better than the
corresponding solid mass system, which is duefferdnt control laws applied.

Chang et af’ (Control performance of liquid column vibration abisers) have investigated
the LCVA, a liquid column vibration absorber, which a U-shaped TLCD with variable
cross sections. An equivalent linearisation oftibad loss factor is performed on a stochastic
basis, and the optimal head loss coefficient isvddrexplicitly under the condition that the
natural frequencies of the LCVA and the host stiectare identical. Parameter studies are
presented for the optimal damping and head logsrfaand the influence of cross sectional
variations is investigated numerically. From nuro@riexamples it is concluded that the
performance of LCVA deteriorates with varying laagliconditions and is slightly inferior to
that of the TMD. Under broad band white noise etmh a set of formulas for optimal design
is given by Chant] (Mass dampers and their optimal designs for buildiitiration contro)

for TMD, TLCD and the LCVA. Closed forms for wincha@ earthquake excitation are given
for SDOF systems equipped with one single absorBesuming a constant linearised
damping ratio, a comparison between the differbsbeber types is performed and presented
through extensive parameter studies. Without astabj an TLCD-TMD analogy, the
optimal design quantities were found for minimakplacement variances of the host
structure, even for the LCVA, by rather cumbersanahematical derivations. An efficiency
index is defined, showing that the LVCA can perfdyatiter than a TLCD with constant cross
section, but always less than the TMD. Unified gedormulas are also established in Chang
et al*!, where five different passive absorber systemscansidered: TMD, TLCD, LCVA,
Circular TLD and Rectangular TLD. For wind inducébrations of tall buildings analytical
results are given for minimum variance design, andhumerical example ranks the
performance of the absorbers as: TMD, LCVA, TLCzcRngular TLD, Circular TLD, in
descending order. In another work Chang e¥ gControl of buildings using single and

multiple tuned liquid column dampersjudy the behaviour of buildings using single and
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multiple TLCD and show again, that the performantdLCD is inferior to TMD because
not the entire liquid mass interacts with the badd A modal decomposition of multiple
story buildings is used to obtain SDOF where th€Dk are installed. In case of multiple
TLCD (MTLCD) the design guidelines are given for @shd number of TLCDs which have
identical properties, except the liquid column fénghich is chosen to obtain TLCD natural
frequencies which are evenly spaced and symmetwahl respect to the host structures
fundamental frequency. The main results demonsttae the application of MTLCD can
mitigate the loading sensitivity of the optimal dgsparameter, thus MTLCD can perform
more robust.

In a recent publication Chen et®3l(Optimal damping ratio of TLCDshave studied the
optimal damping ratio of U-shaped TLCDs attache®BOF structures. Under conditions of
negligible structural damping, and based on Derddgst work, the optimal absorber
frequency and damping ratio has been determingeenflulum type experimental structure is
presented, and the effectiveness in reducing fneef@rced vibrations is shown for this very
lightly damped model. A more efficient active TLA® discussed, where two impellers are
inserted into the liquid path, to pump the watdivaty through the piping system.

Gao et af* (Optimization of tuned liquid column dampeisyestigate TLCDs to control
structural vibrations. The influence of the crosst®nal area on the liquid column length is
pointed out, and the V-shaped TLCD, is found to dppropriate for reducing stronger
vibrations because it allows larger TLCD displacetremplitudes. For a SDOF structure a
comprehensive parametric study is performed inolgidiariations in the load intensity, the
cross sectional area ratio, the absorber-struchags ratio and the structural damping ratio.
The outcome of this study are optimal damping aaduency ratios obtained from numerical
integration of the equation of motion. One mainuless that the nonlinear effects on the
system response are weak, with the exception ofi¢lael loss coefficient, which is inversely
proportional to the excitation intensity. All paratnc studies are repeated for the V-shaped
TLCD, taking into account another nonlinearity: th@nlinear coupling force resulting from
the proposed V-shaped TLCD geometry. It is conduithat the V-shaped TLCD has higher
capacity for suppressing stronger vibrations widany the same efficiency level as a U-
shaped TLCD. An extension to MTLCD is given in Getaal®® (Characteristics of multiple
tuned liquid column dampers in suppressing stradtuibration), where the effects of the
MTLCD frequency range, head loss coefficients, nendf TLCDs and central frequency on

the structural performance are studied numerichylytime-integration of given excitation
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loads. The MTLCD configuration consists of an oddniver of TLCD which have equal head
loss coefficients and constantly spaced naturguieacies. It is found, the number of TLCDs
used in the MTLCD array, enhances the robustnef®dgoiency changes while leading to an
increased head-loss-coefficient-sensitivity andhitgher TLCD’s peak responses, raising the
need for V-shaped MTLCDs, see Fig#

LicosP;

Figure3-2: Single V-shaped TLCD as part of a MTLCD, se®®t al®

The main outcome of this research is that MTLCDslma more efficient than a single TLCD,
but rising the number of TLCDs above five doesinotease the efficiency significantly. The
research confirmed that the sensitivity to the desecy ratio is less for MTLCD when
compared to an optimised single TLCD, and an irsgdaobustness is also achieved in the
sense that similar performance can be obtained byidar range for suitable MTLCD
frequencies and damping coefficients.

The effects of geometrical configurations on thesRaped TLCD’s natural frequency and
damping ratio are investigated experimentally bichtiock et af® (Characteristics of liquid
column vibration (LCVA))I Reasonable agreement is observed between tivabret
predictions and experimental data, but for varyngss sections the error increases up to 5%
probably due to flow separation at the corners. Adwdinear relation between damping forces
and liquid velocity is confirmed in experimentalvastigations which have also shown a
viscous damping ratio of about 2%. Therefore aficeriplate must be installed to further
increase the energy dissipation. In addition, tgeid viscosity was varied by mixing fresh
water and methylated spirit. All experiments inticthat the damping ratio is dependent on
three nondimensional parameter: Reynolds numbea, ratio and orifice opening. In part two
of this study, see Hitchcock et #I(Characteristics of liquid column vibration (LCVA)|
the unidirectional TLCD is extended to a bi-direa@l TLCD. The bi-directional TLCD
consists of two very broad TLCD, positioned perpeunidr with respect to each other, to be
able to share the horizontal pipe section, andetbes the horizontal liquid mass is available
for both TLCD, see Figurg-3.
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Figure3-3: Bi-directional Tuned Liquid Column Damper:@an view b) front view, see
Hitchkock et af’

In a first approximation the TLCD is modelled adidanass vibration absorber (SMVA) to
derive simple analytical results, and to compaeariiio experimental data. Bi-directional free
vibration and frequency sweep experiments areeamhwut showing the effectiveness of the
proposed device for vibration absorption, and #maesdependencies of natural frequency and
damping ratio on the geometry and excitation leaglfor the conventional TLCD. Again
there is a need for the inclusion of an approproaitce in the liquid path, and an empirical
factor in the theoretical liquid column length isoposed to achieve better accordance
between theory and experiments. Fine tuning, howesenore difficult, as adding water to
one TLCD also increases the liquid column lengtthefother TLCD and it must be done by
changing the length of the horizontal pipe section.

The dynamics of shear frames with TLCD is inveggdaanalytically and numerically by
Hochrainer et af® (Dynamics of shear frames with tuned liquid colunamgders, where
DenHartog’'s approach is adapted and applied tditearised TLCD equations of motion.
For well separated natural frequencies a modalrmdposition is performed and for both, the
optimal natural frequency and the optimal dampetgorof the TLCD analytical formulas are
derived. Numerical investigations, taking the noedir damping term into account confirm
the TLCD design guidelines. Further TLCD designeasp are discussed in Hochraftler
(Dynamisches Verhalten von Bauwerken mit FlUssigtigern), where multiple story
buildings equipped with multiple TLCDs are investigd. For each TLCD, placed arbitrarily
in the structure of interest, the optimal desigdesermined by a numerical optimisation with
a performance index, taking into account the d#féimportance of the individual floor and

TLCD responses. An entirely new TLCD design is psgnl by Hochrainer et #.
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(Application of tuned liquid column dampers for passstructural control, where a ring-
shaped TLCD is presented to mitigate torsionalatibns of structures. This novel geometry
does not influence the bending motion of the hadtlimg, and can be applied to alleviate the
coupled flexural-torsional vibration problems. Mosbrk published so far does neglect
coupled flexural-torsional vibration problems arittes complex vibration phenomena, like
mode jumping, which can now be dealt with. As ailtesf the relatively bad performance of
TLCD during the transient vibration regime duringognd excitation, Hochrain&r
(Dynamisches Verhalten von Bauwerken mit aktiven pasbsiven Flussigkeitstilgermas
improved the TLCD, by developing an active air sgrelement which enables the TLCD to
perform similar to an ATMD. Thus it is possible natigate the peak responses during the
transient response until the energy absorptiorhefpassive device is fully developed. The
proposed system is still independent of externargyn supply since a high pressure air
container delivers the necessary energy. A simptkeedficient switching control strategy is
proposed and successfully applied to a compleximglwhere the story modal displacements
are reduced significantly. Further aspects of actientrol are discussed in Hochraffier
(Investigation of active and passive tuned liquithoon damper for structural contrplwhere
wind induced vibration problems are investigatedd @ comparison between active and
passive TLCD can be found for a complex model loiigh rise office tower.

A very interesting paper has been published by taget al** (Semi-active and Passive
Vibration Control of Structure by Fluid Systgerwhere the authors carry out model tests and
vibration experiments in building and ship struesiusing U-shaped TLCD. The air space in
the TLCD is used as a pneumatic spring to adjusnttural frequency — a technique which
allows much higher frequencies than the conventibaedware setup. A SDOF test model
was built and for a 12kg TLCD water mass, and fesgies up to ZMz were achieved by
proper pressure variation, see FigBré.
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Figure3-4: Semi-active TLCD: a) schematic view b) expemtal model c) Frequency
measurements and comparison with theory, Kagawak'&t
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Experiments have been conducted and indicate aneetf response reduction. Furthermore
the fabrication and installation of a full scaledD is reported in a 9-story steel structure
building. The mass ratio was about 1% and the aptinvibration factor was found to be
6.4%. With a total liquid length of 5m and an aregsure of maximal 1lbar, the frequency
adjustment range of the device was 0.@4k.5The importance of an easy to tune absorber
was shown as the natural frequencies of the bygjldhmanged by approximately 3% over the
first 9 month after completion. Vibration monitogirhas proven the effectiveness of the
TLCD, with maximum response reductions of up to 7brthermore a typhoon attacked the
building in 1991 and the vibration felt beyond tteéerence level for living comfortability
was decreased to about 1/5 when compared to aisituahere the TLCD was not in
operation. Another TLCD was fabricated and insthlie a ship, where the application is
particularly promising, as the natural frequencyarges with water, freight loading and
engine conditions. An automatic frequency followaystem is installed, and all tests are very
promising. The frequency range of the 6tons TLCDesveen 1.7 and Hx for air pressures
up to bar.

A comprehensive deterministic analysis using 72ugdomotion earthquake records was
carried out by Sadek et dl.(Single and multiple-tuned liquid column dampers geismic
applicationg, with the aim of determining optimal design paeten for U-shaped TLCDs for
seismic applications. For single TLCDs the frequyetoming, the damping ratio and the liquid
column to tube width ratios were determined whefeasnultiple TLCDs the central tuning
ratio, the tuning bandwidth and number of TLCD famend through a deterministic response
analysis. The results are used to compute the mespof several SDOF (including a simple
single span, box girder, concrete bridge) and MDstictures for different earthquake
excitations. Response reductions of up to 47% &dh,bdisplacements and accelerations are
reported, showing that single TLCD are not infetmMTLCD, but the latter are more robust
with respect to errors in the approximated stratparameter. When comparing TLCD to
TMD similar response reducing capabilities are regmb

In 1996 Teramura et &f. (Development of vibration control system using Upsithwater
tank have reported a structural implementation of -ditgctional vibration control system
called the tuned liquid column damper with periajuatment equipment (LCD-PA) which
can provide vibration reduction of high-rise builgs excited by strong winds or earthquakes.
The LCD-PA is based on an U-shaped TLCD, but thel@mbers are connected to a period

adjustment equipment. This is essentially a ligiilied U-shaped valve where the water
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displacement loads a physical spring which is cotateto a pendulum. The stiffness of the

spring can be used to adjust the natural frequehtlye absorber, see Figuses.
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Figure3-5: LCD-PA with period adjustment equipment (Teraaet al*®)

This absorber has been installed in a 106m higkt@6/ hotel in Japan. The bi-directional
configuration with a total mass of 58 tons (mas®ra = 126%) is installed on the top floor
to reduce the vibrations during strong winds anthgaakes of small and medium strength. A
compact LCD-PA setup (6x6x3.4m) allowed maximum ewanovements of O8 and a

maximum velocity of025m/s, see Figur@-6.

Figure3-6: LCD-PA: a) view of real building b) schematiew of bi-directional LCD-PA
(Teramura et &)

Variations in the period adjustment unit allowedunal frequencies between OH5 and
0.55Hz The first two natural frequencies of the actualding were 0.481z and 1.681z in
NS-direction, as well as 0.612 and 1.6®1z in the EW-direction, respectively. The building’s
damping ratio was about 0.5% in both directiong] #re application of the absorber unit

increased the damping by a factor of 10! The marinitequency response amplitude was
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reduced by a factor of 5, and wind observation Itesfiop floor wind speed21.6m/s)
indicated a maximum acceleration reduction of 6080 a 40% reduction for the RMS
acceleration, when compared to simulated resulthefbuilding without TLCD. About the
same performance was reported for an earthquakehwit the hotel in 1994.

The seismic performance of U-shaped TLCD is evaehlidty Won et af®*’ (Performance
assessment of tuned liquid column dampers undesmseiloading, Stochastic seismic
performance evaluation of tuned liquid column darspeusing time-domain random
vibration analysis. A parametric study is conductecevaluate the sensitivity of the mass
ratio, the head loss coefficient, the tuning ratize structural damping, and the loading
intensity. Optimal values for the head loss coédfit as well as the tuning ratio are found for
a given mass ratio, but both depend on the intgngditration and frequency contents of the
loading. Random vibration analysis is applied tonpate response variances and their
derivatives with respect to the design parametemétical optimisation algorithms are used
to determine the optimal TLCD design parameterafgiven structure and loading condition.
The drawback of U-shaped TLCD to accommodate tgelabsorber displacements is pointed
out, as it becomes apparent when working with gtnmotion ground excitation. lllustrative
examples given include non-stationary ground moiigputs as well as long- and short-
duration loading. However, it is remarked that tifzelitional U-shaped design is not suitable
for short period structures and the results sugthedtthe use of active control can increase
the TLCD performance.

Yalla et al*® (Optimum Absorber Parameter for Tuned Liquid Colubamper$ have also
used a statistical approach to find the optimal DL@arameter. Again a simple U-shaped
TLCD is investigated, equivalent linearisation ppbked to the head loss coefficient, and the
same optimisation method is employed as used bynghaAnalytical expressions for
minimum response variances are given for a SDOFR s$togcture and single TLCD under
white noise excitation. In addition first and sedanrder filtering equations are added to adapt
the spectrum characteristics of the excitation, tedresults of numerical optimisation of the
response variances are given in tabular form. Ppdéiaation of MTLCD on a SDOF system
has been studied and confirms the results of*Gade MTLCD consists of an array of
TLCDs, where the central TLCD is tuned to the haisticture’s natural frequency, and the
other TLCDs have constantly separated natural &eges, and equal damping ratios. The
study includes the effect of the number of the TIsCibe effect of the damping ratio, and the

effect of the frequency range on the structurgboese.
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An interesting research on the efficiency of TLGDsuppress pitching motions of structures
was carried out by Xue et & (Tuned liquid column damper for suppressing pitchimgtion
of structurey, who have shown that the conventional U-shape@Dlcan also be used to

suppress the pitching vibration on, e.g., long dpdgiges, see Figui@-7.

Figure3-7: Pitching vibration and TLCD installed in losgan bridge decks (Xue et*d).

The linear governing equations are established 8DOF structural model, and experimental
results are presented for the application of th&€DLon a bridge deck. Free and forced
harmonic vibration experimental data are presentddch compare well with simulations.
The vibration reduction achieved in most cases wassund 50%, making the TLCD
appropriate for applications on long span bridgekdainder gust winds or even earthquakes.
In an early work, Xu et & (Control of Along-Wind Response of Structures by sViasd
Liquid Dampers)have investigated and compared the along windoresp of high-rise
structures equipped with TMD, TLCD, and the tuniggdiil column-mass damper. The latter
consists of a standard TMD onto which a TLCD iaetied, thus two degrees-of-freedom are
added to the system. This design operates propelgss the natural frequencies of TMD and
TLCD are identical. In such a situation the TLC@eatiates the desired damping motion of
the TMD. A matrix transfer formulation for non-pedic structures is developed showing in
two numerical examples, a 370m high TV-tower ar@Dém tall concrete building, that the
tuned liquid column damper systems can achievepagnce comparable to the TMD, while

keeping the competitive practical advantages of DEC
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4. Mathematical description and discussion of the general shaped TLCD

Subsequently to the above discussion of differéasoeber types, a review of the research
done in the field of TLCD, and a phenomenologiadatiption of various damping concepts,

TLCDs are analysed and characterised mathematically

Important performance aspects are highlighted, iargdshown, that TLCDs are simple and
easy to construct devices which can operate from e frequencies up to several Hertz, if
the air-spring effect is utilised. The derivatiafshe equation of motion for the base excited
plane TLCD are followed by the determination of timeraction forces and important

geometry factors. Their influence on the vibratiamping effectiveness is pointed out before
the advantages of TLCD are considered and comparg popular TMD. In addition to the

plane TLCD, which can mitigate flexural vibratiorssforsional tuned liquid column damper

(TTLCD) is developed to alleviate torsional or ctagoflexural-torsional motions.

4.1. Equations of motion for plane TLCD

Several different TLCD-geometries have been propasehe literature, see Chapter 3 for a
survey. The most popular amongst these designdUisslaaped container consisting of one
horizontal and two vertical water filled pipe seas. A more flexible device is the symmetric
V shaped TLCD with a horizontal element of varialdagth, and arbitrary inclined pipe
sections (opening anglg), as shown in Figuré-1. Sectionwise constant cross section areas
allow to model numerous geometries, including theshdped TLCD as special case for
B =m2. It is assumed that the bending radius of thesttam from the horizontal to the

vertical sections is small compared to the ovedathensions, but a minimal radius of

curvature is necessary to provide a smooth chamgeei flow direction thereby minimising

turbulence and energy losses. If the inherent ftlachping is not sufficient, turbulent losses
are desirable and can be introduced by the applicaf a hydraulic resistance (orifice plate)
inserted into the liquid path, see again Figthe Although the described geometry allows for
large fluid displacements, the limit of the opargtrange is reached if the free liquid surface
enters the horizontal pipe section. In such a sdoahe liquid column can separate, and
dynamic behaviour is difficult to predict and begaihme limitations of the applied streamline

theory. For that reason, a situation where thermagsan of a compact liquid entity, with
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known dimensions and velocities is no longer traast be avoided by increasing the length

of the inclined pipe sections.

‘t=const’

orifice plate

Figure4-1: TLCD of general shape with a relative streamfrom1-2.
For a short hand notation absolute floor displacems denotedw,

The TLCD considered, sketched in Figutel, is attached to a supporting floor, with its

motion characterised by the horizontal ground ooiflaccelerationw, . Let o, H, B,

denote the liquid density,ozloookg/m3 for water, the length of the liquid column in the
inclined pipe sections at rest, and the horizolgagth of the liquid column, respectively.
FurthermoreA,, A; and B denote the inclined and horizontal cross-secti@naas of the

liquid column and the opening angle of the inclingpe section, respectively. The relative
motion of the liquid inside the container is delsed by the free surface displacemanalong

the liquid path. It is important to emphasise that a relative displacement of the liquid with
respect to the moving container. As the ends ofptheng system might be closed and filled

with gas, an internal gas pressure can build upither side of the liquid path, denotgy
and p,. Because the actual velocity distribution is unknoand strongly depends on the
cross sectional area, a mean velodityis introduced to characterise the mass flow rate

This assumption can be justified by the fact that High Reynolds numbers the velocity
profile in a pipe is constant, apart from a thirubdary layer, see e.g. Idelchtor Richtef.

At this point, the equations of motion of such aCIh can be derived by either applying
Lagrange’s equation of motion or by using the medifBernoulli equation for moving

frames. Both methods, presented in the followirgiises, yield identical results.
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4.1.1. Derivation of the equation of motion using the Lagange equations of

motion

As the entire liquid mass is considered when degivihe equations of motion, it is not
necessary to apply a control volume concept, asd eesult, the application of Lagrange’s
principle is straightforward. Neglecting the congmibility of the fluid, the law of mass

conservation reduces to the principle of constaassrflow rate through all cross sectional

areas along the streamline, and thus

m= p A(s)u(s) = const, 4-1)

where u denotes the relative mean velocity at the crosticsel areasA(s). Consequently
the mean velocity in the horizontal pipe elementiis=u A, /A, and the absolute kinetic

energy of the entire moving liquid is given by

: N A (4-2)
e =1 20A, H ucosp + W, +pAB U= + W,
"2 usin 8 ABO ’
an expression which can be simplified to
2 (4-3)
R ———

Due to the pressure differendg = p, — p, and gravity forces acting on the liquid, restoring

forces are present which can be regarded as paltenergyk

H-u (4-4)

H+u sinG+ApA, u.

E, =09 A, (H+u) sinB+pgA, (H-u)

In a compact form Egd¢4) becomes

Epm:,ogAH(H2+u2)sin,[>’+ApA4 u, (4-5)
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thereby assuming that the level of zero potentirgy coincides with the horizontal pipe
section. Energy dissipation is caused by viscowlstarbulent damping, which is described by

the generalised damping for€® , given by

Qu _ApLAH 1 (4-6)
Ap, = '0|u|u/1(Re) ,
2 (4-7)

where Ap, denote the pressure loss along the streamfipg.is the product of the stagnation

pressure@ (signum function included) and the loss facx’(ﬂRe), which is a function of

the Reynolds numbeRe=2Ru/v. R is a characteristic cross sectional dimension, iand

denotes the kinematic viscosity. The loss factordepends on the type of flow and for
Re>5000 the flow is turbulent, and the loss factdérbecomes independent of the Reynolds

number, see e.g. ZiegferFor a circular cross sectional piping system witk 05m and

Vouer =100° m?/s, the Reynolds number becomBe=10°u, thus turbulent flow must be

water
assumed for a large portion of the period. Theulant losses can be increased by inserting
an orifice plate into the liquid path. A comprehgasselection of loss factors for industrial

relevant pipe elements and cross sections is givetelchick', Fried et af and Bleviné. The

. — 0OE
application of the Lagrange equations of motigr(aEﬁ'“j— % , vt _ ,, renders a
dt\ ou ou ou
second order differential equation for the relatiager level displacement,
4-8
G+t lajuAd+ Ap + Wi U= —K Wy, “-8)
eff P eff
K:ZHLS'B-FB,Leﬁ:ZH +i|3, (4-9)
Leff AB
2gsin
Wy = gL_ﬂ Ap=p,-p;.
eff (4-10)

The effective lengthL_, can be regarded as equivalent length of a TLCID winstant cross

sectional ared@\, , having the same kinetic energy, andx are the natural frequency of the

undamped TLCD and a geometry dependent couplingrfénking the floor acceleration and
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the TLCD excitation. A high coupling factor is necessary to provide sufficient energy
transfer from the structure to the absorber. In DL@erature the loss factor is commonly
A

eff

replaced by the head loss coefficiedqt = [:I/m] and the quadratic turbulent damping

term in Eq.4-8) becomes), |u|u. The method of equivalent linearisation is comnyarded
to approximate the nonlinear loss term by an edemtalinear one: Demanding that the
dissipated energy during one cycle must be equakuidulent and viscous damping the
equivalent viscous damping, is given by, =4U,J, /3, see Appendix A, wher&,
denotes the relative vibration displacement amgditunsertion of{, into Eq.4-8) renders
its linearised form

Ap (4-11)

eff

+WiU=—K W,

U+2{ U+ g

where ¢, denotes the effective viscous damping of the TL@@nerally, the equivalent
viscous damping is a parameter which is optimisedhd the TLCD design (normally done

for a linear TLCD model). Thusj, has to be determined from the optimisggd, which can
be achieved byd, ={,377/4U,. For the transient TLCD response is recommended to
replace the vibration amplitudg, by the maximum vibration amplitudé ., found from

simulations of the linear system. A comparison giwe Chapter 9 reveals that this method
works satisfactorily, in fact the behaviour of theCD with turbulent damping included is

slightly superior to a TLCD with viscous damping.

4.1.2. Bernoulli’s equation for moving coordinate systems
Alternatively to the application of Lagrange’s mmiple, the Bernoulli equation can be used to
derive the TLCD’s equations of motion. As the TL®Dusing performs a relative motion
with respect to an inertial frame, the standaranfaf the instationary Bernoulli equation is
not applicable and it has to be extended, see Zagler. A detailed derivation of its
instationary formulation for a relative streamlireeg. with respect to an arbitrary moving

reference system is given, before the special aafsadranslational and a plane motion will
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be investigated in Sectio%.1.3 and4.5.2. The relationship of pressure and (subsonic)
velocity in inviscid flow is of crucial importancand can be given by considering the vector
equation of motion in the absence of any sheasste

pa=k —gradp, (4-12)

wherek , p denote the force density and the pressure actirgylmuid particle. A projection
of Eq.@-12) in the relative streamline’s tangential dil@t e, ' and integrating along this

streamline, while keeping the time constant, sgeré4-2, renders

s, s, s,
1 l0p
ale'ds=|—k,ds—- | ———ds, -
£ & iﬂ : iﬂas (4-13)

wherek, =k [& 'denotes the tangential direction of the body fperel the projection of the
pressure gradient becomgsad(p) (& '=dp/0ds. If the body force is due to gravity, a parallel

force field is assumedk =-pge,, thus the integration yields the difference of plogential

energy per unit of mass according to the differeincthe geodesic height of the two mass

points of the relative streamline with respect tmemon reference plane,

S,
1

[=kids=-g(z-2z). (4-14)

2P

Assuming a steady pressure distribution along treamiline, the second integral on the left

hand side of Eg4-13) renders for the incompressible flow,

2 1
~[250ds= 2 (p. - p). (@19

s, L (4-16)



4. Mathematical description and discussion of taeegal shaped TLCD 76

Figure4-2: Streamline of an instationary flow at constame, with respect to a moving
reference frameA

The absolute acceleratian of a liquid particle can be split by consideriig kinematics of
the relative motion. Let the position of a liquidrpcle with respect to the inertial systéne

described byr =r, +r', wherer' denotes the relative motion with respect to thgilorA of

the moving frame, whose position with respect te ihertial system is given by,. The

velocity v can be derived straightforwardly by differentigtin with respect to time,

dr, dr dr' (4-17)

VE— =2+ —— =V, +QXr'+——=v, +u,
dt dt dt

where U =d_': =ue,' denotes the relative velocity of the point witlspect to the moving

reference frame, rotating with the angular velo€y and the local time derivative is defined
d'x - .
by ot =Xe t+ye,+ze,. vy =Vv,+Qxr' denotes the guiding velocity. A second

derivation with respect to time renders an expogsir the absolute acceleration,

a:ﬂ:aA+d—er'+9><(ﬂxr')+29xu+E, (4-18)
dt dt dt
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with the guiding acceleratiora, =a, +Qxr'+Qx(Qxr'), and the Coriolis acceleration

a. =2Qxu, which is perpendicular to the relative velocity=ulé . The relative

. . . du
acceleration with respect to the moving refereneamé, a':F, can be expressed as

a'=au/dt + (0 D), or equivalently in Weber's form
a'= u/at + grad (u2/2) - uxcurl (u). (4-19)
Projecting the absolute acceleration, E€L8), along the relative streamline tangentyields

9 (u? (4-20)
atey=a 1504 2 O]

.2
where grad( j@t —i(uz ] and the components of the Coriolis acceleratimh @f the

term uxcurl (u) vanish, since both vectors are perpendiculae;to Insertion of Eq4-20)

into Bernoulli’'s equation, E4(16), renders

% (4-21)
I—ds+ ( —Ulz):—g(z2 —zl)—%(p2 - p)-[ag @ ds
5

S
where J'ai(uz/Z) ds:%(uz2 —uf). The only difference between E4:21) and the standard
S
s

S,
Bernoulli’'s equation for nonstationary flow is thetegral expressionj'ag (& 'ds, which
s

accounts for the moving reference frame. Applying tules for the vectorial triple product,

the guiding acceleration can be expressed as

a, =a, +Qxr+Q’n, (4-22)
_1 .
np_?(szm)m

which allows further simplification in case of arputranslation or a plane motion of the

moving reference system.
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4.1.3. Derivation of the equation of motion applying the gneralised Bernoulli

equation

If the uniaxial floor or ground acceleration is eiv by a, =W, e,, then the additional

s
integral term accounting for the moving frame beesrfiviy e, [&;'(s)ds, wheree, denote
5

the unit vector in X-direction, in accordance wilgure 4-1. Insertion into the generalised

Bernoulli’'s equation, Eg4¢21), renders

Lf)@ds:—g(z —z)—i(p —pl)—iAp -Lj%v A (4-23)
ot 2 1 0 2 ) L . g X !

whereu, p, z, g, L(t) denote the relative fluid velocity, the absolutegsure, the geodesic
height, the constant of gravity, and the liquiduroh length L(t): 2H + B, which remains
constant, for the special symmetric case of equ@dscsectional areas in the inclined pipe
sections. As the entire liquid is considered, tidides 1 and 2 refer to the left and right free
surface of the liquid volume, see Figutel, whereu, =u, =u. Energy dissipation due to
viscous and turbulent damping is described by adit pressure losseAp, . Analytical
expression of the pressure lo&p, can be found e.g. in ZiegkerPerforming the integration

along the relative streamline, and rearranging semiq. 4-23) directly yields the equation

of motion,
4-24

i+ Ap, + Ap +a1iu=—KWg ( )

Pl PLlex
K:w, L, =2H +SHig
Leff AB
2gsin plulu
W, = gL—ﬂ Dp=p,- P, Apﬁ%/l(Re)
eff
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Replacing the generally nonlinear damping te;%%— by its viscous equivalen2{ ,w,U,

eff
see again Appendix A, Eqt-(1) and 4-24) become identical. If the liquid containenist
sealed, then the air pressure at the free surfa@gproximately equal to the ambient pressure

p, = p, =P, and the pressure differend® vanishes. If, however, the piping system is

closed and there is no gas exchange between thaimenand its surroundings, then the
pressure cannot be assumed to be constant, anlll tawe a considerable influence on the
dynamic behaviour, as it acts as a nonlinear sprvitpse force displacement relation is

determined in sectiof.3.

4.2. Reaction forces and moments for the plane TLCD

Having found the equation of motion for a groundfloor excited TLCD, the interaction
forces between TLCD and the moving supporting flaia still to be determined for dynamic
analysis. Assuming that the dead weight of a rigpdtainer is added to the corresponding
floor mass, only the interaction forces betweenntfassless, rigid, liquid filled piping system
and the supporting floor are considered. Princypdlie control volume concept for moving
frames would be adequate to calculate these irtenatorces, but this approach becomes

complicated, if the pressurp, or p, differ from the ambient pressurg,. Thus the entire

piping system is considered, and the basic lawookervation of momentum for a material
volume, applied to the virtual, massless contareaders the resultant of the external forces

F acting on the piping system

di_p (4-25)
dit

| = [(a+w,)dm, w, =w,e, (4-26)
m;

where | denotes the linear momentum of the entire pipipstesn with the liquid mass

included. Equation4-25) is a vector equation and thus reaction fomethe horizontal X-

direction and the vertical Z-direction are expect&imilarly, the resultant of the acting

moments can be calculated by applying the law okeovation of angular momentum. A

is a moving reference point, see e.g. Ziegler
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aH (4-27)
th +m; rgxa,=M,, a, =W, e,
H'A= jr'xudm

my

whereH',, m,, r;, a, are the relative moment of momentum, the liquicssnahe relative

position vector to the liquid’s centre of gravitgcathe absolute acceleration of the reference
point A, respectively. It is pointed out that in E4s35b) - @-27) the resultant forces are
acting on the container. Insertion of the relatigaid velocity distribution into Eq4-25) and
(4-26), thereby neglecting the mass of the air mdlte piping system, renders an analytic

expression for the momentum of the fluid mass

W, +ucosf W, +ucosf
= (a+w,y)dm=p A (H -u) 0 +(H +u) 0 (4-28)
-using +using
wg+%u 2H(Wg+UCOS,[>’)+UB+%BWg
+pAB| 0 |=pA, 0
0 2uusing

Taking the total time derivative &= )0 and applying the reaction principle,
straightforwardly generates an expression for #ection forces acting on the supporting
floor, where it must be mentioned, that static deailght loading of the fluid mass is not

included in the vertical reaction force componént

f,=-m, (W, +&i), (4-29)

X

f,=-m, & (ui+u?),
(4-30)

7:K(1+AHBJ/(1+AB B J: pAB+2p AsH cosp. (4-31)
A, 2H m;
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_2pA,sing (4-32)
_—mf ,

Xl

where m; = p A, (2H + BAB/AH) denotes the total fluid mass ard defines a geometry

factor such that the ‘active’, horizontally movingass, and the ‘passive’, vertically moving

liquid mass are given byn, =xm, and m, =m, (1—/7). To be able to calculate the

resultant moment, the reference pomtmust be selected. For simplicity, is located at the
centre of the horizontal pipe section moving wille floor, as indicated in Figu#e-1, and
hence only the inclined pipe sections contributthp. According to Eq4-27), the relative

angular momentum becomes

H-u
—g—scos(,é’) tucoq )
H;\:jmf raxudm=pA, 0 X 0 ds (4-33)
ssin( 8) ~usin( B)

H+u

g +scof B)| (ucod B)
+ oA 0 X 0 ds=-pA,; BHusinSB e,
ssin( ) usin( B)

e, is a unit vector pointing out of the X-Z planesémting into Eq4-27), directly yields the

y
resulting momentM , acting on the piping system. Agafa =0 is considered in the time

derivatives

dH' m; K
M, = th+mfrg'xaA:— f

(BHU‘(HZJFUZ)Wg)ey’ (4-34)

where the vertical component of the position veofahe centre of gravity with respect
is given by p A, (H 2+ uz)sin,B/mf e,. The undesired momem , is the sum of the TLCD-
floor interaction momentM ., and a second contribution resulting from gravitycés

acting at the (displaced) centre of mass. HoweNels common practice to neglect the
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influence of the undesired moments which also dristhe TMD, since the centre of mass of

the floor and the absorber do not coincide, and thudoes not vanish, as shown in Figure

v ?E E{ u
m

4-3.

Figure4-3: Classical TMD setup

However, when working with framed structures, thasements and the vertical force
components are generally both found negligible. &yting f=77/2 in Eq.4-31) and

Eqg.@-32) the reaction forces, Eg&.29) and 4-30), for the classical U-shaped TLCD are
generated, see e.g. Balendra &t &lhang et &l, Gao et & and Hitchcock et al

4.3. Determination of the air spring effect

As already mentioned, in case of a closed pipingiesy, the air contained in the piping
system is compressed or released, depending omaiiee level displacement level. Therefore
an additional restoring force is created, whosdu@mfice on the dynamic behaviour is
described in this section. From the gas dynaminotpafiview, the operating range of TLCD is
limited to low frequencies only, and therefore aagjtstatic approach seems adequate to

compute the pressure differenty = p, — p,. Starting from the polytropic material law for

gases,

p_(p) _

= £, 1<ns<k,=c,/c,, (4-35)
p (pj Y

or equivalently in its incremental form
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where K, denotes the tangent modulus, the actual pregsucan be obtained from the initial
pressurep, and the initial mass density,, wheren denotes the polytropic index, which is
determined by the type of state change of the gasan adiabatic process of any two atomic
gas, k, = 14 whereas for an isothermal (slow) proceas; . Ahy other process is in-
between those two extreme situations. If the waddumn is moving along a constant cross
sectional aread,, , the ratio of mass densitigs/ o, is given byV,/(V, + A,u), whereV,
denotes the gas volume in static equilibrium. Cquoeaetly, the pressure difference

Ap = p, — p, is found to be

_ Vo V[ v, )
Ap(U)_p{(Vo_?AHUJ (Vo"'(')A‘Hu] } (4-37)

A Taylor series expansion of E4:87) renders the pressure difference, which fully

determines the air spring effect by the stiffné§s If the higher order terms are neglected,
e.g., linearisation is performed,
Ap(u):Mu+O(u3):%u = 2Kn u/heff ,

Vo he (4-38)
heit =Vo/Aq s K, =npy.

h,, denotes the effective height of the air spring,iraportant design variable, as it will

directly influence the TLCD’s natural frequency.ddese all terms of even order vanish in
the Taylor series expansion, the linearised exmesss accurate for relatively large
displacements which is shown graphically by intidg the nondimensional displacement

X =u/h, , and comparing the exact and the approximatedisn|see Figurd-4
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1,6
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Figure4-4: Comparison of linearised and exact tangentutusd

Visual inspection shows that fgy < 02%he linear approximation is sufficiently accurate

for engineering purposes, with an error smallentthf.2% in the pressure difference. For
larger displacements the air spring stiffness dewestimated. A better way of linearisation is

to demand that the potential energy stored in @alirelastic spring (stiffnesk,,) and the

nonlinear air spring is equivalent at a certain btonghe U, , thus

— C
o S)

p(u)du

K = (4-39)

€q

1
2Ys

For U, = 025h,, , the result is given graphically in Figu4e4. When compared to the linear

Taylor approximation, the method of harmonic baéaperforms slightly better. Inserting the

linearised pressure differendsp from Eq.@-38) into Eq.4-24) yields a linear equation of

motion,
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U+ 27 U+ W U ==K W (4-40)
K:ZHLS'B-FB,Leﬁ =2H +i|3,
Leff AB
2gsing 2K
Wy = + —, K,=np,. 4-41
g \/ Les P Lt Neg ’ ( )

For closed piping systems, the TLCD’s natural festgy w, is not only dependent on the

geometry (anglef and effective liquid column length. ), but also on the air spring

stiffness K,,. Without the air spring effect the natural freqcies are very low, as the only

restoring forces are provided by gravity. Ta@ lists the natural frequencies of a TLCD for

various effective lengthg,, and opening angleg. Obviously a realistic implementation is

possible for structures with natural frequenciesdo than 0.3Hz This fact reduces the
possible applications to the fundamental vibratieode of towers and high-rise buildings of
about 150m or more in height, and to large vertasdindrical tanks, see Rammerstorfer et

alle,

no air spring L =30 L =45 LB =60° L =90°

Ly =1m 0.50 Hz 0.59 Hz 0.65 Hz 0.71Hz
Ly =5m 0.22 Hz 0.26 Hz 0.29 Hz 0.32 Hz
Ly =10m 0.15Hz 0.19 Hz 0.21 Hz 0.22 Hz
Ly =20m 0.11Hz 0.13Hz 0.15Hz 0.16 Hz
Ly =40m 0.078 Hz 0.094 Hz 0.10 Hz 0.11 Hz

Table4-1: Natural frequencies of TLCD without air sprieffect

To obtain higher frequencies, the angle of incloratg, should approach 90°, which, on the

other hand, either decreases the active liquid poassuts down the maximum TLCD liquid

displacement radically. Thus, from a performancetpof view S must be kept as small as

possible, thereby restricting the application tav li’equency problems. Nevertheless, the
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introduction of the air spring overcomes this laeguency problem, see Talll€, where the
natural frequencies of a TLCD for varying effectiemgths L, and opening angleg are
listed for two effective heightb,, = A, /V, . For simplicity it is assumed thai, equals the
atmospheric pressure, so that no pressure supgpliohze provided for the TLCD. The liquid
is assumed to be watep =1000kg/m®, and the polytropic process is assumed to be
described byn= 12 which is the arithmetic mean of an adiabafio=14) and the

isothermal process.

air spring hs =10m, p, =10°Pa hy =1m, p, =10°Pa

B =45° = 60° B =45 B =60°
L, =1m 0.98 Hz 1.01 Hz 2.52 Hz 2.56 Hz
L, =5m 0.44 Hz 0.46 Hz 1.13 Hz 1.15 Hz
L., =10m 0.31 Hz 0.32 Hz 0.80 Hz 0.81 Hz
L., =20m 0.22 Hz 0.23 Hz 0.56 Hz 0.57 Hz
L., =40m 0.15 Hz 0.16 Hz 0.40 Hz 0.41 Hz

Table4-2: Natural frequencies of TLCD with air-sprindest

Apparently, the air spring can increase the natuegjuencies substantially, and as for higher

frequencies the expected amplitudes become sniiigealso possible to redude,, thereby
increasing the possible tuning frequencies evethéur If, besides the reduction bf;, the
air spring stiffness is too small, the gas filledumeV, has to be pressurised.

From Table4-2 and Eq4-40) it is apparent that the influence of grawtythe fundamental

frequency is almost negligible and consequentlyshould be chosen as small as possible
while still meeting all physical implementation tegments, e.g. a continuous flow of the

liquid massm; .
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4.4. General discussion of the TLCD’s design and it s advantages

4.4.1. Influence of geometry
The passive air-spring allows to overcome the BahifTLCD frequency range, but the
effectiveness of TLCDs in reducing structural vimas mainly depends on the geometry

parameters andk . The former is given by

. 2H cosf+B (4-42)
2H+BA, /A’

and acts as an excitation factor for the TLCD, Egg4-9). To reduce the TLCD vibration
amplitudes it should be chosen as small as posdibie must be achieved by increasing the
denominator in Eg4-42), because reducing the numerator will alscucedthe second

geometry factorx, and thus the active moving massg, =k m where k¥ is defined by

Eq.@-31),

7:,((“/\45)/(“/\38) (4-43)
A; 2H A, 2H

and determines the interaction forces between Th@8®the host structure. Therefore it must
be chosen as large as possible. Obviously, ontohasmpromise betweex andk , because
increasingk lessensk and vice versa. For absorbers with constant gesg8onal areax
and k are identical, however, for structural implemeiotad, a variation of the cross

sectional area can help to reduce the TLCD vibnadimplitude, if A, > A; is selected.

If a V-shaped TCLD is chosen, the possible vibratmnplitudes can reach a maximum one
half of the liquid column length, if there is nortamntal pipe element. Thus, the possible
vibration amplitudes are extremely large when camgpdo classical TMD, whose stroke is
normally limited to about one meter. However, allogv large amplitudes also implies
providing sufficient space for the piping systerthis is not possible, then a decrease in

amplitude comes at the price of a performance texhuc
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4.4.2. Installation and maintenance
Another advantage of TLCDs is their simplicity iesign and maintenance. For traditional
TMD damping systems a lot of technical equipmentged to ensure a low-friction sliding
movement, and normally active hydraulic systemsugitssed to compensate friction losses.
For liquid column dampers this problem does nosteas the liquid acts as bearing and mass
at the same time, minimising all maintenance resoents. Basically, only a sealed piping
system is necessary, and the passive absorbesdatutdly independent of external energy
supply, electronic equipment and measuring devitaghulent flow provides the necessary
damping, and no other energy dissipating mechansmseeded. Many liquids can be used
for the absorber since at the end, most dissipantedgy is converted into heat. Normal water
however, seems most suited as it is everywhereladai cheap, easy with respect to
environmental considerations, and enormous amainisater are already stored in high-rise
buildings to ensure the water supply and providéew#or fire fighting. Thus simply re-
shaping the already existing water container agagrtb the TLCD guidelines can decrease
the vibration proneness of a structure. It has &wwn, that the vibration characteristics of
TLCD is limited to low frequencies. Therefore thase not particularly suitable to mitigate
high frequency vibrations, but best qualified tduee low frequency vibration problems in
structures. Frequencies as low as 0.1Hz can bddthbg TLCDs, an operating range which
causes serious problems with traditional TMDs. Aesa feature of TLCD is the simple
implementation into civil engineering: only a proyedesigned and water proof piping
system must be installed. Fine tuning can be aelidy altering the amount of water, thus
changing the effective liquid column length. Disadtages, on the other side are the
restriction that the liquid mass can only be usedetiuce vibration in one direction and the
low mass density of water when compared to irorcamcrete, results in physically large
absorber systems. The first drawback can be ggritslercome by using a so called bi-
directional TLCD, see Hitchcotk at the price of a reduced maximum vibration atapk
and increased implementation requirements, asaseflining difficulties. The latter problem
cannot be overcome, because the application ofdkgother than water is not realistic, thus
only a smooth integration of the piping system imtalls, floors, and along other structural

members is advised.
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4.4.3. In situ testing of structures
Of outstanding importance is the easy adaptatiorthef TLCD for in-situ testing of a
structure. In Chapter 8 it is discussed in detaw o extend the passive TLCD to an active
TLCD which is able to induce a liquid motion by gserising the gas (air) volume at either
side of the liquid column. The resulting forcesjeyi by Eqs4-29) and 4-30), can be used to
excite the host structure and perform in-situ messents. This method will be most
effective if the energy dissipation via the TLCDmgnimised, thus the orifice plate should be
removed. Using a periodic pressure input the stestdte structural response will have
vibration amplitudes high enough to obtain relial@leceleration measurement for the

identification of the structural system.

4.5. Torsional Tuned Liquid Column Damper (TTLCD)

4.5.1. Introduction
The plane TLCD configuration discussed in Sectidins and4.2 is suitable to mitigate
translational motions. However, torsional vibratido also occur in high-rise structures,
normally as coupled flexural torsional vibratiofifie torsional tuned liquid column damper
(TTLCD) is designed to mitigate torsional motioms buildings. Like the plane TLCD, it
consists of a liquid filled piping system, whoseogeetry is given in Figuré-5a. In plan

view, the piping system encloses the arbitrarilgpsd floor area?,. To minimise horizontal

interaction forces, it is crucial that the projeatiof the liquid path onto the floor is a closed

curve, see Figuré-5b.
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>

Figure4-5: a) schematic of torsional TLCD, relative stindae from1 to 2 considered
b) projection of relative streamline onto suppugtfloor

4.5.2. Equation of motion

As shown in Sectiort.1.2, the instationary Bernoulli equation genseli for a relative
streamline in a moving reference system takesaim,f
LJ(t) au 1 1 L(t) (4-44)

— ds= _9( Z; = 21)__( P — pl)__ApL — | a4 Ebt'(s)ds’
o o p P
whereu, p, z, g, L(t) again denote the relative liquid velocity, thealbte pressure, the
geodesic height, the constant of gravity and thgtte of the liquid column, which is given by
L(t) =2H + B, where B denotes the length of the plane pipe section.h&sentire liquid is
considered, the indices 1 and 2 refer to the ledtr@ght free surface of the liquid volume, see
Figure 4-5, where u; =u, =u. Again, energy dissipation due to viscous and utienint

2H+B
damping is described by additional pressure lodgges The integral term jag Ebt(s) ds
0

has to be evaluated at constant time, where thiagoe acceleration of the moving framg

is defined by Eq4-22),a, =a, + Qxr'+Q%n p- FOr a plane motion, the integral
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2H+B

J'aA (& 'ds=a, Efds: aA’Xif>dx+ aA,X§dy+ Osz: 0
0 S S S z

vanishes, sinceds=[dx,dy,dZ]" and a, has no vertical component. Now Bernoulli’'s

equation with respect to the relative streamlineobees

U(ZH +%B}—2gusinﬂ—%(pz—pl)—%ApL (4-45)

2H+ 2H+B

- J'C'zxr')@t'ds—fzz [n,@'ds.
0 0

Letr', ds, @ andn, be given byr'=[x, y, z]", ds=eds=[dx dy, dZ", @=[0, 0, w,|"

andn, = é (Q [ ')m —r' respectively, them , simplifies ton, =[-x,— y,0]" and the path

2H+B
integral Q* [ n, [&'ds vanishes, since
0

j?xdx+fydy+f[20dz =0. (4-46)
2

2H+
The path integration remaining in E4p45), jfﬂxr')@t'ds, Is performed by integrating
0

separately over the horizontal part of the relasitreamline and its vertical projection. Thus

2H+B
—§(er;y)@t'ds— jﬂxr'z [@'ds= —a')z§ez xr,, [@'ds =-2A @, (4-47)
B 0 BT
0 r(s)e,

ry =[x Y0, 1,/=[0,0,7",

where r(s), A, denote the length of the relative position veanod the floor area of the
horizontal projection of the streamline, see Figti® Finally, insertion into Eq¥45), and
the introduction of an equivalent viscous dampiagior {, renders the linearised (with

respect to turbulent damping) second order equatiomotion,
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2A G
U+20 o U+l u+ P =Sl b

P Legt Pl

(4-48)

2H+B
[ A 2gsinf
Ly = | —7dS, wa = :
of j A(S) “a Left
0

Similar to the plane TLCD, the pressure differenfye= p, — p, describes the air spring

effect. In a first approximation, the increasedfrstiss results in a higher natural frequency

_ |2gsing . 2K, (4-49)
a)A - + ]
Lef‘f pLeff hef'f
K = 2np, e, :ﬁ’
hef'f AH

where K, 1<sn<k, =14, p,, hy, V, denote the linearised air-spring stiffness, the

polytropic index, the initial pressure, the effgetiheight, and the air volume at rest,

respectively. For details on these parameterssegténd.3

4.5.3. Forces and Moments
To couple absorber and structure it is importarkriow the interface reactions. Forces and

moments can be obtained by applying the linear nrmbume and moment of momentum
equations for moving frames, see E4=26) and 4-27)

d d _d'

—l=F, —=—+ Qx|
dt dt dt (4-50)
= J' (v,+Vv)dm
m; (4-51)
d . o dH, _dH -
(4-52)

Hy = Jr' xv dm,

m;
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. ' r' N .
wherem,, H,, v :%, ry" denote the liquid mass, the relative moment of ewtm
with respect to an arbitrary moving reference pdtthe relative velocity with respect to the
moving reference poinA, and the relative position vector of the instaetars centre of the
fluid mass with respect t@\, respectively. For the subsequent derivation #ference point

A is selected such, thaf is fixed in the moving frame and given lby'=r,'le, . Inserting
V'=QXxr'+u, into Eq.4-50), and subsequent integration yields

| = j Vadm+mg (Qxrg)+ J' udm. Since Q=w,e, and r,'=r,'e,, the second term,

my my

m; (@xr,), vanishes and the momentum simplifies Io=mva+judm. Since

my

J'U dm= ij(s)u(s)et ds= mj ds, where ds=¢,ds and m= p A(s)u(s)=const As the
m; s s
horizontal projection of the TTLCD is a closed logee Figuret-5, the momentum of the

fluid mass can be expressed as

z,
I :mva+r'nJ'dzez =m;Vv,+2pA,uusinfe,,

4
where the integration limitg, = (H —u(t)) sing and z, = (H +u(t)) sin 8 are considered.
Now the application of the reaction principle dihgcyields the interaction forces—(F)

acting on the structure, by taking the time deneat

-F=m; [aA+2'anH sinﬁ(u2+ufj)ezj, (4-53)
f

The horizontal components of the resulting forcéy arepend on the acceleration of the
reference point, and the TLCD acts like dead weligddling. There is, however, an undesired
resultant vertical force from the liquid motion whiis negligible for small displacements

or can be kept small by small angles of inclinat®n

Consequently, splitting the relative velocity vacémd the relative position vecter again

into their horizontal and vertical components=r, +r,, v'= v'Xy +V,, and substituting into

Eq.@-52) renders the relative momentum of the liquaksm, .
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H,= J'(r;(y+r;)>< (v'xy+v'z)dm: j r)'(yxv'xydm+j [y XV,dm (4-54)
m

my my

+j r'zxv'xydm+j r,xv, dm=j [y X Vi M+ H o
(N —

As the TLCD setup is not symmetric about the Y-Zrd it is useful to install a second TLCD
of same geometry in a mirrored position, such fyatmetry is achieved. This will force the

unwanted ‘residual’ componentsl . to vanish, which is of great interest as it reduce

undesired reaction moments. Since the relativecitglavith respect to the reference poift

V', can be expressed a&s = Qxr +U, its horizontal projectiorv',, becomes

Vyy =@, €, X1, '+, . (4-55)

Therefore Eq4-54) takes on its final form

2H+B
H, = w, eZJ- ' “dm+ J-,OA(S)rxy'XUXy ds (4-56)
m; 0
5 2H+B
:a)ZeZJ' Myl dm+m J'rxy'xet ds,
m 0 S
' 2dAsE,

H'A:(cuz|Z+2upAHAp)ez:mf(cazrf2+urf )eZ

=]

my

2
My’ de’ e = daal rf2:L

wherel,, r, denote the axial moment of inertia of the fluidssieand radius of inertia for the
fluid mass, andA, T, denote the area of the horizontal TLCD projectonl an equivalent

mass radius, respectively. Since the centre ofityra¥ the liquid massr;J in Eq.@-52), is

given by
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g =0 A sin(ﬁ’)(H2 +u? )/mf] e,, (4-57)

the expression for the interaction moments actimghe supporting floor of the symmetrical

arrangement of two TLCDs, takes on the form

M co :—mf(rf2c2)z+Ff l‘j)ez—pAH sinﬂ(H2+u2)ezxaA, 4-58)

where the reaction principle is applieM{ ., =—M ,). Since the centre of gravity is only
moving vertically, the horizontal components f vanish, and thus there is no resulting

moment due to gravity forces acting on the fluidssmaAgain, the TLCD construction exhibits
undesired axial moments about the X-Y-axes whidah due to the fact that the vertical

component of the centre of gravity varies withFor small vibrations, or small anglés< , 1

those terms are neglected, yielding a linear sys&telnaviour. Neglecting the nonlinear terms,
the interaction moment has two contributions: ir&t,f-m; r, °@, e,, corresponds to a rigid
body motion of the fluid mass rotating with theidigloor, whereas the secondm, 1, U e,,

describes reaction of the liquid moving with regpecthe piping system. Apparently high

interaction moments can be expected for high vadfi€ss, corresponding to a large aréq.
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5. Optimal design of TLCDs attached to host structures

Having found a suitable mathematical descriptiotuoied liquid column dampers of various
shapes, see Chapter 4, ideal design parametelbedstermined to achieve a desired level of
vibration absorption. This is normally achieved foynimising the dynamic response with
respect to a carefully selected excitation sigmeld therefore the coupled TLCD-main
structure equations of motion must be solved intithe or frequency domain. Theoretically,
all design strategies developed for dynamic vibratabsorbers, see Section 2.5, can be
applied to TLCD, especially the methods from TMDOiwmsation see Section 2.6. However,
due to the TLCD geometry factors and k', Eqs.(4-9) and (4-33), analytical approaches
become rather difficult and tedious. Instead of\ileg optimal tuning parameter, this chapter
presents an analogy between TMD and generally shap€D, allowing to utilise both,

analytical and numerical results available from TiEsign.

5.1.Analogy between TMD and TLCD for SDOF host structure

Comparing the equations of motion of TMD and TLGDhecomes apparent that there is a
close relationship between both dynamic absorh@estyA strong indication is the fact that
the TMD behaviour can be derived from the corredpun TLCD by settingk =k =1, in
Eq.(4-11) and Eq.(4-43). Even though the TLCD &s ittore involved absorber, it is possible
to find a TMD-TLCD analogy. The first step is tofike the equations of motion for a
coupled system consisting of a SDOF host struauacea TLCD under the wind Ioad,(t),
and the ground excitatiow,, which are given by Eq.(1-2), (4-11) and (4-43),

" . " 1 1
W+ 20 QW+ Qw = Vi, +ﬁf(t)+ﬁfx’ (5-1)

U+2¢,Q 0+ u=—k(Vi+vi),
f, =-m (w+w, +x ).

Inserting the coupling forcef,, Eq.(4-31), into EqS-1) renders the coupled equations of

motion, in matrix notation,
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— . ; 2
LR W 2sQs O Wl s 02 e (5-2)
K 1)\ 0 2{,w, )\ U 0 w,)\u
1+ M
- H W, + Y f,

K g 0
where the absorber-structure mass ratio is detexwhiy
p=m /M, (5-3)

Introduction of the newly scaled displacement cowtk u” = u/x of the free liquid surface,

allows us to rewrite Ecp€2) in terms ofu” .

1+ u ukrk\( W N 2{;Q 0 W N Q. 0 W (5-4)
( K K J(uj 0 2«k{,w, (uj 0 kw’)\U
(1)
kK ) ° 0
Multiplication of Eq.6-4) with diag (1/(1+ u(1-« & )) 1/« ) yields
1+ i (WJJf 275 Q% 0 (W]+ Q’ 0 (w]
1 1)\ 0 27, w, \U’ 0 w J\U (5-5)
=_(1+”*ng+(]/M*jf
1 0

where
oM _ KKH Q.=0 L ,
Ny 1+ u(1-kx)’ * P i+ u(1-«%)
1 W, =W
{s=¢ : AT A
7% N+ u(1-«k) (5-6)
=0 M* =M 1+ u(1-x7))
m =m, kK.

U, ls, U, {\ w,, M", m denote the equivalent mass ratio, the structualping ratio,

the structure’s fundamental frequency, the absodaenping ratio, the absorber’s natural
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frequency, the host structure’s mass (includingdead weight of TLCDm, (1-4k)) and

the active mass of the TMD of the conjugate systamdicated by the superscript *),
respectively. Since the geometry factars k¥ have been eliminated, E¢s-%) are identical
to those of a simple TMD attached to a SDOF hastsire, see Egs.(2-7) and (2-8). Hence,
it is possible to find the optimal absorber tuniig and damping ratia’, of the conjugate
TMD problem from the literature, and transform tlkeults back to obtain the desired TLCD

design parameter. The TLCD frequency ratio is tielested as

X * 5'7
o) :ifzﬂ1/1+/,1il—/(/ﬂ:51/1+,ui1—/(/?i, (5-7)
QS QS
and explicitly given by
5o & (5-8)
N1+ ,uf 1—/(/?5
The optimal damping remains unaffected,
{n=Ca- (5-9)

In Egs.6-7) and §-9) & and ¢, denote the design parameter for the analogue TMD
problem. It is important to emphasise that the psag transformation is also applicable to
solutions for TMD systems with a damped or evenlinear main structure, which allows a
straightforward design of TLCDs even for complerlgems whenever a solution exists for
the classical TMD. The interpretation of the pragabsransformation is certainly important,

and becomes much clearer when inspecting the tefinof the mass ratio of the conjugate

systemy’, see Eq.%-6),

m KKp  _™M o KK

B " 1vu(1-x8) M 1+ u(1-«K)

(5-10)

As 4 is always smaller tham = m, /M, every TLCD setup behaves like a TMD system

with m acting as active mass. The remaining fluid mags-m’ provides the restoring

forces and must be regarded as dead weight loadlithg main structure, see Figurel.
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e

Figure5-1: Frequency response of optimally designed TL@@rpretation in terms of a
conjugate TMD

*

m

\ 4 ‘QE

]

This transformation of the original SDOF-TLCD intbe conjugate TMD allows simple
physical interpretations, because the only diffeeebetween the conjugate TMD system and
a real physical TMD is the difference in the vibwatamplitudeu’ . Due to the transformation
u" =u/k the actual amplitude differs from the conjugate OMvhich must be taken into
account during any optimisation which includes bastructural and absorber response
quantities. Figuré-1 clearly indicates that the active mass must be maximised for best

vibration attenuation. From this interpretationigt obvious that one has to maximise the

amount of water moving horizontally and thus toas®f as small as possible.

5.4.1. Application of TMD-TLCD analogy to SDOF host structure with TLCD
attached

The effectiveness of the proposed transformatiagivisn by the determination of the optimal
TLCD absorber parameter for a force excited SDQtkcgiral model. The optimisation
criterion is a minimisation of the maximal intengtadrift. In case of an undamped host
structure equipped with a single TMD this probleas been solved analytically, and simple
expressions for the optimal TMD design parametessetbeen published, (see Table2-1, and
the references given there),

_ 1
J:;pt = m (5-11)
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*

_ 3u

Substituting the conjugate mass ratig, = KKH —, into EQq.6-8) and $-9), the
1+,u(1—KK)

optimal TLCD parameter are obtained explicitly

o, 1+ u(1-«k)
J, 2 SR , (5-12)

Opt_\/1+/,[_K/?ﬂ_ 1+
_ _ |3KkK U
Copt =€ opt = 8(L+ 1) (5-13)

The correctness of the solution can be checked diyimgy the amplification response curves
as shown in Figur®&-2. For comparison’s sake several other responseeg with the same
optimal frequency tuning and various other dampatigs are given. From visual inspection

it is apparent that E{12) renders the desired optimal result.

Figure5-2: Frequency response curve of base excited SDIAM system (= 003, { =0,
k =09, Kk =0.7). Conjugate TMD considered.
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Arriving at Eq.6-12) using DenHartog’s approach, see DenHaytisga rather tedious and
lengthy operation, and almost impossible withounpater algebra programs, even for this
simple problem. The transformation, in the contrasystraightforward, and opens the entire
literature on TMDs to TLCDs. Thus a huge amountkobwledge and a large variety of
solutions is available for TLCD design. A schematierview of how to find the optimal

TLCD parameter is given in FiguBe3.

TLCD analogue TMD
* :l :7MKK-
given VIR (+p-kkp)
- Q=Q————
m.K:,K s sm \A m Qs M
from literature
v
ZAom;éAom ZAopl ZAOP{ Z =w_
kaom 4_/ opt! Q*

1+ u UKK
Figure5-3:Schematic overview of the transformations mal foptimal TLCD parameter

From the example given, it can be seen that thpgsed transformation is a very simple and
powerful method for quick and efficient TLCD desigdowever, the vibration reduction
largely depends on the chosen TMD design paramBter.choice of minimising the relative

structural displacement is just one simple perferceameasure amongst several others, e.qg.:

* Minimum shear force in main structural members orimum base shear
* Minimum acceleration/velocity of main structure
» Mixed criteria, involving both, the main structuard the absorber motion

* Maximum effective damping of combined structure

It becomes clear that some of those criteria opedad it might be necessary to evaluate
several possible combinations of design parametea fgiven problem. For a given loading,

numerical simulations will help to find the bessalber tuning, but it has turned out that most
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optimisation strategies arrive at similar TLCD paeder, consequently the minimisation of

base shear, will e.g. also result in small flo@pthcements and accelerations.

5.2. Control of MDOF host structures by TLCD

The analytical optimisations presented in Sectidhfas been based on a single degree of
freedom structural model. Real structures, howeaeg, commonly modelled as multiple
degree of freedom systems and the aim of thissedito give approximate analytical TLCD
design guidelines for systems where the dynamiawehr is dominated by a few well
separated natural frequencies and the corresponaiag shapes should be controlled by the
application of TLCDs. The TLCD can be placed anysehie the building. Nevertheless, a
strong position dependence of the TLCD effectivenessibration reduction will be found. If

a single TLCD is installed in aN-DOF shear frame building the structural motionglso
containing absolute floor displacements, can bergly, see Eq.(1-35)

MW+CWw+Kw=-Mrgw, +f +sf, (5-14)
U+ 27 ,wU+ i u=—k W, +s'W
{ AOA A ( g ) (5-15)
fx =-m, (Wg +STW+/?U)1 S:[O'...,]_’...’O]T
T
i (5-16)

where f, denotes the TLCD-structure interaction force, Bggs.(4-31), and the position

vector s defines the floor level where the TLCD is instdll&ll elements ofs vanish except
a single unit entry in thieth element, if the TLCD is installed on théh floor. Assuming that
a minimisation of the modal displacements will ateduce the actual floor displacements
substantially, a decomposition into the main strcest’ mode shapes is performed. If the floor

displacementsv are replaced by the modal displacements ® q, where ® denotes the

main structure modal matrisp =[e,,---,¢, , jhen Eq$-14) decouples on the left hand side
for all classically damped systems by pre-multiticn with the transpose®’ ,

P'MOPG+P COY+® K PG=-D® Mrgli, +®'f +®' sf, (5-17)
l+2¢ U+ u=—k (i, +s®g) (5-18)

fo=-m, (W, +s®q+xu) (5-19)
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As only one TLCD is applied, the TLCD design mustfbcused on the vibration reduction of

one resonance frequenay,; . Warburto has shown that it is possible to approximate the
floor displacements in the vicinity of tiieh natural frequencf2s by w = ¢;q; if the natural

frequencies are well separated, e.g. the ratizvofadjacent natural frequencies is larger than
2. Applying this estimate, the right hand side af.(&-17) decouples, and two linear

differential equations are obtained to minimise rtedal displacemend; , see Hochrainer et

3

al.”.
1+u /'1/?/¢ji q, + ZZSQS 0 qj + Qsz 0 g - ‘ti W+ fi (5_20)
ik 1 y 0  2¢,w,)\u 0 w’lu k) o
‘:(pIMrS+¢jimf = g5 m ‘= of QZZ(pTK(Pj
' oMo, oMo, ' oMo, T ejMo;
) (5-21)
_9Co,
2¢sQg=—1 1
¢ Mo,

Above ¢; is thei-th component of theth mode (at the story where the TLCD is attached).
Again, introducing the new liquid displacement abpate u’ :u//(¢ji and multiplying

Eq.5-21) with diag (Y(1+ #(1-« &)).Yxg; ) yields

14 p)(4) (2¢sQs 0 Y(a) (Y o \a)\_ (¢ ). (f
(1 JU( 0 zz;w;J[u*Ho ijUJW(oJ >-22)

U= KK U o -0 1 (o of (5-23)
1+u(l-«%)’ >t Jirul-kR) oM
1 . QMrs+é,m  (5.04)
= , w, =W, , L= "
s s 1+ u(-k& A A 4(1 M
Gi=4a M =@M g, (L+ u-KF ) (5-25)

where ', ¢, Qg, ., w,, M" denote the equivalent modally transformed quastitnass

ratio, the structural damping ratio, the structsiréindamental frequency, the absorber

damping ratio, the absorber’'s natural frequency @iedconjugate mass, respectively. Note
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again, thatk, k¥ have been eliminated, and thus BeR@) describes the dynamics of a
structural system with an equivalent TMD installéthder wind type loadingyy, = Othe

effectiveness of an equivalent TMD is exactly tlane as in the SDOF system discussed
before, thus the optimal solution for SDOF systeras be applied. In case of ground

excitation, however, the participation factfr is different from that in the SDOF case where
¢; =1, and the SDOF solution cannot be transformed taiokexact optimal solutions for

multiple degree of freedom systems, see e.g. Scamd) Dargush Nevertheless the

transformation to an equivalent TMD system is alsv@ypssible, and having designed the

equivalent TMD, the optimal absorber tuning radio and the damping ratig, are given by

=0 [\1+u(1-«x), (5-26)

and the unaffected damping ratio

{n=Cn (5-27)

When working with multiple story structures, thedt level at which the absorber is installed
must be chosen carefully, since it highly influenhtee TLCD performance. This relationship

is not apparent from Eg{22) because it is hidden in the definition of thedal mass ratio,

2
“'m
given by,u:(TpL
v e

. A large mass ratio is always required for a goe@€D performance

and thus, the floor level must be chosen to maxmgis. For a uniform 5-story shear frame
building, with constant mass distribution, all mateape vectorg; contained in the modal
matrix @ and the corresponding floor displacemegtsare illustrated in Figur®-4. It is

quite apparent, that the optimal position of theCDLvaries with each vibration mode. Thus,
the position of the TLCD has to be selected cakefidr each vibration problem, but as a

general rule of thumb it can be noted that theflmgr is suitable for low frequencies.
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0.5969 -0.5485 t -0.4557 ‘ -0.3260 70.1699
0.5485 -0.1699 0.3260 0.5969 -0.4557
|yl 0.4557 0.3260 0.5485 -0.1699 0.5969
0.3260 0.5969 -0.1699 €| -0.4557 -0.5485
0.1699 0.4557 0.5959 0.5485 0.3260
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Figure5-4: Modal displacements of a uniform 5-story binit see Chopra

Ideally, the TLCD should be placed in the floortwihe largest modal displacement, because
this will maximise the modal mass ratio and thusldyithe best absorbing behaviour. When
properly positioned it is possible to obtain a madass ratio which is significantly higher
than the actual absorber to building mass ratishasvn in Table-1: For a total mass ratio
of 1% the maximum modal mass ratios for differentidings are summarised. Tabiel
includes the already mentioned 5 story structusewell as a 20 and a 76 story benchmark

building, for details see Spener

Building opt. mass  opt. mass  opt. mass opt. mass opt. mass
type: floor ratio  floor ratio floor ratio floor ratio floor ratio
level mode level mode2 level mode 3 level mode 4 level mode5
1
5 story 5 0.0178 2 0.0178 1 0.0178 4 0.0178 3 0.0178
20 story 20 0.0498 20 0.0592 20 0.0656 20 0.0590 20 0.04p4

76 story 76 0.0403 76 0.0554 76 0.0554 76  0.0507 76 0.04p5

Table5-1: Optimal modal mass ratios for a total mass rat= 001
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Building  floor mass floor mass floor mass floor mass floor mass

type: level ratio level ratio level ratio level ratio level ratio
mode mode 2 mode 3 mode 4 mode 5
1

20 story 20 0.0498 7 0.0354 4 0.0342 3 0.033p 2 0.0333
20 0.0592 13 0.0367  1( 0.0356 g 0.03p6
20 0.0656| 16| 0.0420 13 0.03792
20 | 0.0590 17 0.0438
20 0.0494

Table5-2: Modal mass ratios for the 20 story buildinghaa total mass ration
=001

Table5-2 also shows sub-optimal positions where the Tld@b be installed, if an attachment
on the top floor is not possible.

The modal mass ratios in Tallel and Tablé-2 vary as they depend on the modal shapes of
the structural system. For a structure approximatedn ideal cantilevered beam the modal
mass ratio is four times the actual mass ratio,iar@se of the 76-story structure this modal
mass to actual mass ratio varies between 4.03 &dd Wwhich certainly guarantees excellent
steady state performance. Furthermore it is notéwpthat for the higher modes the TLCD
can be installed in lower floors without signifitgndecreasing the performance, which is
important from a practical design point of viewchase the TLCD can be distributed over the

entire building without decreasing the optimal perfance.

5.3. General remarks on TMD-TLCD analogy
In Section5.1 and Sectio®.2, the TMD-TLCD analogy has been applied to Isbtstctures,

approximated by SDOF systems. If the assumptioa single degree of freedom does not
apply it is still possible to apply the TMD-TLCD @ogy, even for nonlinear structures, if the
TLCD is transformed into the conjugate TMD, seeufigs-1. Again, the active mags  of
Eq.(-6) describes the conjugate TMD mass, and the desaght loading (liquid mass minus

active mass) is added to the floor mass. The catgusgtiffness and damping are determined

by

K =a?m, (5-28)
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¢ =2lw,m, (5-29)

and the scaled liquid displacemant corresponds to the displacement of the conjugaissm

If the nonlinear turbulent damping term described the head loss coefficiend, is

considered, the conjugate dampidig is given by

5, =0.K. (5-30)

After those transformations any optimisation depelb for TMD systems can be applied to
the TLCD, independent of the degrees of freedoth@iseparation of the natural frequencies.
Even nonlinear host structures can be investigateah) optimal design or analysis tool for

TMD is available.
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6. Equations of motion of linear MDOF structures

6.1.Introduction

The reliability of all information gained from stitwral analysis is directly dependent on the
quality of the mathematical model, and thereforie ihdispensable to determine equations of
motion whose dynamic behaviour is close to reality.long as SDOF host structures are
assumed an analytical absorber design is possiloieever, simplified SDOF models often

provide a fairly crude description of the real stuwal behaviour, and therefore more complex
structural models have to be considered. Havingrdehed a MDOF structural model, the

calculation of the response under arbitrary loadiag be accomplished by several different
procedures. Nowadays, mainly time integration mashare used, which are provided in
numerical simulation packages. Still, the most @ustep in dynamic analysis is the

determination of a proper mathematical model, beedhe validity of the calculated results
depends directly on how well the mathematical dpgon can represent the physical system.
Therefore some general aspects in modelling reattsires are discussed, starting with the

generation of the equations of motion and sevesagets of model reduction.

6.2.General approach

Modelling the real structure with finite elementsdasolving for a given problem with an
element mesh as fine as possible, will certainhgles best results. However, several thousand
degrees of freedom are necessary for reliabletsgsand the amount of response data often
impedes deep insight into physical phenomena. & §itep in model simplification is to treat
structural members like columns or girders as simjgments at the price of loosing detailed
information about the local stress and strain Wama. This simplification is justifiable since
in a dynamic analysis the nodal displacements, lwigigntrol the inertial forces, are not
sensitive to local field variations, like e.g., teess distribution. For any linear multiple

degree of freedom systems the equation of moticassin the form

MW +CW +K w =-Mrgvi, +f(t), (6-1)



6. Equations of motion of linear MDOF structures 110

where M, C, K, W,, f denote the mass, damping and stiffness matrixyedisas single
point ground acceleration and the external forcadileg, respectively.rg is the static
influence vector, which for an upright building loeeesr¢ =i, i =[L1---,1]", by inspecting

the rigid body motion of foundation and building.

6.3.General approach for framed structures

Any framed structure can be assembled by beamsmos and shear walls, interconnected at
nodal points. Often structural members can be asdumassless, with an equivalent lumped
mass placed at the corresponding nodes. Each rasdgemerally six degrees of freedom, but
based on mechanical assumptions, some of thosed begheglected, as shown in Figérd,
where the axial deformation of the structural eleteas ignored. To determine the stiffness
matrix K of Eq.6-1), a generalised constant unit displacemenpdied to every degree of
freedom while keeping the other generalised digptents to zero. The forces required to
maintain these displacements are in static equihiorwith the restoring forces of the

deflected shape. For a unit displacement at DOthe stiffness influence coefficier; is

equal to the force associated with DOF For a unit displacement of node 1 and a unit
rotation at DOF 4 this “direct method” is illusteatin Figures-2.

W, W. W,
a6 N W, —>
f6 f7 fs f2
e 4 W W —>
3 4 5 fl
W

]
Figure6-1: Typical plane frame structure without axialateation of structural elements

For any given deflectiom the external node forcdg for static equilibrium can be directly

derived form Eq§-1) as all time dependent terms vanish:

fS =Kw (6'2)
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Figure6-2: “Direct stiffness approach”; Stiffness influencoefficients for a unit displacement at
a) DOF 1 b) DOF 4

Exactly the same methodology can be applied toveetfie mass matrixM . Let a unit
acceleration be applied at DQFat the structure at rest, while all other DOF kept zero.
Then, according to Newton’s law, an external fofcés necessary for the dynamic system

equilibrium. The mass influence coefficient; is the external force in DOF due to unit

acceleration along DOF. For any given acceleratiorthe external node forcef, for

dynamic equilibrium can be directly derived form.6gl) by regarding all acceleration

terms,

fo =M. (6-3)

Commonly no inertia is assumed in rotational DO&nde,M has a special form, affecting

only the actual displacements .

Damping is responsible for energy dissipation mdtructure and it is generally expressed by
(equivalent) viscous damping, which relates theenwelocities to the damping forces. If a
unit velocity is applied along DOF while all other DOF are kept zero. Due to the node
velocity internal damping forces will be generatetiich oppose the motion. Therefore

external forces are necessary to maintain the mofibe damping influence coefficients
are equal to the external force in DOFlue to a unit velocity in DOF . However, unless

there are discrete damping devices (e.g. viscosweis) installed in the structure it is hardly

possible to find the damping coefficients because too little information is known about the
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distributed damping process. Instead modal dampaigps, based on experience or

experimental data are utilised.

Working with larger structural elements, insteadafetailed finite element mesh, reduces the
degrees of freedom dramatically, resulting in atesysof much smaller order, which of
course, is beneficial, but at the price of loosinfprmation about the resulting stress
distribution. Nevertheless it can be recalculatga Istatic analysis using a more refined finite
element mesh. Unfortunately tall buildings consiftseveral thousand structural elements,
and further simplification might be necessary. dnde achieved by methods which are

described in the following sections.

6.4.Kinematic constraints

The introduction of kinematic constraints, whictpeess the displacements of many degrees
of freedom in terms of a much smaller set of prynariables, is an uncomplicated method
to decrease the number of degrees of freedom fuitlypically, the displacements of a group
of individual members, e.g. interstory columns, amnstrained by the displacements of
floors. One of the most widely used applicationgho$ type is the modelling of multiple-

story building frame's
AZ

FaARN

Figure6-3: Twenty story building frame (2880 DOF)

Figure6-3 shows a 20-story rectangular building framenhwsiik frames (480 girders) parallel
to the X-Z-plane and 4 frames (400 girders) paratethe Y-Z-plane. The total model
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contains 480 columns, thus a total of 1360 one-dsimmal elements. The number of nodes
interconnecting the elements is the same as théauai columns, yielding 2880 degrees of
freedom when allowing for three rotations and thraaslations per joint.

Taking the constraining effect of the floor slalvdoi consideration reduces this number
substantially, if each floor diaphragm is rigid ils own plane but flexible in the vertical
direction. These kinematic constraints reduce #greks of freedom of each joint from six to
three. On top there is a rigid body motion in eaftbor yielding a total of
2880/2+3[20=1500 degrees of freedom. Further reduction cannot m®raplished by
kinematic constraints, but e.g. the method of statindensation, can decrease the model size

further to about 2% of the original model, see Elgugh-Penzieh

6.5. Static condensation

In contrast to the kinematic constraint idea thacept of static condensation is based on
static equilibrium constraints, and for a succdsafylication of this technique the degrees of
freedom are divided into two types: those in whichmass or damping participates, denoted

by w, and those who can develop inertia or damping &rcalledw,, . Obviously this

approach assumes concentrated lumped masses waitduad for most elements by simple

energy principles. Having recognised the differdeggrees of freedom, the equations of

motion under the effective loadirfg, =[f, f,,]’ can be rearranged using “hypermatrices” as

indicated

0 0)(w, 0 0)(w, Ky Kol (w, fo
5 + . + = i (6'4)
0 M)\w, 0 C)\w,, K, K, )\w,, fu
Eq.6-4) can be solved fow, = -K ;K ,w,, +K;f, and back substitution yields the reduced

order dynamic system

M, +CW,, +(K 5 ~K K 2K, )y, =F,, =K K . (6-5)

This static condensation procedure can be usetfdctigely reduce the degrees of freedom,
such as the reduction from 1500 to 60 in the bagdrame discussed in the previous section,
if all masses are lumped onto the floor level. Témaining 60 DOF correspond to the rigid
body motion of each floor. Up to this point, thesas no major simplification, and all
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dynamic systems generated with one method descabede yield, independent of their
order, similar simulation results. Additional modetiuction can only be achieved at the price
of a certain change in system dynamics. If, howedeminant degrees of freedom can be
located, further reduced models can be a good septation of the original system. Two
methods capable of such a simplification are thelahdruncation, and a generalised order

reduction method appropriate to all linear, staylstems.

6.6.Modal truncation

A commonly used method in structural analysis ipeéoform dynamic investigations in the
modal space, and consequently restrict the resdartiie dominating mode-shapes. Several
well established methods have been developed ridiniy the mode vectors and solving the
vibration eigenproblem, most prominent amongstehare the Rayleigh-Ritz method and the
subspace iteration, see Clough-Penzidnstead of taking all modal coordinates and the
corresponding mode-shapes into account, only thjerrdagrees of freedom are considered in
the investigation.

The main difficulty, however, is to determine thet ©f coordinates which depicts the
dynamic behaviour of the original system with stiéfint precision, thus the key question is
which modal coordinates must be maintained to asw@dificant modal truncation errors. To
evaluate the errors resulting from modal truncattbe dynamic response contributions of the

individual modes are considered. For an arbitrapgeni the equation of motion is given by
G +2{,w 6 +afq= fiet s (6-6)

where the effective modal load factor is given Ry, = ¢/ (- M rew, +f(t))=o/f.(t), and
¢, denotes thei-th mode shape vector, normalised with respecth® modal mass,

(PiTM(Pj =9,

ij?

see EQ.(1-37). By inspection of E&t§) it can be concluded, that the relative

importance of single mode contributions to theltdyeamic response depends on

* The modal load factor which depends on the interadietween mode shape and external
load.

* The spectrum of the applied external load.



6. Equations of motion of linear MDOF structures 115

* The dynamic magnification factor which depends ba tatio of the applied loading

frequencies to the modal frequency.

Assuming a time variant but spatially constant Iagistribution f_, (t)=r f(t), a modal
participation factor exists, and is defined &y=¢/r , for derivations see Chapter 1. For any
ground motion of a single point excitation charesed by, , r =Mrg and for simple cases
of high-rise framed structures with displacementgrdes of freedom,r becomes
re =M [1---1]". Figures 6-4 a-c show typical flexural mode shapfea high rise building,

and Figures-4d displays its mass distribution. Obviously vieetor producip; r is relatively

large for the fundamental mode and is rapidly desirey for higher mode shapes. For this
reason the participation factor of the first mogalominant for ground excited structures. If
the load is not distributed uniformly, see e.g.uf&@6-4e for a force loading with common

time function, then the second mode has a largécjmation factor whereas the first and the

third mode would contribute only little to the oaétresponse.

N\
& 1a0=110

a) Mode 1 b) Mode 2 c) Mode 3 d) e)

Figure6-4: a)- c) vibration mode shapes d)mass distidoug) locally distributed force loading
with common time function

For a sufficiently long loading time, the dynamiagnification factor largely depends on the
excitation spectrum and the damping ratio of thedaheequation. If the external loading
contains a resonant frequency, the correspondindersbape is expected to cause important

contributions to the entire dynamic response.
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Having identified the dominant modal coordinatég tmodal truncation can be performed by
discarding all other coordinates. Often it is dedito perform this simplification without
loosing the physical interpretation of the origidadplacement coordinates. Letdenote the
order of the reduced system, then it is possibléetcribe the reduced order system with
arbitrary elements of the original generalised ldispment vectow . Firstly, the rows of the
matrix equation are rearranged by pre-multiplyinthva transformation matrix , such that
the coordinates which are kept are contained in“tibservable” vectorw,, whereas all

coordinates discarded form the vectoy. This rearrangement allows to give the equatidns o

motion of the structure under effective force loapby
MwW+Cw+Kw=f.y, (6-7)

M=MT, C=CT, K=KT,

w f!
w=| e =]
o (WO) el {fgff]

M, C, K, w, f.s denote the rearranged mass matrix, damping matifkness matrix,

displacement vector and excitation load vectorpeesvely. In modal coordinates E6:{)

can be rewritten as

O MG+ COG+O K Dg='f,, (6-8)
where

T Mrr 0 T grr 0 T ﬁrr 0
M= , ®CP = , DK D= , (6-9)

0 M, 0 C, 0 K

D= er Qro _ qr
= (I)or Qoo 4= qo (6_10)
W= Wr — er Qro qr ' (6_11)
o WO QOI‘ QOO qO
Mo Coos Koo'M,,, C,., K, denote the dominant modal mass, the dominant denfiie

dominant stiffness, the residual mass, the residaiaping and the residual stiffness matrices,
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respectively. All matrices are separated accordimgthe dominant and residual modal

coordinates. The modal matri consists of the dominant (observable) mode-shaptoxs

¢; and the residual mode-shape vecipfs

@ =[Q;, 9,07, -,0% ] (6-12)

Through modal truncation the residual modes ardentgyl, q, =0, and Eq.§-8) simplifies

to

MOO qO +900 qo +ﬁoo qo (I) f eff +(I)I‘O eff - (6'13)

From EQ.6-11) the relation between the modal coordinatab the displacement vector is

given by w, =®_q,. Unlessw, contains only nodal points of a certain mode shépe

inverse of® . exists, and Ege(13) can be transformed to

Mo, @AV, +Cy @ W, +K @ W, =L FO + @ fL . (6-14)

Eq.(6-14) is very convenient because it still considta mass, damping and stiffness matrix,
and has the structure of a linear equation of motthus it can be handled with all tools
available for linear systems without any modifioa8. However, as a result of the order

reduction, the stiffness matrix might not be synmineany more, thusk #K". If one is

interested in the discarded states Eq.(6-11) has to be considered again and renders

W, =®, g, =@, Doow,. (6-15)

The method of strict truncation can be improvedbgsidualisation, where only dynamics of

the residual modes is neglectég =0, §, =0), and Eq.6-8) simplifies to a static relation

which can be easily solved fay, :

ar = K ( fe(z)f'f +(Drr ef'f) (6'16)

Inserting Eq.§-16) into Eq.6-11) renders a pseudo static componefit

W(S)t zgorﬁr_r ( f;‘f +(I)rr eff) (6-17)
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which must be added to the solution of Bel@) for an improved accuracy.

6.7.Modal reduction

In the previous sections several different possigsl for the reduction of the number of

able to reduce the dynamic behaviour of a struttadel to three independent motions per
floor. Further model reduction can be achieved byaalal transformation, and a subsequent
modal truncation, keeping only those mode-shapashmmake major contributions to the
desired structural response guantities. Sometimes #he knowledge of participation factors
and dynamic magnification factors are insufficiemtdecide which modes to keep and which
to discard, and for this reason it is of importatxalternatively find a quantitative measure
reflecting the influence of certain state variabbesthe structural behaviour. The following
summary is based on a landmark paper by Moevkere a state reduction method developed
for control engineering is presented. The key idda find a state transformation which gives
a clear indication which state variables contribmt@nly to the structural response. These are
consequently dominating the system behaviour anst i@ kept, whereas all others are of
less importance and might be discarded. Such metlawd of outmost importance in
automatic control since the order of the system ehathould be minimised for several
reasons, e.g. for controller design and implemantaand for high sampling rates. It is

convenient to use a state space description aftersy Eq.(1-60),

7=Az+Bu,, (6-18)
y=Cz

with z =[u,v,w,u,v,w]", A, B, C denoting the state space vector, the system m#tex
input and output matrix, respectively. Depending tbe excitation, the input ternBu,
represents either wind or earthquake loading. Tadrapatible with the nomenclature in
control literature, the system input vector is dedou,. No conflict of notation is to be

expected with the displacement of the fluid siride hidden in the state vectar. The output
vectory describes the mechanical property of interestietgrstory drifts. At this point it is
necessary to assume that the structural dynamiermydescribed by E{18) is controllable

and observable in a control engineering senseeseeMiillef. However, this condition is
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satisfied for most civil engineering problems. Thst step in model reduction is to find the
influence of an input signal on the state variabksiong several possible measures, the

covariance matrix for an infinite time period

00

2

Z 7z, - 7z, (6-19)
00 2 e
Q =jzTdt= || &7 77 BE g,
0 : . ‘. .
204 4,2, - Z22n

0

can be chosen (it converges for asymptotically Istalystems). If it is possible to find a

transform z =Tz, such thatQ, becomes diagonal, then the diagonal elementsare t

variances of the corresponding sta€, depends on the input signal, and a unit impulse

excitation which contains the entire frequency #sp@e, seems to be a suitable excitation.

The general solution of the dynamic system, &48) is, see Eq.(1-66),

z(t)= Atz (t,)+ jeA(H) Bu,(r)dr, (6-20)

t
where the matrix exponential is defined by Eq.(J-&06r a unit impulse input = é'(t0 = O)
and homogenous initial conditions, the system nespasimplifies to the Green’s function,
z(t): e™B . Substitution into&-19) renders an integral expression,

2 T 6-21
lejeAtBBTeAtdt' ( )
0

which control engineers refer to as the controigbBramian, see Moofelf this matrix has
full rank, the system is controllable, in other dsrany arbitrary state configuration can be
achieved by properly choosing the external inpst.sAown in Appendix BQ, is equivalent

to the solution of the Lyapunov equation, see Msder and Schiehlett

AQ, +Q, A" +BB" =0. (6-22)

Having found a suitable expression describing tifeuénce of a unit impulse on the state

variables, the influence of the state variablestim outputy remains to be determined.

Similar to a performance index, the term
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J=[yTydt=[z"C"Czdt
Jy'ydt=] (6-23)

characterises the effect of the state variabletheroutput. For free vibrations with arbitrary

initial conditionsz,, the properly reduced E-0) when substituted into E§-23) yields

6-24
J= H’“CTCeAt dtz, =2z P, z,, (6-24)
0
P, :Te’“t C'Ce dt
0
with the corresponding Lyapunov equation, see AgpeB,
ATP +P,A +CC' =0. (6-25)

In control literature, e.g. Mull&f, P, of Eq.6-24) is commonly known as observability

Gramian. If this matrix has full rank, the systesrcalled observeable, which means that any
state configuration can be reconstructed only bywkng the external input and output of the

dynamic system. Performing any regular state tanstion T , Eq.©6-18) becomes

+Bu (6-26)

O> J>>
N>

N>

2=
y=
where A=TAT, B=T?B, C=CT. Some little algebra renders the Gramia(béT),

P(T) after the transformatiofi as a function of the Gramians of the original eysQ, and

P :

Q(T) - T_lTeA ‘BBT *'t dt (T—l)T - TeA ‘BBT 't dt = T7Q, (T_l)T , (6-27)

0 0

P(T) :TTTeATtCT CerM dtT = TeATtéT éeAt dt =TT PT.

0 0

If it is possible to find a transformation to geater an often called balanced system, such that
P(T)=Q(T)=diag(c?,--02), 0,>0,>--->0,,, then g? describes the effect of a unit
impulse on the state as well as the relation of #tate on the system response. In other

words: if g, /g, <<1 then this state has little influence on the ovetghamic behaviour and
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might be neglected. ModTéas shown, that such a transformation can be fauhso steps:

Firstly, both symmetric matriced®, and Q, are decomposed int® =V, X2V} and
P, =V, X223V, with V, V, denoting unitary matrices(’ =V ™) and 3, X3 represent the

diagonal singular value matrices, see e.g. Skodesidirst state transformation

T, =VoZ,, (6-28)

can be used to generate an input-normal-system @(ﬂh):QTl =1, wherel denotes the
identity matrix, andP(Tl): P, =X{VoP VoE, . A subsequent modal decomposition of the

transformed system renders a new set of matrices

Q; =1, (6-29)

From Eq.6-29), it is quite obvious that there exists a selcwansformatiorr, to bring both,

P, and Q. to diagonal form. By substitution, it can be prouwbat for the second state

transformation the transformation matrix

T,=V, Y2, (6-30)

T1 Tl

must be applied in order to obtain the balancei# sepresentation where

—T- S L -31
Qpar = Toa I(Tball) =X (6-31)
Poat = ToaiPt Toar = Ziar» (6-32)
=T n =oliiR ). .

J(TlTPI Tl) denotes the diagonal matrix containing the singuédues of T, P, T, . Now,

Q,., and P, are two identical diagonal matrices whose diag@amentso? determine
significance of thd-th states on the dynamic response. It is importanention that the
individual componentgr” of the balanced system might not differ a lotstich a situation no

system state can be removed without a deterioratidine model’s quality. However, if small
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values ofg” exist, then the corresponding state can be negleantd consequently removed
by either truncation or residualisation. With apptate partitioning, the state vector is given

by 2=[2,,2,]" , whereZ, should be removed, and E&.{8) can be rewritten as

2, = A2, + AL, +Biu,, (6-34)
2, = A2121 + A2222 +B,u,,

y=C,2,+C,7,.

In truncation the first set of equations in Es3@) is simply removed and, =0, as in

modal truncation. Residualisation, on the othee sglsimilar to static condensation, where

instead of discarding all states associated wjththe time derivative is simply set to zero

2,=0. One can then solve fd, in terms of2, andu and back substitution gives

3 _ (A A A-IA |5 e A A-LP -

Z; = (Azz _A21A11A12)22 + (Bz —AxAn Bl)ua (6-35)
=6, -CATA,)2, -CAIBU

y 2 ~L1R11A 1) 4o T~ LA By

Furthermore attention has to be drawn to the flaat the successful application of model

reduction is largely dependent on the structurgpoaese quantities included in the possible

output vectory. A warning example is a simple untuned mass alksm®pstem where the

order reduction potential depends on the responsei®interested in, e.g., the main mass

displacement or the absorber displacement. Fortlgxhe same system the former situation

will allow a successful order reduction whereashia latter case no reduction is feasible. For

this reason the elimination of states is generdifficult unless the output quantities have

been determined.

6.8.Examples

Several methods discussed within this chapter teeen successfully applied to real civil
engineering problems, presented in Chapter 9, whage-rise buildings are investigated.

Several benchmark structures have been publishe®pbpcet’ where the reduction of the
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degrees of freedom is shown in detail: first thenptex structures are discretised by finite
elements, usually frames, and a model with sewbmlsand degrees of freedom is obtained.
The use of kinematic constraints and static coraténsreduce the model to several hundred
degrees of freedom. A further reduction can be eadd by modal approximations or

balanced realisations. Investigations will showt theost buildings have a high reduction

potential. Depending on the excitation, the finadal can be reduced by a factor of up to
100-1000.
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7. Optimisation of multiple TLCDs and MDOF structural systems in the
state space domain

Traditionally, dynamic systems have been describgdsecond order differential systems
because Newton’s law as well as energy principkeg. (Lagrange equations of motion,
Hamilton’s principle) render inertia proportional dcceleration. Alternatively, the state space
representation can be used to describe dynamiemsgstand it turns out that it is particularly
suitable for dynamic investigations, since the et#ghce between non-classically and
classically damped systems vanish, the design aocorporation of the absorber into the
structural model is straightforward, and numerjmalcessing is possible. A structural model
with dozens of degrees of freedom can be quitécdiffto investigate, and intuitive analytical
design schemes must give way to a more systemppcoach, which is adaptable for
automated processing. Independent of the sizeeoktiuctural model, any linear structure
with N degrees of freedom can be described by, see E}.(@hich is properly generalised

to include a number af TLCDs installed in the building,
MV +CW+Kw=-Mrgv, +f(t)+Lf, (7-1)

where f,, L denote the structure-absorber interaction forced a position matrix,

respectively. The TLCD position matrix has thedallng form:

0 1 .-~ 0] < degreef freedomwhichisinfluencedby TLCD (7-2)
L = oo
:
numbefTLCD

Obviously L is a sparse matrix of dimensicﬂhl X n]. The components dff, = [fl,---, 1‘n]T

are the individual interaction forces of the TLCDs, given by Eq.(4-31) or Eq.(4-60),

fi =—mg; [Wypg +K U], (7-3)

wherem; ;, W

absi fepresents the liquid mass of tikth TLCD and the absolute acceleration

of its supporting floor. The corresponding TLCD atjon of motion is, see Eq.(4-11),
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U +2¢ @ U +af U =« Wipsi » (7-4)

It has to be pointed out that the following denwatis only valid for the case whene
describes the floor displacement with respect eéltasement. If the vectav contains e.g.
interstory drifts, a linear transformatiow, =T w to displacement coordinates, (with

respect to the base) is inevitable for the calautabf the interaction forces. For convenience,
the TLCDs dynamics, given by Eq&.8) and {-4), can be formulated in matrix notation:

fa=-MA|[LTw +iw,)+7Cul, (7-5)
U+C u+K u=—K(LTTw+iv,), (7-6)
where

M, = diag(m, ,,---m, ), C, = diag(2¢,@;, - 2,4, 7-7)

K » = diag(e?, -, a),
K =diag(k,, - ,«,), K =diag(x,,-,&,)

Eliminating the interaction forces in the structueguations by substituting E@-6) into

Eq.(7-1) generates the coupled matrix equations ofanoti

i WA
_(M rs +|'_ M Aing +(f(t)j
Ki 0

An explicit expression for the building and absaerbecelerationsi,i can be obtained by

firstly defining the regular non-diagonal mass nxatf the combined system

v =M +LM,L'T LM,K (7-9)
s KL'T | ’

and, secondly, pre-multiplying E@-8) with its inverse
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(et Sl e o
+M§fgq

This system of second order differential equaticenrs be converted to a first order state space

representation by introducing the new state vezt:er[wT u' w' UT]T , and its time derivative

z=(A+BR)z-e, W, +E, f(t), (7-11)

where in a hypermatrix notation

00 | 0 0 0 0 0
Aol 00 0 I 5| 00 00 (7-12)
‘_Mﬂ|< 0) _\,4C O)f ‘_Mﬂl 0) _ 4! O
*lo o *lo o *lo 1 *lo |
0 0 0 O
0 0
0 K, 0 0
R = €y = 0 JE,=| 0 |
0 0 00 L(Mrg+L M, ]
M M
0O 0 0 C, S ICi slo

A system matrixA, = A +BR apparent in Eq/-12) can be used, however sometimes the
separated two term expressidnt BR has the advantage that solely contains the given
structural dynamics and the second teBR includes the TLCD design parameter, natural

frequency and damping ratio.

7.1. Optimisation for free vibration of MDOF structure with several TLCD
installed

Having established the set B(N + n) equations of motion, the dynamic performance ef th
system has to be determined, often by a performemisx, which is a scalar measure of the
system behaviour. The choice of a practical peréoree index is difficult and becomes a
critical task where the engineer’'s knowledge angeeence plays a central role. Usually,
deep insight into the structural behaviour, andadgunderstanding of dynamic phenomena

are required to be able to describe a complex hetiaby a simple number. A commonly
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used technique is to examine the free vibrations biiilding with the aim of minimising the
time integral of a weighted sum of the quadratatestvariables for the infinite time interval
0<t <o . Mathematically this quadratic performance inteaescribed by
J :ZZT(T)SZ(T)CIT, (7-13)
with a symmetric, positive semidefinite weighing tma S, which defines the relative
importance of the states with respect to each offftex performance index given in EG13)
guantifies the free vibration such, that large ldispments and velocities are rated heavily - an
important criteria from a practical point of viemowever, the initial conditions and the
weighing matrixS must be chosen to account for engineering req@nesn Furthermore it is
important to know efficient algorithms for the coutgtion of J, as its minimisation is, in

general, performed numerically. For given initi@nditions z(0)= z, the free vibration is

given by z(t) =e*" z,. Inserting into {-13) yields

. 7-14
J=2z) [eM" seM drz,. (7-14)

0
Integration by parts can solve this integral expi@s see Appendix B, and the quadratic

performance index for an infinite time interval piifies to
J=2z]P z,, (7-15)

Al P+PA, +S=0,

where P is the solution of an algebraic Lyapunov matrixu&ipn. Consequently, the
calculation of the quadratic performance indexhas been reduced to the computation of the
solution P of a linear matrix equation. For asymptoticallplde systemsP has a unique
solution if S is positive semidefinite, see e.g. MileFinding the solution of a Lyapunov
equation is a standard problem in numerical mattiesyand powerful algorithms are readily
available, see e.g. Control Toolbox of Maflab

After J has been defined, it is possible to compute the $iystem parameters, as defined by
the nonzero diagonal elements Bf, see Eq{-12). The latter must be varied in order to
optimise the free vibrations according to Egl@). Optimal parameter are found whén

reaches a minimum or equivalently
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0J (7-16)

Unfortunately, an analytical expression for Eegl@) can hardly be found, and some of the

parameters can have range limitatiogg ¢ 0, w,,, < W, <@, ,,) SO that the optimisation is

often performed numerically.

Yet, the choice of the initial condition is stilbhdiscussed. Basicallyg, can take any value,

but the response due to a unit impulse load is mghan from an engineering perspective.

For homogenous initial conditions and ground exicita this response is given by Eq.(1-66),
z(t) = e*'e, . Therefore a suitable choice afwould bez, =e,. Furthermore, the weighing

function S has to be selected such, that the performance irefeects important physical
guantities. If displacements or velocities are aored inJ, thenS will be of diagonal shape.
Alternatively, the minimisation of the accumulatstductural energy would be a meaningful
performance index. If the instantaneous structeraérgy E_, = (W'K w+W'M W)/2 is

inst
defined as the sum of the relative kinetic andrsteaergy, then
E.=2Sz, (7-17)

inst

o o o X
O o o o
o< oo

and the performance index represents the accurduéatergy, which is minimised for free
vibrations.

The optimisation for free vibration guarantees myli behaviour if there is a certain state
disturbance at = 0As the performance index is solely defined intihee domain, the free
vibration optimisation method must be categorised aime domain method. However, as an
impulse load is rarely applied to a building, a moealistic design methodology which
attenuates external excitation defined in the fezxpy domain is discussed next.
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7.2. Frequency response optimisation for MDOF structures with several
TLCD installed

The frequency response spectrum, in particulaathplitude response curve, is a quantity of
major importance for describing the sensitivity érternal disturbances in the frequency
domain. A typical example of a frequency domainhodtis the optimisation according to

DenHartog, see Section 2.6.2, where the maximalliardp magnification is reduced to

obtain a “disturbance rejecting” behaviour. In stanal dynamics, resonance problems are
often tackled by the application of dynamic viboatiabsorbers. Therefore the frequency
response shaping should be focused at the critegliency range, as well as by taking the

excitation spectrum into account.

7.2.1. Determination of a performanceindex in the frequency domain
Since the amplitude response functiakﬁv) and the Fourier transformed of the impulse
response functionh(v) are proportional and related by a constant scafaxgjor X,
Alv) = Xsh(v), a mathematical generalisation of the DenHartogop®ance criterion for

SDOF systems can be stated by

<Q<v (7-18)

min — max !

3= max{|h(v)|} - minimum, v
vQ

where Q denotes the frequency range of interest. For plaltiegree of freedom systems

many impulse response functions can be defined, B{y),---,hy(v) which must be

minimised simultaneously. In such a situation, E{4.8) can be extended to

3= max{s|h (v)],-,sy| M (V) ]} - minimum,v,,, <Q<v (7-19)

vtQ

max !

where the positive weighing factoss > dre introduced to describe the importance of the

different states. A generalisation which takes iattmwount frequency dependent weighing
factors s(v) is commonly referred to abl, design, see e.g. LeviheMiiller and LudyK.

However, the calculation of thel,, norm, defined byl h(v)| = lim k“(h(v))"dv , is based
Vo

on an iterative method, and thus quite time consgmmiNevertheless, efficient algorithms are
available in numerical toolboxes, e.g. Control aod of MATLAB®.
A second method of measuring the disturbance atamuis to minimise the area below the

impulse response curve of a SDOF system,
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Vo (7-20)
J= j |h(v)[* dv - minimum.
14

Again, a quadratic description is chosen to peediigh amplifications. If several impulse
response functions are of interest, e.g. in case MDOF-system, an extension of EGZ0)
can be given straightforwardly

Vinae 7-21
J :i | s (V)| h ()] dv - minimum, (721

I:l me

where s is a weighing factor which is introduced to acadofam the different significance of

the state variables. Obviously, dominant resonaakg increase the performance measlre
drastically and as a result the optimisation adogrdo Eq.7-21) will reduce those peaks
noticeably, leading to similar results as an oation according to E¢{19). This reduction
can be explained by the fact that vibration prommectures have only small damping ratios
and the amplitude magnification at the criticalorgant frequency causes a major contribution
to the performance index.

The first step to evaluate E@-R1) is to substitute the quadratic amplitude nifegtion by
|h( V)|2 =h"(v)h(v) where™ denotes the conjugate complex of a number. Thesimplifies

to

3= Ta)s(v)n(v)av, (7-22)

Vmin

where h(v) is given by Eq.(1-68). The superscrigit denotes the complex transposed of a
matrix, andS( V) is a positive semidefinite, frequency dependengkag matrix, composed
of the weighing factorss (). For the special case of an unlimited frequenaygea

V. =-0, U

min

. = T and a constant weighing matri$ Eq.(7-22) can be rewritten as

ma’

J=[ h"s[h(t)e™dt dv (7-23)
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where h(l/) Is replaced by its corresponding inverse Fouramdformed time functiorm(t )

Since, for stable systems the integral expressionserge, it is legitimate to rearrange the

integral expressions to obtain

® o ® 7-24
3= n)e™av sn) dt=27 [ (1) sht)et | (7-24)

where the time reversal property of the Fouriendfarm was usegl ™ (h' (-v))=h(t), see
e.g. Leviné and Lik& The impulse response function vanishes for , tBe lower
integration limit can thus be changed to zero. Ftbengeneral solution of linear differential
equations, see Eq.(1-65) it follows directly thaty homogenous initial conditions, the
impulse response functidn(t) becomes

h(t) =]t - 1), o()dr =)o =e* e, (7-25)

0

assuming homogenous initial conditions. Thus

J=2mey J'eAfT’ Se*dve,, (7-26)

—00

where the excitation vecta,, Eq.(7-12), is assumed to be constant, and the systemmxma

A must be asymptotically stable. Further simplifieatis possible because the integral
expression in Eq/t26) is again the solution of the Lyapunov matroua&tion, and the

frequency dependent optimisation index simplifiessee e.g. Miiller-Schiehlém.249,
J=2me,Pey, (7-27)

AJP+PA, +S=0,

In fact the optimisation of the quadratic amplitucesponse function for an unlimited
frequency range yields exactly the same resulbasptimisation of the free vibration if the
initial condition is chosen to be, :1/2neg, which corresponds to a scaled unit impulse

excitation. This result is not surprising and statiest under the given conditions both
optimisation methods yield the same TLCD tuningapaeter, as the spectrum of a unit

impulse is considered as a unit intensity whitesaaignal. If coloured noise excitations are
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investigated, the same optimisation idea can bd,usé an additional filter function must be

included in the dynamic system, for such alterrstj\see subsequent Section 7.5

7.3. Stochastic optimisation: Minimum Variance

The optimisation methods presented so far, did ak¢ the random character of wind or
earthquake loading into account. Excitation forcesegated by a random process cause the
dynamic response to be a random process as welllifear systems and simple random
excitation processes it is possible to calculatehsistic response quantities like the state
variances. Well written introductions into randorbrations can, e.g. be found in Ejn
Newland, Parku$’, Wirschig?, Yangd? amongst others. For any continuous ergodic (hence

stationary) time proces¥X, characterised by its probability densip(x), the expectation

value is given by

E[X]= %_TITX(t)dt, (7-28)

but for vibrations the expectation value vanisH:é[sX]:O, and thus the autocorrelation

function R(r) becomes the most important response quantitytieostationary process it is

defined by

R(r) = E[x(t)x(t + )], (7-29)

and its Fourier transformS, (w), is called the spectral density function Xf. The variance

of a function in time domain is given by

a? =E[x(tf -E[x(t)]*1= R (0). (7-30)

For a single outputy(t) of a linear system excited by an external exatat, (t) the

autocorrelation function is given by

00

R(T) = E[y(t)y(t + T)] = E[Ioh(rl)wg (t - Tl)drl D_Th(z’z)\]\'/g (t +7- Tz)dl'z} , (7-31)
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where h(r) denotes the scalar impulse response functionaFaieble system both integral
expressions converge, and it is allowed to reptheetwo separate integrals by a single
double integral. Computation of the expectationEg.(7-31), and rearrangement of the

integrals yields, see e.g. Newldrathd Parku¥

: ]3 Th(rl)h(TZ)E[Wg (t tr- Tz)wg (t - Tl)]drldrz (7-32)
= ﬁh (r+7,-1,)drdr,

where RNQ denotes the autocorrelation function for the extwh forces, see Eq429). This

involved expression can be considerably simplifesdfollows. A Fourier transformation of

ng into its frequency domain counterpaﬁ;,];gl and substitution into E¢.{32) yields

R(1)=-2 [ [ [h(z)n(r,)eriw)s, ()drdr,do. (7-33)

2T Y Y-

Rearrangement of the integral expressions, follovgdanother Fourier transformation

renders a simpler and very useful expressiorFf(Ir):

-iﬂ]o )el“”da)—— js )&l dw, (7-34)
s,(@) = (@)h(@)S, (@), b (@)= zh(r)ejwrdr, h(w) = ih(r)e—jwr dr

where the time reversal property of the Fouriengfarm was applied in the definition of ,

and Sy(a)) denotes the power spectral density of the systessjsonse. The calculation of the
variance g, is a special case of the autocorrelation functod thus obtained by setting

7 =0 in Eq. (-34), see e.g. LihNewland, Parku$’, Wirschig?, Spano¥’,

_iw
= ﬂ[o a)) dw. (7-35)
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For linear systems witlG inputs Vi (t) the corresponding expression for Hg35) can be

given by

27T_ r=1s=1 e

7 =RO)=L [ STR(@)h(0)s, , () do, 7-36)

where h (t) represents the impulse response function due &xeitation at thé-th input. The
cross spectral density, , is defined as the Fourier transfortA{ R, ; of the cross
correlation R,V“WS(T)= E[Wr (t)vvs(t+r)]. If the system of interest has multiple inputs and

outputs the extension of E@-B6) can be given conveniently in matrix notation

2= [ H(w) S()H" () dw, (7-37)

where S, H denote the matrix of spectral densities and thérixnaf complex impulse
response functions, respectively. For physical vhibise broad band excitatio8,= const,

Eq.(7-37) can be simplified further by replacilht(a)) by its inverse Fourier transformed time

function H(t),

£? = [ H(t) SHT(t)at, (7-38)

where the time reversal property of the Fourierngfarm was applied again,
5 (hl (- V)) =h (t). SinceH(t) =e*' E, whereE denotes the excitation input matrix given
by e.g. Eq.(-12),E=E; or E=[e 1€y 1, EQ.(7-38) simplifies further

ST

x?=[ eMESET M dt, (7-39)

The integral expression of E@-B9) is the solution of a Lyapunov equation, ahdstthe

variances are given by, see e.g. Miiller-Schi€hle269,

A.x?+x?Al +ESE" =0. (7-40)
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7.4. Comments on systems with multiple inputs

If one is dealing with a multiple input system therformance index has to be modified. For
the statistical variance optimisation an analytsmlution can be obtained, which is given by
Eq.(7-37). If the excitation inputs are independentaldes then the cross spectral densities

vanish, and the SRSS (square root of sum of squanés for the standard deviatioor,

yields the exact solution, see e.g. Newfand

Nt N 7-41
o= [Hi(@)H, (@S, (@)dw =) o2, (7-41)

s=1

where ajs denotes the variance of outpyt due to thes-th input force f,. As the other

optimisation methods presented above are more aftartive character, there is no direct
procedure available to derive a mathematical deson for several inputs. From an
engineering point of view the SRSS method seen® tmost suitable, although other criteria
like simple summation or weighted summation of #iregle source excitation indices are

possible.

7.5. Coloured noise input

All optimisation methods presented so far have rsslistationary random, physical white

noise excitationX , mathematically defined uncorrelated

R(r) =%, 0(z), (7-42)

where S, and J(7) denote the white noise intensity and the Diradad@&inction of the

uncorrelated process. Although any real excitafipotess can hardly be described by white
noise excitation, it helps to overcome several e@ttical difficulties, and allows to obtain
quite general and simple results. A more practiiedct generalisation of the white noise
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process is given by the coloured noise process;hwisi defined as the output of a dynamic
shape filter for a white noise input. Figurel shows the spectral density of a white noise
process and the coloured noise output of an ampithgnamic filter, which must be chosen to

approximate a real measured process, by the oofpine filter due to a white noise input
signal.

20

— — white noise
colored noise

10 A

power spectral density [dB]

'40 T T T
0 20 40 60 80 100

circular frequency v
Figure7-1: Spectral density of white noise input signad a coloured noise output signal
All linear dynamic filters of ordelN,, can be described in state space formulation as
y= Ay +B,E (7-43)
v=C,y+D, $

where ¢, W are a scalar or vector physical white noise imgmud the matching scalar or

vector coloured noise output, respectively. If éxeitation process, the solution of E§43),

is applied to a structural system of orddr, given by Eq.[-11), then the resulting system
dynamics becomes

Z=AZ+B¢, (7-44)
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Note that the new system, given by Eed@), is again a linear system, but with an ex¢eind
system order oN + N, .
In earthquake engineering only lowpass filter arénterest, and soil amplification is often

modelled with the Kanai/Tajimi, a typical secondder filtering function, see Clough-

Penzie’ or Shinozuk#', which is given by

1+2idy, ( a‘/a“lPl) (7-45)
(1- (@ @) )+ 2i Con (@)

w)= w)& w w)= (w/wwz)z (7-46)
&)= H, (@) (), H,(@) (=@ e ) 21 Con (@ anns)

Eq.(7-45) defines a low-pass filter function which ames$ the frequency content in the
neighbourhood otw = w,, and attenuates the frequency contentdor w,, with 40dB per
decade. The second filter equation, Egt6), attenuates the frequencies below w,,,. The

parametersw,, and {,, must be adapted to local soil conditions,, and {,, can be

adapted to produce the desired filtering of theyvew frequencies. Assuming a physical
white noise excitation, and putting the filteringuations in series generates the complete

filter dynamics:
&)= Hyw)H (w)¢(@), (7-47)

The spectral density af, is given by

(1"' 46 ( a)/wwl)z)( w/wwz)z ' (7-48)
(1- (@) —4zil(w/mpl)1 [(1- (@ana)? ) -402, (w/%ﬂ

Sy(w)=
|

where S, describes the intensity of the physical white edigput. In Clough-Penziéhthe

above given Eqs.7¢45)-(7-48) are applied to generate artificial earthqugiaind motions.
To account for the limited time of strong motiohgtartificially generated physical white
noise input is additionally multiplied with an emwpee function. For the implementation of
box-type or exponential envelope functions see |Bi&yor Hollinge!’, where Priestley’s
formula was adapted for nonstationary random etkoita The power spectral density
S

4o (@) = H; (w) 5, of the ground acceleration in Kanai-Tajimi repreagion, Eq.{-45), as
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a function of & , wy, = 20rad/s ¢y, = 08, S, =260110“m?/s®, is given in Figurer-2,

see Hasenzag| et 4.
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Figure7-2: Power spectral densiSvgg (w) = H, (w) 5, of the ground acceleration in Kanai-

Tajimi representation as a function @f, e, = 20rad/s {; = 08, S, = 260010 m?/s®, see
Hasenzagl et df

7.6. Remarks on the numerical optimisation and choice of initial

conditions

A common problem of numerical optimisation is thetf that most algorithms, e.g. all
gradient methods, terminate in a local minimumtead of finding the global minimum. The
success of the numerical optimisation sometimesem#p on the initial values (good
estimates) for the design parameters. Several atrans have shown that the understanding
of absorber dynamics helps when choosing the infi&CD configuration. It is possible to
find the global minimum after some trials. As a g&h rule, every TLCD should be used to
reduce one single resonance only, and thus thalingtural TLCD-frequency can coincide
with the structural resonant frequency. This rdi¢homb is also valid, if several TLCDs are
dedicated to a single resonant frequency. The ehafithe position in the building is mainly
determined by the structural mode shapes. Therldhgemodal displacements at a certain
floor, the better the performance of the absorbasrdiscussed in Chapter 5. Once the initial
configuration is found an optimisation using a geatl method quickly finds an optimal

TLCD parameter design. According to the above givere several other TLCD
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configurations can be tested, and the optimal patars can be quickly determined. For the

optimisation itself standard numerical algorithmes applied, e.g. Matldh
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8. Active devices for vibration damping

The permanent research and investigation of stralcdynamics in the last decades has
resulted in the development of active structuradti systems, which are a logical advance
of passive systems with the innovative idea ofdtijgy energy in the structural system to
improve the dynamic response. The well investigatedchanism of passive energy
dissipation has been extended by the option ofcineaenergy manipulation. Therefore a
central aspect of active control systems is thepethdence on external power supply. In
addition to a proper absorber design the choica siditable control strategy is an important
aspect. In feedback control, measured responseadgatased to activate the control devices
and in contrast to passive structural control wreerg energy dissipating device stabilises a
structure, the energy input can have the convdfset®f destabilisation, if the active control
law is not well suited. Although the idea of feedbaontrol is established in multi-body-
mechanics, and important field of engineering maas first applications in structural
control were discussed in Leiphbland it gained civil engineering relevance witk first

full scale application in 1989, see KolforBakamoto et &l. Since then a lot of research has
been undertaken, mainly to reduce installation mm@ihtenance costs of active systems, to
eliminate the dependence on external power supplgain acceptance of the non-traditional
technology and to find suitable control stratedeesicrease reliability and system robustness.
The need for active structural control arose irenécyears as a trend in civil engineering
design and construction towards relatively lightl diexible structures with a low level of
intrinsic damping, i.e. towards new vibration prosteuctures. A phenomenon which did
rarely occur in traditionally designed constructipras they relied on their strength and
ductility, e.g. the ability to dissipate energy endsevere dynamic loading. The level of
vibration can either exceed safety criteria andseastructural failure, or cause occupant
discomfort in case of wind gusts. Both situationsate major problems, and the enormous
amount of research which has been undertaken ilashelecade, see e.g. the review paper by
Housner et af, underlines the central importance of structucaitiol.

Active structural control is commonly divided insemiactive, hybrid and purely active
control. All different approaches have in commoatttheir are several control parameter

which are dependent on the structural state, wikialh contrast to passive structural control.
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8.1.Active control

In active structural control a desired system bahanvs obtained by the application of forces
acting on the main structure. Several mechanisre baen investigated but amongst the most
popular and thoroughly researched are the activesndaivers (AMD), the active tendon
systems and the active bracing constructions. dhmdr generates the active forces by the
acceleration of an additional mass (inertia forcesiereas the two latter approaches alter the
structural stiffness to obtain a desired dynamibaveur. A schematic view of all three

devices is given in Figur@1.

u

—>
mAMD
W,
o 2o |7\
W, |
Activemasdriver activetendon ‘ activebracing
W
—
F
a) b) P c)

Figure8-1: Typical active control devices: a) active tdmeass damper (ATMD) b) active tendon
system c) active bracing construction

AMD are very popular, and have been used in theffitsscale application of active control
to a building, which was accomplished in 1989, seen8et, and again Kobofj Sakamoto et
al®. The Kyobashi Seiwa building, an 11-story structimeTokyo, Japan, has 2 AMDs

installed. The primary mass @f00(kg is designed to reduce bending motion, whetfeas

secondary mass d00kg mitigates torsional motion, see Fig8r2
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Figure8-2: 11-story Kyobashi Seiwa building with AMD ia#iaition

This active system is designed to reduce vibratidunes to strong wind gusts and moderate
earthquakes and consequently increases the hum#ort@f occupants. In Nanjing, China, a
340-meter high television transmission and obs@amabwer was recently constructed, where

a 60.00kg ring shaped mass on sliding friction bearingssed as AMD to reduce wind
induced vibrations when the human comfort limieiceeded. The application éf_ control

for active control devices in engineering strucsuire seismic zones has been investigated by
Chase et 4.

8.2.Hybrid Control

If the performance of passive systems can be ingardy the application of active elements
hybrid control devices are generated. Typicallygchsa device has the vibration reducing
capabilities of an active system while the amouinemergy consumption is substantially
reduced. Equally, a hybrid system can be obtain@d fin active system by adding a passive
mechanism to decrease the energy requirementsptherercoming the limitations of purely
passive systems, e.g. the limited frequency rangereveffective disturbance attenuation can

be achieved. Hybrid systems have been applied ssitdly to buildings and bridges, and
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Spencet reports about 30 structures which employ feedtmackrol strategies, where a vast
majority use hybrid control mechanisms. Up to dasearch has mainly focused on two
different systems: hybrid mass dampers (HMD), astitled active tuned mass damper
(ATMD), and hybrid base isolation. An ATMD is ohtaid by adding together an active
actuator to a TMD, see Figu@3a. As the main purpose of the ATMD still is eper
dissipation, the major vibration reduction is dadlte energy dissipating ability of the TMD.
Whenever necessary, active forces from the acteatobe added to increase the efficiency or
change the overall dynamics temporarily, accordiogthe feedback control scheme. A
variation of the ATMD which has also been studiatemsively is obtained by adding an
AMD on top of a passive TMD, for that DUOX HMD, sEgure8-3 b.

The working principle of active TMD damper systemsidentical to the one of passive
systems, however, the reaction force acting orstheture can be actively influenced by the
actuator force. ATMD are often referred to as ii@esictuators, since the counteracting forces

are applied to the absorber mass. The resultace facting on the structure can be obtained

by applying Eq.(4-25)% =F, where the total impulse is= J'vabsdm: (u + W, )mex, see
m

Figure8-3a, andw; denote the absolute floor displacement. The fant#g on the structure

becomes

Frvp = —m(u + Wy )ex’

where the reaction principle is applieiéy,, = —F . Apparently the influence of the actuator

does not explicitly appear in the reaction fordacs it is included in the relative absorber
mass acceleratioti, which certainly differs form the accelerationaopassive TMD.

Several other important contributions have beenenmtadlevelop practically, easy to install,
and compact HMD. They have in common that they nigstappropriate for long period
vibrations. Koikie et al. have developed the V-shaped hybrid mass dampsglled in the
227m high 52-story Shinjuku Park Tower, the largestidinog in Japan in terms of square
footage, see Figur8-3c. A second development which has reached td & structural
implementation is the multi-step pendulum HMD, whitas been installed in the 28@igh,
70-story Yokohama Landmark Tower, Japan, see Y akifazagure8-3d.
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Figure8-3: Hybrid control devices a) ATMD b) DUOX HMD [7] c¢) V-gbed Hybrid mass
damper d) Multi step pendulum [8]

Hybrid base isolation systems consist of the wellldshed passive base isolation system in
parallel with an active control actuator to decreidestructural response further. Without a
significant increase in cost, it is possible to adtuators at the base isolation level and reduce
the large interstory drifts, as well as the absofidor accelerations. Small scale experiments
have been conducted by Reinhorn and Ril&chlacher et df**?!3 Kugi et al***° have
recently proposed a nonlinear control law, basedfesdback linearisation under the
assumption of elastic plastic behaviour of the #eistructure, and achieved remarkably good

results in disturbance attenuation.

8.3.Semi active control systems

While hybrid control systems still inject energytanthe structural system and therefore
depend on external power supply, the level of povegrsemption for semi-active control

systems is orders of magnitude less. Accordingwadaly accepted definition, a semi active
control device cannot add mechanical energy ineodbntrolled structural system, but has

passive energy dissipation properties which candpested to reduce the response of the
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system. For that reason it does not have the palkdot destabilise a structure. A possible
semi-active device can, e.g. alter the dampingfiooefit of a conventional TMD. Generally,
only minor adjustments of passive energy absorhiegices, like the introduction of
controllable valves or resistances, are necessargdmi-active devices. Variable stiffness
systems can also be categorised as semi-actiangsat their is no energy injection into the
structural system, see ['&{’ for controlled bracing systems.

A different kind of semi-active device is obtaineg ddding a variable hydraulic resistance
(variable orifice) to viscose fluid dampers andsthalnanging the dynamic characteristics of
the damping device by this means. A similar medrantan be applied in variable friction
systems, which are used for structural bracing nrashes.

In TLCD a controllable cross sectional area of afficer plate along the liquid path can
influence the turbulent damping, and thus the augon forces. However, Haroun et‘a4and
Abé' have investigated a semi-active TLCD, with the riegaesult that the reduction of the
structural response is rather negligible when coegpdn a system with constant head loss
factor. On the other hand, Dyke et’&teport the possibility of effective response reiuc
over a wide range of loading conditions when invesiigy other types of semi-active
damping devices. Another group of vibration dampese intelligent materials like
electrorheological and magnetorheological fluidsahiave viscous properties depending on
an applied electric and magnetic field, respecjivitlis therefore straightforward to construct

a semi-active device using those materials, seeGagrf %2 Ribakov et af®, Burton et af*

8.4.Active Tuned Liquid Column Damper (ATLCD)

Since the TLCD considered in the Sections 4-7 isu@lp passive device, an active tuned
liquid column damper (ATLCD) must be a vibrationwethg construction which inherits the
ability to dissipate mechanical energy, but is lo@ dther hand able to actively inject energy
while reducing the structural response at the same. tSimilar to an ATMD, the active
behaviour is obtained by forcing the liquid colurtoy move through the piping system.
Different working principles are possible, e.g. thpplaation of pumps, but since
mechanically moving parts should be avoided, a muache elegant way is to adjust the
pressure in the gas (air) chamber at the end dfghiel column using a pressurised reservaoir,

as shown in Figur&-4. When releasing the compressed gas form thehaimber there are
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reaction forces due to the exhaust stream, whichbeaneglected since the gas density is

small, even for the compressed gas.

gas pressure reservoir

valve in

valve out

Figure8-4: ATLCD with pressurised gas supply and inpuipativalves

Because the working principles of TLCDs and the £T0s are identical, the already derived
equations of motion for the TLCD can be extendegruvide the desired influence on the
absorber dynamics. Bernoulli's equation for moviegerence frames, see again ZieQler
p.497, allows deep insight into the TLCD and adiderivation of the ATLCD’s equation of
motion thus becomes possible. For inplane motiaa given by, see Eq.(4-23) and Section
4.1.2 for detalils,

ds=-g(z-2)-=(p, - p)-—0p, - [vi,e, [ ds. (8-1)
! at 2 A\t po ! o

As the operating range is limited to low frequesadaly, a quasi-static approach is chosen to

compute the pressure differendp = p, — p, = Ap, +Ap,, whereAp, represents the actively
controlled pressure difference due to gas injecaod Ap, denotes the passive pressure
change due to the liquid motion, Eq.(4-40), whetei already been shown thigt, is given

by, u, =u, =u,
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App(u)=%u+0(u3)=%u = 2K, u/hey (8-2)

0 ff

het =Vo/An» K, =npy.

The active pressure chandg, can be achieved via the active injection or rerhoVayas.

Starting from the polytropic material law for gasegth the polytropic indexn

(p/p)=(o/n)". (8-3)

or equivalently in its incremental form

dp:Ktc%p’ K¢=np (6-4)

where K, denotes the tangent modulus, an instantaneougjeharthe gas masam, will

cause a change in the ratio of the mass densitgssiming a constant gas volume during the

instantaneous gas injection/extraction, the massityeratio is given byp/ o =1+Am, / m,

and consequently the pressure chaAge= p- p; is found to be

Ap, = p ((1+ Amg/mg) " —1), (8-5)

where the index indicates the gas properties just before the nthssmge. This active
pressure modification is possible on either sidéhefliquid column, and hence any desired
pressure can be obtained by a combination of gastion and removal at both air springs.
Since the injection of the gas mass is a continywasess, their is no pressure jump, but a
smooth increase in the internal pressure. Inseligg 8-5) and 8-2) into Eq.8-1) renders
the equation of motion for the base excited TLCEhwveéctive instant pressure regulation as,

see again Eq.(4-40), for the passive TLCD, notditlearised damping term,

U+20,wpU+wiu=—KkW, —Ap,, (8-6)
. 2gsinB+2K
ap =P ,Leﬁ=(2H +iBJ,wA= gsinf+2Ky/(Phs) ), )= BPL
pLeff AB Leff IOLeff
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. 2H cosf+B
Leff

wherew,, {, and« are the linear natural circular frequency, thedinequivalent turbulent
damping coefficient and the geometry dependenttatkan influence factor of the TLCD,
respectively. Obviously the pressure adjustmentbmnegarded as external excitation, used
to obtain a desired structure-absorber interaciitve. coupling forcef between the structure
and the ATLCD is obtained by applying the linearmsmtum equation along the TLCD base
orientation and as the influence of the active gues variation is included in the liquid
column accelerationi, see also Section 8.2 for the active TMD, the eggion for f is

identical with that of the passive TLCD, see EQ®®);

(8-7)
f, =—-m (Wf +U/7),
/7=K(1+AHBJ/(1+ B Agj: PAB+2pA, Hcos,Bl
Ag 2H 2H A, m,

Again, m, = p A, (2H +BAB/AH) and ¥ denote the mass of the moving liquid and a

geometry factor, respectively. Exactly the samavdéons can be applied to the torsional
TLCD, rendering an additional excitation term i #quation of motion which is generalised

to, see Eq.(4-50), wherd, is defined in Eq.(4-49) and denotes the area sadidy the

projection of the TLCD onto the rigid floor, seeggf-5)b,

U+2{ ywp U+ wiu==2A &, - Ap,, (8-8)
2H+B > . T
* singp +
pp=BPa - JAH ds. wA:\/ gsinf + 2K, /(PMa) . 2 DR
pLeff ( ) Leff off

For the symmetric arrangement of two TLCD, discdsse Section 4.4.3, the interaction

forces are given by the same expression, howdwemdtively controlled differential pressure

Ap, is included inti,

M co :—mf(rfzc'i)z+rf u)eZ -p A, sin,B(H2+u2)ez><\i\'/g (8-9)
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8.4.1. State space representation
It has already been shown that the state spacesespation is a useful description for
discretised dynamic systems, and it has been disdus Chapter 7. We recall that for active

TLCD’s equation of motion can be generalised to
7=A,z+E,f,(t)+E,Ap,, A, =A+BR (8-10)
y= Cr Z+ Def‘ffeff + DaAp;’

Eeﬁfeff (t) = _egwg + Eff ’ Ap; = [Ap;,l"" ’Ap;,i ""’Ap;,n ]

where A, B, R, g,, E; are given by Eq.(7-12), anfd,, Ap, denote the pressure influence
matrix and the vector of active input-pressure geanrespectively. The output matrideg

and D4 depend on the actual output quantity of interastl both matrices vanish if floor

displacements or velocities are calculated. Becalyse, whose components denote the

pressure input to the ATLCD, can be chosen arbitrarily, E§-10) represents a standard
feedback control problem.

The following section will deal with some aspectsemdback control and design, focused on
the linear quadratic optimal control. Since it igspible to actively influence the TLCD
vibration, a typical hybrid actuator has been @éatf the energy supply fails, the ATLCD
acts still as the passive damping device. Therdf@egassive TLCD design is not influenced
by the active pressure input, and follows the dings outlined in Chapter 4. For better peak
response reduction, particularly in the transieitration regime, e.g. during (short-time,
typically much less than 1 minute) strong motioragds of earthquakes, the active pressure
regulation can be used. It is assumed that thenapipassive TLCD-parameter have already

been determine(R is fixed), and only the optimal control law must be found.
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8.5.Optimal control
The main task for the active feedback control ifind a suitable instantaneous pressure input
Ap;(t), based on measured or estimated system stateh gharantees a desired dynamic

behaviour. Certainly practical considerations, likenited pressure input or maximum
absorber displacements, must also be taken intouatcThe scientific discipline of control
engineering offers a variety of different approacke obtain suitable feedback control laws,
but most approaches are quite involved from a nmadieal point of view. However, as long
as linear systems are considered, a significanictexh of complexity is possible, and several
simple and easy to follow design methodologiesaa&lable. An excellent overview over
standard control problems can be found in the @bmiiandbook®, and a highly regarded
book about structural control has been recentlyligiidd by Soond. If it is possible to
define performance criteria which must be minimjsée well researched field of optimal
control theory offers powerful and easy to applgidge tools. For this reason most of the
derivations and considerations are directly relatedoptimal control theory. Leading
publications on optimal control are e.g. FollifdeBtengel, or Lewis®. The classical linear

guadratic regulator (LQR) design is a straightfadvapproach to optimal control. To be
compatible with the nomenclature in control literat the pressure input vectmp;(t) is
substituted by the control vectar,(t). No conflict of notation is to be expected wite th

displacement of the fluid in the TLCD since thedatis hidden in the state vectar within

this section. If a quadratic performance index

(8-11)

J= CD(Z(Tf ))+% (zTQz + u;Sua) dt.

o

is selected as a measure for vibration sensitithigt an optimal behaviour can be expected if
J becomes minimal. Via the positive semidefinite giwng matricesQ the influence of
certain states on the performance index can bdateguwhereas the positive definite matrix
S can be used to manipulate the control forces hod the energy input into the structural

system. As there is no fixed final state in streat@ontrol, the term®(z(T, )) can be used to

force the free final state to be close to a deswade. However, generally this weighing

function is zero in structural applications, andths final time T, is chosen arbitrarily,
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Eq.8-11) can be optimised with respect to the inputaeu, and the “dynamic boundary

condition” given by the system dynamics. The eaqutiof motion can be integrated into the

performance index using the Lagrange multiplierhrodt

Tf
:%J‘ [zTQz+u£Sua +2A7 (Arz+ Egiferr +EqUy —2 )]dt (8-12)
0

where . denotes the Lagrange multiplier, occasionally desas the co-state vector. The
Hamiltonian function corresponding to BE8+12) is defined by
8-13
H :%(ZTQZ+U£SUa)+lT (Arz+Eeﬁfeff +Eaua). (8-13)
Whether the excitation terms are included in Bgl2) and thus in the Hamiltonian function
mainly depends on the character of the disturbalfideé.is explicitly known, it should be
taken into account. If little is known about thecigation, e.g. if it is random in nature, the
forcing terms are normally neglected in the Hamildm H, and thus, the optimisation is

performed for the reduction of free vibrations whiensures good disturbance attenuation as

well. Independent of the excitation terms, the seagy conditions for optimality are, see e.g.

Lewis™
OH _o, 9H -, =28 7(1,)=0. (8-14)
ou, ok 0z

Carrying out the partial derivatives, settilg= Pz+q, see e.g. Yarig, with an unknown,

time dependent matrif, and solving for the input vectar, yields:

u, =-SEN, (6-15)
-P=-PE,S'E[P+PA, +AJP+Q, (8-16)
q= (P E.STEL-A," )q ~ PEesfer (8-17)

(8-18)

A(T,)=0.
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Equation 8-16) is known as the Riccati matrix differentigluation, and, to be able to solve

it, the boundary conditioi (T, ) =0 must hold. Thus it must be solved backwards ire teamd

consequently the entire load history must be kndimoluding future loads), to perform
optimal control. This non-causal demand is the aeawhy random excitation terms are
neglected in basic optimal control, and thus &4.[) vanishes. When solving E8:16), it

becomes apparent, thﬂ(t) establishes a stationary state in a very shorbghesf time
starting from T, backwards. Thus the time derivative vanishes fofficgently long

observation periods and the matrix differential (B€.6) can be approximated by the

algebraic Riccati matrix equation

~PE,S'EIP+PA, +ATP+Q =0, (8-19)

and further, the optimal feedback control law beesna linear state feedback given by
substitutingh =Pz into Eq.8-15)
=-STElPz. (8-20)

Uy

It must be emphasised, that the optimal closed-legmtrol requires the feedback
measurements of the full state vectoft), but such a complete measurement is hardly
possible for large buildings. One possibility tacamvent this difficulty is to utilise state
estimating filters, which reconstruct the full statector from scarce measured inputs. In
control literature such filters are denoted Luegbkerestimators, or Kalman filters, see e.g.
Levine®.

For optimal control, based on a performance index is important to select the weighing
matrices Q and S such that J represents physical quantities to be minimised.
Displacements, velocities or accelerations can dleutated by linear combination of the

states. Similarly, the relative instantaneous enetgred in the structure of interest can be
given by, see Eq.(1-49) and (1-51F =E, +Eg =%(WTM W+ w'K W) and thus the

weighing matrixQ , given in hyper matrix notation
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(8-21)

o oo X
O o o o
o< oo
O o o o

will be appropriate to minimise the overall strueiuenergy. Certainly it is useful to include
the TLCD’s state in the performance index, to avaige liquid displacements or velocities.
The pressure applied to the TLCD can be influerdiegttly by means of the input-weighing
matrix S or indirectly by the contributions of the TLCD’tate to the performance index. For
the choice of the weighing matrices there are mgtstules, and the performance of the
control law obtained by optimal control must alwdyes checked by simulations. Normally

several iterations (trial and error) are necesgaachieve best performance.

An alternative method for optimal control withoti&te estimation is output feedback control.

Let the measurable quantities during free vibratidn, = 0, are described by the output

equation

y=C,z+D,u,, (8-22)

and the performance index is given by

J :%T(ZTQ z+u£Sua)dt. 829
0

Assuming the linear output feedback control law,
u, =-Ky, (8-24)
then the new system dynamics is given by
z2=(A, —~E,( +KD,)K C,)z=A2, (8-25)
insertion of Eqs&-22) and 8-24) into Eq.8-23) renders

1% (8-26)

J =§j [zT (Q+CIKT(| +KD,) ¥ s (1 +K Da)'lKCr)z]dt.
0
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Comparison with Eq.(7-14) directly yields

J=2] Pz, (8-27)
where

ATP+PA +[Q+CTK™(1+K D,)¥ s (1+K D,)*KC, )=0. (8-28)

A numerical optimisation algorithm can now be apglito minimiseJ. The initial value

problem, z, must be known to calculat&, can be circumvented if the expectation value of

the performance index is minimised, see L&%is

J= EBT ( TQ z+ulSu, )dt} =%E zZ, P zo]=%trace(PZ),

0 (8-29)

Z :E[ZOZEJ,

where Z denote the initial autocorrelation of the statewis also derives a set of optimal

gain equations, which defin¢ for the special case @, = ,thusy =C,z,

ATP+PA+C,'KTSK C, +Q =0, (8-30)
AL+LAT+Z =0,

K=s'ElPLCT(C,LCT)™.

Solving EQ.8-30) is still cumbersome as their are no closadhfeolutions, but for stable

systems simple iterative solution algorithms exéist Lewis’.

8.6.Modal control

If a state or output feedback controller has beesighed, the pressure input is chosen to
minimise the overall response, independent of titividual contributions of the vibration
modes on the total structural response. Commoahthi forcing taken into account here, the
first few modal contributions dominate the MDOF+gys response, and it seems reasonable
to dedicate each ATLCD to a vibration mode shapkitncorresponding natural frequency,
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similar to the passive TLCD design. The advantagsuch an assignment is that absorbers
tuned to low frequencies do not have to responrdb frequency excitation, and vice versa.
This reduces the gas consumption of the activesysand saves a lot of energy, because due

to different liquid column displacements the voluMefor long-period-TLCD is much larger

than for short-period-TLCD. Although perfect modaintrol is not possible because of the
mode-coupling effect of the ATLCD, the spillovex¢&ation from modal coupling) is often

negligible when compared to the external excitatdondal control has turned out to be very
efficient in the reduction of interstory displacarmse even if it is only activated above a
certain vibrational response level but combinechvéitswitching control law. Details about

this control strategy are given in the next section

8.7. Polynomial and switching control laws

Sufficiently small vibration amplitudes do not imfnce human comfort and structural safety
in civil engineering structures. Therefore struatucontrol must aim at effective peak

response reduction. Although linear quadratic ogtirmontrol reduces peak responses, a
modified performance index, which is not only adtion of quadratic states but also includes
cubic or even higher order functions of the stafm achieve better maximum response
reduction. Wu et al have used a forth order performance index and Wajrat al** have

applied performance indices of arbitrary orderttactural control problems. The forth order

performance index is a generalisation of Bel.l), ® =0,

J= %Tj [zTQz(1+ az'Pz )+ (azTPz)zTPEaS‘lE;Pz(u az'Pz )+ urSu, ]dt ., (8-31)
0

in which S and Q are the same matrices as in optimal quadraticralprdr is a positive,
nonlinear feedback weighing factor, aRdis an unknown positive definite symmetric matrix,
similar to the quadratic optimal control. The Hauwnilian can be constructed analogously to
Eq.B-13) and the necessary conditions of B344) do still hold. Minimising Egg-31) for

long observation intervals, and solving for thetecolrforces renders

U, = —(1+ azTPz) S'E[Pz, (8-32)

where P is the solution of the standard Riccati equation
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ATP+PA, -PE,S'EIP+Q =0, (8-33)
Apparently the equations for the standard lineadgatic control law are obtainedaf= . @
should be emphasised, that the only difference éatwthe linear and the nonlinear control
law lies in the feedback gain facttéfi+ azTPz). Clearly, the feedback force is increased

according to the quadratic state functioz' Pz. As Eq.8-32) guarantees optimality for all

values ofa > 0a simple bang-bang control strategy can be chwseontrol a single actuator

application,
y =) Yamax if S'EIPz<0 (8-34)
® | -Uymay if STELPZ>0’

Such a control law is particularly useful whensitcombined with modal control, because at
resonance, the switching frequency is in the rasidbe natural frequency.

The active air spring concept introduced in thisfter is an extension of the passive control
scheme and it acts as supplement to the passiveDTOGus it should help to dissipate
structural energy when the passive conventional DL€ not operating properly. Therefore
the activation of the active pressure control stidnd limited to situations where the structural
energy exceeds a certain limit and the TLCD’s epeligsipation is low, which corresponds
to low flow velocities. If the TLCD has high flowelocities, a lot of energy is dissipated via
turbulent damping, and no active enhancement isssacy. This control strategy, illustrated
in Figure8-5, where the instantaneous, relative energy tleissshown for a transient ground
excitation, has proven to work satisfactorily fasglacement reductions during the strong
motion phase of earthquakes, but the activatioitditmve to be chosen carefully in order to
minimise the energy consumption. The only drawbaicknodal control is the determination
of the modal coordinates, enhancing the need ferajplication of state estimating filters,
which is complicating the control devices over taoeeded for output feedback. Positively
we note the possibility of the application of thengle bang-bang control law, working
independently of the available pressure and guaearg stability as long as the sign of the

applied pressure is correct. Thus it is extremebust with respect to pressure variations.
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Figure8-5: Activation and switch off levels of ATLCD

When working in the context of variable structummizol theory, see e.g. DeCarlo ef4la
generalisation of the control law proposed in &@2) to multiple ATLCD is possible. The
idea of variable structure control is to apply atslang control law to guarantee that the state
of a system slides along a predefined trajectémys this type of control is also called sliding
mode control. It is well known, that sliding modentrol is very robust with respect to
parameter variations and can perform much betger limear control laws. Assuming that the

control input is given by
u, =-U,,sigrs), (8-35)

s=ElPz, U, =diag(u,,,, U

max1’ maxn )

with the yet unknown matrixP, and the positive definite diagonal matrix which

max?
contains the maximal possible input pressure diffees. Under the assumption of negligible

external excitationf,, = 0Lyapunov’'s direct method is applied to show digbof the

switching control law given by E@®{35). Let the positive definite Lyapunov functidhand
its time derivative be given by
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V=zPz, (8-36)
. Tps

V=z2Pz+z Pz. (8-37)
Insertingz from Eq.8-10) into Eq.8-36) yields

V=7 (ATP+PA, )z+2"PEu, +u,ElPZ , (8-38)

SelectingP such, that it is the solution of the Lyapunov d@@maA’P+PA, +Q =0, with

an arbitrary positive definite matrix), and taking the transposed of the scalar quantity

.
u, ElPz= (uaTE;Pz) , Eq.8-38) can be rewritten as

V=-2'Qz-2z'P EaUmaXsigr(E;P z) : (8-39)

Settings=E Pz, the second term of E§{39) can be expressed sldJ,__sign(s)>0. It is

always positive sinc&J . is a positive definite diagonal shaped matrix zsﬁsligr(s)> 0.

X

Consequently/ < Qand Lyapunov's stability criteria is fulfilledn la recent work Cai et .
applied such a control scheme to seismically estateuctures, and showed that it is superior

to standard LQR control. To get rid of the sharpuintransitions, thesigr function is

replaced by

sign(x) = tanh(ax), (8-40)

where a is a positive number. Using this approximationn@osth transitions between the
maximum input quantities is obtained. Previouslgny et af® **Wu et al*® and Adhikari et
al 3> have also applied sliding mode control to civigiereering structures, mainly with active
bracing, active mass drivers and active tendoresyst In contrast to ATLCD, where high
switching frequencies must be avoided to minimisecansumption, the bang-bang type of
control does not waste energy when applied to auieal damping devices.

8.8. References

! Leipholz, H.H.E.(ed.)The Proceedings of the IUTAM Symposium on Struceatrol, Waterloo, Ontario,
Canada, 4-7 June 1979), North-Holland Publishingn@any, Amsterdam-New Y ork-Oxford, 1980.



8. Active devices for vibration damping 159

2 Kobori, T., Future Direction on Research and Development ofiSieiResponse-Controlled Structufroc.
1st World Conf. on Struct. Control, Los Angeles|ifoenia, USA, Panel 19-31, August 1994

% Sakamoto, M, Kobori, T., Yamada, T, Takahashi, Rtactical Applications of Active and Hybrid Respens
control Systems and their Verifications by Earthguand Strong Wind Observationkst World Conf. on
Struct. Control, Los Angeles, California, USA, p@P®/90-99, Los Angeles, published by International
Assaociation for Structural Control, August 1994

* Housner G.W., Bergman, L.A., Caughey, T.K., Chagss, A.G., Claus, R.O., Masri, S.F., Skelton, R.E.
Soong, T.T., Spencer, B.F., Yao, J.T Btructural Control: Past, Present, and Futu®ournal of Engineering
Mechanics, vol.123), pp.897-971

® Spencer, B.F. Jr., Sain, M.KControlling Buildings: A New Frontier in FeedbdaSpecial Issue of the IEEE
Control Systems Magazin on Emerging Technology, ¥8l6), pp.19-35, 1997

® Chase, G.J., Smith, A.HH _ -Control for Vibration Control of Civil Structurés Seismic ZoneReport No.

116, The J. Blume Earthquake Engineering Centanf8td University, September 1995

" Koike, Y., Murata, T., Tanida, K., Kobori, T., i§hK., Takenaka, Y, Development of V-Shaped Hybrid Mass
Damper and its Application to High Rise Buidlind&oc. 1st World Conference on Structural Conttals
Angeles, California, pp.FA2:3-12, August 1994

8 yamazaki, S., Nagata, N., Abiru, Huned Active Dampers installed in the Miratu MiisiM) 21 Landmark
Tower in Yokohamal. Wind Engineering and Indust. Aerodyn., vol g8,1937-1948, 1992

° Yang, J.N., Wu, J.C., Reinhorn, A.M., Riley, MControl of Sliding Isolated Buildings Using Slidinpde
Control, J. of Struct. Engrg., ASCE, vol. 122) pp.179-186,1996

10 Schlacher, K., Irschik, H., Kugi, A.Aktiver Erdbebenschutz fiir mehrstockige Gebawaki - OVE
Verbandszeitschrift Elektrotechnik und Informatitathnik, 114.Jg. pp.85-91, 1997

1 Schlacher, K., Kugi, A., Irschik, HNonlinear control of earthquake excited high raisedildings by
appropriate disturbance decouplingcta Mechanica 125, pp.49-62, 1997

12 5chlacher, K., Kugi, A., Irschik, HControl of earthquake excited nonlinear shealhtyge structures using
input-output linearization 10" European Conference on Earthquake Engineering,alen), 1995, Balkema,
Rotterdam, ISBN 90 5410 528 3

13 Schlacher, K., Kugi, A., Irschik, H Control of Earthquake Excited Nonlinear StruewmirUsing a
Differentialgeometric ApproaciComputers and Structures, vol.67, pp.83-90, 1998

1 Kugi, A., Schlacher, K., Irschik, H., Nonlinedd _ -control of Earthquake Excited High Raised Building
Third International Conference on Motion and VibsatControl, pp36-41, Chiba, Sept. 1-6, 1996

15 Kugi, A., Schlacher, K. IrschikH_, control of Random Structural Vibrations with Pielaméric Actuators
Computers and Structures, vol.67, pp.137-145, 1997

8 |ei, Y., Sure and Random Vibrations of Simple Dissipativel Gngineering Steel Structures, Dissertation
and Reportinstitute of Rational Mechanics, Technical Unsigr of Vienna, Austria, 1994

7 Lei, Y., Ziegler, F.,Random Response of Friction Damped Braced FramekeruSevere Earthquake
Excitation Proceedings of 5th U.S. National Conference orth§aake Engineering, p.683-692, Chicago,
lllinois, July 10-14,1994



8. Active devices for vibration damping 160

8 Haroun, M.A., Pires, J.A., Won, A.Y,JSuppression of environmentally-induced vibratiim tall buildings
by hybrid liquid column damper3he structural Design of Tall Buildings, vol.5.85-54, 1996

19 Abé, M., Kimura, S., Fujino, Y.Control laws for semi-active tuned liquid columnngzer with variable
orifice openings2™ International Workshop on Structural Control, 1BE2ecember 1996, Hong Kong, pp.5-10,
1996

2 Dyke, S.J., Spencer, B.F.Jr., Sain, M.K., CarlshB,, Experimental verification of Semi-active Struatu
Control Strategies Using Acceleration Feedhalkoc. 3rd Int. Conference on Motion and Vibrati@antrol,
Chiba, Japan, vol. Ill, pp- 291-296,1996

% Gavin, H.P. Hanson, R.D., Filisko, F.Electrorheological Dampers, Part |: Analysis anddign, J. Appl.
Mech., ASME vol. 633), pp.669-675, 1996

22 Gavin, H.P. Hanson, R.D., Filisko, F.Electrorheological Dampers, Part II: Testing and Mding J. Appl.
Mech., ASME vol. 633), pp.676-682, 1996

% Ribakov, Y., Gluck, J.Active Control of MDOF Structures with Supplemeriéctrorheological Fluid
Dampers, Earthquake Engineering and Structural Dyita vol.28, pp.143-156, 1999

24 Burton, A.B., Makris, N., Konstantopoulos, I., Aaklis, P.J., Modeling the Response of ER Damper:
Phenomenology and Emulation, Journal of Enginedvieghanics, vol.123)j), pp. 897-906, 1996

25 Ziegler, F.Mechanics of Solids and Fluid@™ reprint of second edition, Springer, New York, M@, 1998.
% Levine, W.S. ed.The Control HandbogkCRC Press, IEEE Press, 1996

2 Soong, T.T.Active Structural Control — Theory and Practi¢é®ngman Scientific& Technical, 1990

% Fpllinger, O.,Optimale Regelung und SteueryBgd edition, Oldenbourg Verlag, 1994

% stengel, R.FOptimal Control and EstimatigrDover Publications, New York 1993

% Lewis, F.L., Syrmos, V.LQptimal Contro) John Wiley&Sons, 1995

%L yang, J.N., Akbarpour, A., Ghaemmaghami, IRstantaneous Optimal Control Algorithms for [TBLildings
under Seismic Excitations, Multidisciplinary Center Earthquake Engineering Reseay&uffalo, N.Y., USA,
NCEER-87-0007, 1987

%2 Wu, Z., Soong, T.T., Gattulli, V., Lin, R.CNonlinear Control Algorithms for Peak Response Rédu,
Technical Report NCEER-95-0004, NCEER Buffalo, USA

3 Agrawal, A.K., Yang, J.N., Wu, J.CApplication of optimal polynomial control to a bémsark problem
Earthquake Engng. Struct. Dyn. 27, 1291-1302, 1998

3% DecCarlo, R.A., Zak, S.H., Mathews, G.P., VariaBteucture Control of Nonlinear Multivariable Syst&nA
Tutorial, Proceedings of the IEEE, vol3B(p.212-232, 1988

% cai, G., Huang, J., Sun, F., Wang, Kqdified sliding-mode bang-bang control for seisaffic excited linear
structures, Earthquake Engineering and StructurghBmics vol.29, p.1647-1657, 2000

% vang, J.N., Wu, J.C., Agrawal, A.KSliding Mode Control for Seismically Excited ¢&am StructuresJournal
of Engineering Mechanics, vol.12%), pp.1386-1390, 1995

3" vang, J.N., Wu, J.C., Agrawal, A.K., HSU, S.8liding Mode Control with Compensator for Winddan
Seismic Response Contrdtarthquake Engineering and Structural Dynamiek26, pp. 1137-1156, 1997

% Wu, J.C., Yang, J.N., Agrawal, A.KApplications of Sliding Mode Control to Benchia®roblems
Earthquake Engineering and Structural Dynamicx2v(l1), pp.1247-1266, 1998



8. Active devices for vibration damping 161

39 Adhikari, R., Yamaguchi, H., Yamazaki, TModal Space Sliding-Mode Control of Structyr&arthquake
Engineering and Structural Dynamics, volPTj( pp.1303-1314, 1998



9. Application to real structures and numericatiss 162

9. Application to real structures and numerical studies

The aim of this section is to investigate the iaflae of TLCD on the dynamic behaviour of
various structures by numerical simulations. Fiifeetent structures are investigated under wind
and earthquake excitation, and both, passive ativeatLCD are applied to reduce the vibration
response. Three numerical studies are based orhiank problems available in literature, see
Spencer et di, see Yang et &l. Ohtori et af, and the building data for the study of the 4®flo
wind excited tall building was obtained from ProfT. Soong during a short term research visit at
the State University of New York at Buffalo in tsemmer 2000. All structures mentioned are
analysed in a plane configuration, and thus theatiloading in one direction is investigated. To
be able to prove the working principle of the torgl TLCD, a simple three dimensional

structural model is investigated in the first suthes.

9.1. 3D-building with translational and torsional passive TLCD

Although many structures possess a definite axisyofmetry within their model, the idealising
assumption of perfect regularity is never corr€@nsequently, flexural and torsional vibration
modes are coupled in an imperfect real structure athough only excited in horizontal direction,
a building’s torsional vibration mode might stastdscillate. This certainly happens if the centre
of gravity and the centre of stiffness at a certhor level do not coincide and then even the free
vibrations are a combination of translational amdational oscillations. Such a situation is
investigated in the following numerical study obiagle story structure which is equipped with
plane and torsional TLCDs to mitigate both, flexumad coupled flexural-torsional vibrations.
The single-storey building, see Figu€l, has a rectangular (length/width=2) base arslilgect

to earthquake loading. It consists of a homogenaid floor of massm, supported by four
symmetrically arranged columns, three of which hiéeesame unisotropic stiffnes and k, in

X- and Y-directions, respectively. The remaininguoon has twice these stiffness, since it

represents e.g. a staircase, which causes the agyynih is assumed that the torsional rigidity of

the supporting columns is negligible, and thatwibeation takes place within the elastic range of
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the structure. Apparently the structural model tlase degrees-of-freedom which can also be
interpreted as modal coordinates of a more comglaicture. Such an approximation becomes

applicable, see Section 6.6, if only the first dhneode shapes dominate the vibration response.

centre of mass centre of stiffness

N7 / )

M

2k,
b) - [:]ky ZkY[:]

Figure9-1: 3D single story building a) schematics b) plarew with floor dimensions and
column stiffness

The linear equation of motion can be given in saddmatrix notation, however, the ground

acceleration inputv, is no longer a scalar quantity, since the horiabimtput acceleration can

have components in both, X- and Y-directions. Theigal component is neglected throughout

this dissertation, and thus

WX WX WX
M| w, [+C| W, [+K| w, [=MRgW, +f +fyp, (9-1)
WXY ny WXY

wherew,, =aa, anda denotes the angle of rotation of the floor abbet Z-axis, and the static

10

T
0
0 1 O] . A possible wind force loading=[f,, fy,O]T 5

influence matrix is given byR ¢ :(

assumed to have components in both horizontal tthrec The mass and stiffness matrices are
given by

(9-2)
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5k, O K, /2 M 0 0
K=| 0 5k k, ,M=[0 M o |
ke/2 Kk, 5K, /4+5k, 0 0 Mr?2/a?

where the mass moment of inertia about the ver#eakis is givenl :J' (x2 + yz)dm: M rz2

m

and r, denotes the radius of inertia about the centm@ads. The influence of the TLCDs can be
incorporated into the equations of motion by mezfmeain structure-TLCD interaction forcég,

which are given by Egs.(4-29) and (4-58). Sincielits known about the structural damping
characteristics, modal damping coefficients arasgiumed to be 1% of the critical damping. Thus
the source of coupling due to hysteretic materamhpling is neglected at all. A transformation of
Eq.(9-1) to modal coordinates reveals the coupling betwtranslations and rotations. The mode
shapes are given schematically in Fig&¥2, where it is seen that only one vibration msdape

consists of a pure translation, whereas the ottlessribe a complex plane motion of the rigid

floor, corresponding to coupled bending torsionatations.

Figure9-2: Graphical representation of modal displacemanplan view for single floor
structure with asymmetric column stiffness, orddrgdncreasing natural frequencies, 0.79, 1.09,
1.87Hz

The building is equipped with three TLCDs, one immal (consisting of two symmetrically
arranged TTLCDs) and two plane TLCDs which arealhst at the centre of the rigid floor along
the X- and Y-axis, see Figuge3.
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2

k

Figure9-3: 3D single story building with two translatidfd.CDs and set of two asymmetrically
arranged torsional TLCDs

The size of the rectangular rigid floor is given b§mx20m, its mass isM =1[10%kg, the
column stiffness are chosen consistently with aperostatic designk, :10|ZL06[N/m] and

Ky :5EL06[N/m], the natural frequencies are found to be 0.799,11087 Hz. Each passive

TLCD has a constant cross sectional area and a matissas well as a geometry factor of

1 =001, k =09, k =09, respectively, see Eqs.(4-9). Furthermore theutaradorsional TLCD

has a radius ofr8. Having designed all TLCDs the equations of motdrihe structural model,
Eqg.©-1), and the TLCDs (Egs. (4-11) and (4-38)), apenlsined which results in a dynamic
system with 6 DOF. Subsequently it is transforned state space representation of order 12 by
applying the hypermatrix manipulations given in @lea 7, Eq.(7-12). The absorber tuning is

accomplished by minimising the performance indexsee Eq.(7-21), Section 7.2.1,

Vmax

J :ZN: J' 5| h(v)|2dv — minimum, (9-3)

i=1 y

min

with respect to the six free parameters (tuningdesncy and damping ratio for each TLCD). For
the sake of simplicity, an infinite frequency rangee <v <« is considered. If the reduction of
the floor displacements or velocities is desirdue performance index must contain these

guantities and EP€3) can be rewritten as

00

J= IZTS(V) Szs(v)dv, (9-4)
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whereh is replaced by the corresponding state varialvlé the constant weighting factoss are

grouped in the diagonal matri® =diag (1110 ,0,0,0rs represents the host structures’ state

vector given byzg(v)=[w, (V) w, (v),w, () (v) vy, (V) W, (V)17 It has to be mentioned

that Eq.0-4) can be evaluated for ground excitation in bothdirection and Y-direction.

Consequently two performance criteri, and J, are calculated which are combined to the final

performance index),, =,/J7 + Jj using the SRSS (Square Root of Sum of Squarespagip.

The minimisation ofJ,, is performed numerically by calling the functiéminsearch of the

Matlab Optimisation Toolbdk fminsearch finds the minimum of the scalar functiah of several

variablesx=[w,, w,, wy, {;,{,, {3], starting at an initial estimate. This is generally referred to

as unconstrained nonlinear optimisatibmninsearch can also handle discontinuity, particularly if it
does not occur near the solution, but it may onle docal solutions and it minimises over real
numbers only, thus complex functions must be sptd two partsfminsearch uses the simplex
search method of Lagarfaswhich is a direct search method that does notruseerical or
analytic gradients. A typical function call takém tformx = fminsearch(J_calc, xo), starts at the
pointxy and finds a local minimum of the function described ih calc. X can be a scalar, vector,
or matrix. The user defined functiah calc, calculates the performance index by solving a
Lyapunov equation, see Chapter 7. Attention hasddopaid to the fact that E§-4) only
converges for stable systems. Thus the dampingsratust remain positive, addcalc returns an
infinite value as soon as the inpubofvould cause the system to be unstable. The ifiigguency
ratios for the TLCDs were chosen to coincide with hatural frequencies of the structural model,
and all damping ratios were selected 10%. Aftelir@alfminsearch twice, the optimal circular

tuning frequencies and damping ratios are foundbéo w, = 483rad/s, w, = 663rad/s,
w; =1169rad/s, and{, = 7.73%, {, = 760%, {3 = 234%, respectively, where the indic&s2
and 3 refer to the TLCDs installed along the X- and Yedtion, and the torsional TLCD,
respectively.d; is smaller than; or {, because the effective mass ratio for the torsidh&lD
rém;

rz

is given by the absorber-structure moment of inewtitio, 15" = which is smaller than

m
W=y = Uy = Vf The outcome of the optimisation is illustrated=igure9-4, which shows the

6
frequency response of the weighted sdiis | z (v)| of the building’s states for the original and
=
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the optimised system, in the logarithmic decibellscdefined byx[dB] = 20log x. It is obvious

that the parameter optimisation reduces the vimatamplitude at the resonant peaks

tremendously.

original structure
15 —— TLCDs installed

iZZ,sla(V)I

[dB] 0 -

'30 T T T T T T T
0,6 0,8 1,0 1,2 14 1,6 1,8 2,0

A%
ET[ HZ]

Figure9-4: Weighted sum of amplitude response functiongife 3DOF structure with three and
without the TLCDs

To obtain further, detailed information, an actuattlkequake ground excitation is applied to the
structure. The historical 1940 El Centro earthquake &tceleration, whose strong motion part is

given in Figure9-5, is applied to the basement. The scaled digit&entro accelerogram with a

sampling time ofAt = 002s, and a maximum ground accelerationvaf ..., = 3.417S—n2] = 0359,

was made available by Spencer et'aland can be downloaded from the WebPages of the
Structural Dynamics and Control - Earthquake EngingelLaboratory at the University of Notre
Dame, Notre Dame, Indiana 46556, USA, http://wwwedd/~quake/
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—— 1940 El Centro N-S accel.

acceleration [m/s?]
o
|

4
0 5 10 15 20 25 30 35 40

time [s]

Figure9-5: 1940 EIl Centro N-S ground acceleration receadpling timeAt = 002s

Since a digital representation of the E-W accelenogis not available and a three dimensional
structure is investigated, the N-S acceleratioonedds applied with an angle of incidence of 45°,
exciting the building horizontally in two directisnThe calculation of the structural response for
the linearised system is straightforward, once @adyic description in the state space, see Eq.(7-
11) , is available. Numerical simulation packagi&s Matlab provide efficient time integration
subroutines likesim, which simulates the (time) response of continulwsar time invariant
systems to arbitrary (multiple) inputs. In contingdime, the time samplingt of the excitation
signal is used to discretise the continuous model in thee tdomain. However, automatic
resampling is performed ifAt is too large (undersampling) and may give risehidden
oscillations. The discretisation is performed usthg c2d command of the Matlab Control
ToolboX, applying either the zero order hold (zoh) ortfissder hold (foh) discretising method
(‘foh' is used for smooth input signals and ‘zai' discontinuous). For further details see the
Matlab Control Toolbox reference bdotr Franklin et al.

The structural response is displayed from Figew@ to Figure9-11, where the relative floor
displacements with respect to the basement andltb@ute floor accelerations are displayed. It is
noted that all TLCDs need several vibration cyclefote they start to mitigate the structural
vibrations. Thus the RMS vibrations are reduced tauiglly, whereas the peak responses are
hardly affected by the application of passive TLCD.
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Figure9-6: Relative floor displacement response in X-atimn under the 1940 EI Centro
earthquake, angle of incidence: 45° (horizontal)
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Figure9-7: Relative floor displacement response in Y-aimn under the 1940 EI Centro
earthquake, angle of incidence: 45° (horizontal)
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Figure9-8: Relative floor rotation about Z-axis under 1810 EI Centro earthquake, angle of
incidence: 45° (horizontal)
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Figure9-9: Absolute acceleration of 3D-structure in Xediion under the 1940 El Centro
earthquake, angle of incidence: 45° (horizontal)
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Figure9-10: Absolute acceleration of 3D-structure in Yedtion under the 1940 El Centro
earthquake, angle of incidence: 45° (horizontal)
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Figure9-11: Absolute acceleration of 3D-structure abbetZ-axis under the 1940 El Centro
earthquake, angle of incidence: 45° (horizontal)

In a second numerical simulation an artificiallgated wind load is applied to the structure under
an angle of incidence of 45°. The wind load wasegated by filtering an artificially generated

white noise through a second order low-pass fikgh a cut-off frequency of Bz The mean

wind velocity is 25my's, corresponding to a classification of wind by Beauof 10. The pressure

coefficients for the 2 high building can be found in Sockep.176, and are given by, = 11

and c,, = 08, resulting in peak wind forces d206.2kN and 566.9kN in X-and Y-directions,
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respectively. The pressure gust factors, se€’ Liiu49, for both directions are given g = 15

and the corresponding 40 second time segment ofitietload is shown in Figureg-12.

0,6
0,5 force Y-direction
force X-direction
'Z‘ 014 N . I )
s T Vg
o 0,34
o
[®)
= 0,2
ge}
£
2 I A g
0,0
T T T T T T T
0 5 10 15 20 25 30 35 40

time [g]

Figure9-12: Resulting force from a 40 second time segrakan artificially wind load (angle of
incidence 45°), with an average wind spee@5f/s and a pressure gust factorpf = 15

The structural response due to the wind-force logds displayed from Figur8-13 to Figure
9-18. It demonstrates the excellent vibration réidacof the passive device in a situation where
resonant vibrations can build up. Apparently in@ necessary to implement an active TLCD
since the passive devices operate satisfactorifyraduce both, displacements and acceleration
which increases both, the structural safety andhtiman comfort.
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Figure9-13: Relative floor displacement response in »edhion during the artificially created
40s wind segment, angle of incidence: 45° (horizontal)
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Figure9-14: Relative floor displacement response in Yecdhion during the artificially created
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40s wind segment, angle of incidence: 45° (horizontal)
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Figure9-15: Relative floor rotation about Z-axis durimg tartificially created 49wind segment,

angle of incidence: 45° (horizontal)
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Figure9-16: Absolute acceleration of 3D-structure in Xedtion during the artificially created
40s wind segment, angle of incidence: 45° (horizontal)

1,5
— 1,0 — original structure
Ng 05 - ‘ ‘ ’ ‘ ‘ l ! ‘\ | l ——— TLCD installed
§ 00 - 1( ‘ | [ ‘ l ‘ ) \’ \N"‘{“\ ‘/'!‘\n'
S s 1
> 11,0 A

-15 T T T T T T T

0 5 10 15 20 25 30 35 40
time [

Figure9-17: Absolute acceleration of 3D-structure in Yedtion during the artificially created
40s wind segment, angle of incidence: 45° (horizontal)
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Figure9-18: Absolute acceleration of 3D-structure abbetZ-axis during the artificially created
40s wind segment, angle of incidence: 45° (horizontal)
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9.2.  Wind excited 47-story tall building

Based on a case study by Reinhorn and Shdhg installation of a TMD and a TLCD on an
existing tall flexible skeletal steel building sviestigated and compared. The building’s response
criteria optimised are the maximum top-floor diggments and accelerations under a 100-year
recurrence wind, according to the basic wind speag of ANSI Standard A58.1, see &gThe

wind has an hourly mean wind speed&fim/s, corresponding to Beaufort number 12, and is thus

classified as a hurricane, which causes large stateage. Both vibration absorbing systems are
optimised with respect to their damping charadiessunder practical constraints, and the effect
on the building’'s response characteristic is stlidihe building considered has 47 floors, a total
height of 199n, and a quadratic cross section, witlmgSde length. However, space limitations on
the top floor restrict the available space tod¥ithout being able to use the quadratic centré par
of the building, because it is occupied by a pemsledflat. Since the dead weights and most of the
loads are sustained by the floors, the floor maasesissumed to be lumped at the floor levels. A
total building weight of 41.788 metric tons is distited as follows: floors 2-24 have a mass of
924 tons each, floors 25-39 and 40-47 have 86638idons, respectively. The building has less
than 25% structural steel (10.153 tons), the rem@ifi5% being cladding, ceiling, and floor dead
weights as well as mechanical systems. AccordingRé&nhorn and Soofig the dynamic
properties of the structure for the first three m®dre natural frequencies of 0.081260.224 Hz

and 0.362Biz, respectively, all modes are symmetric with respe an X-Y coordinate system
and only lightly damped, with just 1% of criticahmiping. An initially performed five mode
analysis (see Soong and Reinlpimas revealed that the first mode contributioreiponsible for
more than 99% of the total response. Therefore thayfirst mode is considered in all subsequent
analyses. The building’s equivalent modal weighiffress and damping is given by of
M = 98410°kg, 38410°N/m, and {=1% respectively. Due to symmetry the given
guantities apply to both, X-direction and Y-directi The wind pressure distribution for several
wind directions was determined in a wind tunneldgtéior a 100 year storm. The wind tunnel
experiments included the rigid building model adlae all neighbouring buildings, and the most
critical measured wind data, which causes maximespanse amplitudes, are used for analysis

purposes. The total modal wind fort@ is)given by
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f® =S, (r_;n 8} 05)

where the constant normalised loading multipliedétermined by the building’s geometry and
size and found to b&_ =1131M10°[N . For details on experimental techniques, simifdatvs,

wind channels, wind load factors for a wide varietyuildings, the interested reader is referred to
the excellent book about aerodynamics of structbhyeSockel . The loading is described by the

time varying load coefficientsn, and m, which are displayed in Figu&19, for the most critical

load segment.

1
0.2 - m,
m,,m, T
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Figure9-19: Load Coefficients for critical wind directipsee Reinhorn and Sodhg
manually digitised to a time resolution of 1 second

The building response of the original structurecadculated for the simplified single degree of

freedom oscillator (with the structural damping ¢f =1% incorporated) by time integration

using thelsim function of Matlab’s Control System Toolbbxsim simulates the time response of
linear time invariant models of arbitrary order &bitrary inputs. The structural response is diste
in Table9-1, and it is apparent, that large displacementsch are not within the acceptable

limits, can be expected.
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RMS response peak response

X-direction Y-direction X-direction Y-direction

displ. | accel. | displ. | accel. | displ. | accel. | displ. | accel.

(M| [mys’]] M [m/s?] M [mys’] | M [ny/s?]

1.62 0.63 1.07 0.30 5.27 1.97 3.17 0.83

Table9-1: Maximum building response due to critical wiodd

Peak top floor displacements of 5n2@nd 3.1vh in the X- and Y-directions, respectively, as well
as peak accelerations of 18 and 0.88Vs” are about twice the acceptable limits. In order to
keep the displacements aroundr2.@nd reduce the peak acceleration by a factowof the
application of TLCDs and TMDs is investigated aonthpared in the next subsections.

9.2.1. Optimal TMD design
It has to be mentioned, that for the numerical $&athen the building is modelled as a perfectly
symmetric structure without a torsional vibratioode. In a practical implementation, however, it
might also be necessary to provide a small torsiahsorber, as proposed in Section 9.1. Since
there is no information about the torsional behawiof the structure, coupled flexural-torsional
vibration problems are neglected. The TMD desigmtstwith the determination of the absorber-

building mass ratiog=m/M . Large values ofu will result in small displacement and

acceleration responses but there is a physicat fionithe size and the weight of the absorber
mass. In addition, other response quantities liee dverturning moment and base shear do not

always decrease with an increasing A mass of 180netric tons in X-direction and mass of 363

metric tons in Y-direction have shown to be mosicieht, see Soong and Reinhdfor details.
However, since only one TMD-mass is to be usedbfth X- and Y-directions, a 363nass is
considered optimal. Since the TMD is installedhat top of the building, this mass corresponds to
4% of modal weight and only about 1% of the totalictural mass, which is well within the
commonly acceptable limits. Analytically optimiseBMD parameters can be given for a

stationary random white noise force excitation, esge Table 2-1,

f 9-6
o= 1+—,U/2 = 097, ( )

1+ u

_ | p@+3ua) oo (9-7)
i na
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These optimal tuning parameter are based on arsiayiovhite noise excitation, but since realistic
wind tunnel data are available, it is practicalise simulations to optimise the TMD further: Table
9-2 and Tabl®-3 summarise peak and RMS responses for a vadgnging coefficient ,, and

a fixed tuning ratio ofd = 097 as given by Eq9-6). Again, the numerical simulation is

performed calling Matlab’ésim function for varying absorber damping ratigg, still using the

single degree-of-freedom structural model.

RMS response peak response
Structure Absor ber Structure Absor ber

displ. | accel. | displ. | accel. | displ. | accel. | displ. | accel.

(M J[ys?]| M [ny/s’]] M ([mys®] | M [my's?]
{,=3% 0.49 0.18 2.97 1.13 1.71 0.59 6.8 2.81
{,=5% 0.50 0.18 2.71 1.03 1.83 0.64 6.6[7 2.13
{a=T% 0.52 0.19 2.52 0.96 1.94 0.68 6.38 2.61
{a =% 0.56 0.20 2.37 0.90 2.03 0.71 6.0p 2.47
{p=11% 0.61 0.22 2.25 0.85 2.11 0.7% 5.7 2.37

Table9-2: TMD parameters and structural response witperetsto the X-direction due to critical
wind load, evaluated for the single DOF dampedcstinal model with 36B8TMD attached

RMS response peak response
Structure Absor ber Sructure Absor ber

displ. | accel. | displ. | accel. | displ. | accel. | displ. | accel.

(M| (nys’]] M [m/s?]) M [nys’] | [M | [my/s?]
{n=3% 0.82 0.14 1.75 0.72 2.11 0.41 6.083 2.33
{n=5% 0.81 0.12 1.40 0.57 2.09 0.41 4.91 1.89
{a=T% 0.80 0.11 1.20 0.48 2.11 0.42 4.28 1.62
{n=% 0.80 0.11 1.07 0.43 2.13 0.42 3.7 1.43
{A=11% 0.80 0.11 0.97 0.39 2.16 0.43 3.41 1.30
{A=13% 0.80 0.11 0.90 0.36 2.18 0.44 3.14 1.19

Table9-3: TMD parameters and structural response witperetsto the Y-direction due to critical
wind load, evaluated for the single DOF dampedcstinal model with 36B8TMD attached

In contrast to the statistical optimisation, mininséructural response is obtained for damping
ratios of less than 5%. Nevertheless, the simulaésgonse listed in Tabl@-2 and Table9-3

reveal that the system is not sensitive to vamation {,, and the differences in the structural

response remains small. When compared to the afigimucture, substantial reduction in the
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structural response can be achieved in both, XYaddection. Unfortunately, the extremely large
TMD-absorber displacements in X-direction are beypnaktical limits, especially if only one
single ring-shaped mass serves as absorber fordireittions. The maximum absorber stroke can
exceed f and does not meet implementation constraints oafn. In the Y-direction the
selected TMD parameters result in absorber displangsrof 3.1 for {, =13%, which is just
within the acceptable range. In order to decrease TMD displacements one has to either
increase the TMD mass, or the damping rafio Since the absorber mass is limited, the only
alternative is increasing the absorber dampingclviaill certainly reduce the absorber stroke at
the price of higher structural responses. Consdtyd¢arther studies with damping coefficients in
the range of 10-60% of critical damping are perfedmsee Tabl8-4. It is evident that one has to
compromise between good structural vibration atiion and high absorber displacements.

Increasing the damping rati, up to 40% or even 60% yields TMD displacements wimeet
the implementation requirements. ThuS, is increased to 50% to keep the TMD-mass

displacement smaller than &5reducing the structural displacement about 318mf6.27 to
3.62m.

RMS response peak response
Structure Absorber Sructure Absor ber
displ. accel. | displ. | accel. | displ. accel. | displ. accel.

M [ys] | M [y M| [mys’] | M| [ys?]

{n=10% 0.58 0.21 231 0.87 2.07 0.73 5.90 2.472
{n=20% 0.80 0.29 1.85 0.70 2.47 0.88 4.89 2.00
{,=30% 0.97 0.36 1.55 0.59 2.95 1.05 4.19 1.69
{,=40% 1.10 0.41 1.34 0.50 3.32 1.19 3.6b 1.46
{,=50% 1.21 0.44 1.18 0.44 3.62 1.30 3.28 1.28

{,=60% 1.28 0.47 1.05 0.39 3.86 1.39 2.89 1.14

Table9-4: TMD parameters and structural response foeas® absorber damping ratfq due to

critical wind load in X-direction; evaluated forelsingle DOF damped structural model with 363
TMD attached

9.2.2. TLCD design
For the tall building studied, the application ofJDs seems very promising, since the adaptation
to large absorber displacements is one of thergdkatures of TLCD. Other are its simplicity and
cheap implementation, little installation and mam#nce costs, easy and adjustable frequency
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tuning (ageing building), and no moving parts, tfan or wear. Similar to the TMD, the TLCD
will be installed on top of the building. Becausésiimpossible to construct a huge bi-directional
vibration absorber without using the occupied cdnéire of the top floor, two TLCD must be
installed, and, for the sake of a comparative sttioly total liquid mass is limited to 36deing
split into two masses, 22 the X-direction and 143n the Y-direction. Following the TMD-
TLCD analogy outlined in Chapter 5, an analyticaluson for the optimal tuning and damping
ratio can be found. Equation8-6) and 9-7) give the optimal parameter for the correspogdi
TMD. Applying the transformation given in Sectionl5the optimal TLCD parameter can be

given straightforwardly,

5= J 1+ ul-«x/2) |

1+ u (9-8)
o= uki (L+ 11— ki 14))
A \/4(1+u)(1+u(1—/(7/2)) ' (9-9)

Assumingxk = 0.8, estimations for the tuning and damping ratio lbargiven byd = 0. 986and
{,=690%, in X-direction, andd =0. 990 {, = 556% in Y-direction, respectively. The

determination of the optimal damping ratio is agaénformed by simulations, which confirm the
analytical results, see Talfe5, where the RMS and peak responses of the rraictise and the
vibration absorber in Y-direction for several dampiratios are displayed. Again, the system is
not sensitive to the absorber dampigg, and hence it can be chosef, =9%, thereby
decreasing the maximum top floor displacement w48, and causing a maximum absorber

displacement of 4.98.

RMS response peak response
Structure Absorber Structure Absor ber

y-displ.| y-accel.| displ. | accel. | y-displ. |y-accel.| displ. | accel.

(M J[ys?]| M [nys’]] M [nys’]] M [my's?]
{,=5% 0.82 0.14 2.18 0.87 2.29 0.49 6.1p 2.46
{a=T% 0.83 0.14 1.90 0.76 2.37 0.52 5.48 2.18
{n=% 0.84 0.15 1.70 0.67 2.44 0.54 4.98 1.95
{,=11% 0.85 0.16 1.53 0.61 2.49 0.57 4.50 1.76
{,=13% 0.86 0.17 1.40 0.55 2.54 0.59 4.18 1.60

Table 9-5: Response in Y-direction for M3 LCD installed on top floor, critical wind load

segment applied, evaluated for the single DOF damspectural model
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From the TMD design it is known, that extremely Enrgbration amplitudes are expected in X-
direction. Therefore it is of interest to investigde influence of varying cross sectional areas on
the vibration response. Tab®6 summarises the system response for differevgscsectional
areas, and for this study, the absorber damgipgs chosen such that the maximum structural

displacement in the X-direction is approximatelym2.

=20° =30° [=45° =60° =90°
Ly [ml] 17.01 24.87 35.17 43.08 49.79
K 0.94 0.91 0.866 0.814 0.679
A*/AB =1 K 0.94 0.91 0.866 0.814 0.679
struct.displ. fr] 2.56 2.53 2.52 2.54 2.82
absorb. displr] 7.83 8.07 8.34 8.70 9.44
Ly [ml] 17.01 24.87 35.17 43.08 49.79
H=5,B=3.5| H=5,B=7.43| H=5,B=12.6| H=5,B=15.5| H=5,B=19.9
A, /AB =2 K 0.76 0.64 0.56 0.41 0.40
K 1.09 1.17 1.20 0.98 1.00
struct.displ. fr] 253 2.53 2.52 2.58 2.58
absorb. displri] 6.53 6.18 5.92 6.84 6.70
Ly [m] 17.01 24.87 35.17 43.08 49.79
H=4,B=3.0| H=4,B=5.62| H=4,B=9.05| H=4,B=11.7| H=4,B=13.9
A, /AB =3 K 0.62 0.50 0.42 0.36 0.28
K 1.17 1.27 1.33 1.32 1.10
struct.displ. n] 2.55 2.57 2.56 2.58 3.00
absorb. displri] 6.10 5.44 5.14 5.05 5.70

Table9-6: Response data for 2ZDLCD with varying cross sectional areas, varyipgming

angless, and optimal damping ratio in X-direction; singd©F structure subject to critical wind

load

From Table9-6 it follows that A,/A; =3 is the most suitable area ratio to minimise both,
structural and absorber displacements. Choosingpeaing anglef =30° causes a maximum
absorber displacement aof,,,, = 544m when {, =8%, and still keeps the total TLCD height

below 6n. At the same time, the maximum structural dispia@et in X-direction is reduced to
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W, max = 257m. For this TLCD configuration further response ditegs are summarised in Table
9-7.
RMS response peak response
Sructure Absor ber Sructure Absorber
displ. | accel. | displ. | accel. | displ. accel. | displ. | accel.
M [(nys’]] M | [mys’] | M| [nys’] | M| [nys’]
{n=8% 0,87 0,32 2.34 0,88 2,57 0.92 5,44 2,1

Table 9-7: Response in X-direction for the 220LCD installed on top floor, s =30°,
A, /A, =3, evaluated for the SDOF structural model undeicatiwind load

When comparing the structural response in X- ardirgetion, similar displacements for the main
structure and the TLCDs are obtained which is dbsr from a practical point of view. Figure
9-20 and Figur®-21 display the top floor displacement responsthefstructure with and without
the passive devices installed. For the TLCD theatibn reduction is around 50% in both, X- and
Y-directions. It has to be mentioned that the géaic displacement in Y-direction which results
from a nonzero mean wind load, cannot be compethdatea dynamic vibration absorber. When
compared to the TMD the TLCD performs excellentceimfMD implementation constraints
reduce the vibration attenuation in X-direction rdedically. In the Y-direction, however, the

TMD performs excellent, with a vibration reductioetter than the TLCD, since its mass ratio is

much larger.
6
original structure
4 1| —— 363t TMD installed, £,=50%
W, | m .
au 220t TLCD installed, {,=8%
2 -

il

" W J

50 100 150 200 250 300 350 400
time [g]

s

|

Figure9-20: Top floor displacement in X-direction withcawithout TMD and TLCD
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installed, single DOF structural model,
numerical integration withsim (Matlab Control Toolbo%

2
original structure

11 143t TLCD installed {,=9%
w, [m] —— 363t TMD installed ,=13%

0

i e

-2

-3

'4 T T T T T T T T
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Figure9-21: Top floor displacement in Y-direction withcawithout TMD and TLCD
installed, single DOF structural model,
numerical integration withsim (Matlab Control Toolbo%

9.2.3. Simulation of turbulent damping
Up to now the numerical study is based on a limgatem with viscous damping. However, the
insertion of an orifice causes turbulent dampingjclv might change the system behaviour. For
comparison, the SDOF building model is equippechvat TLCD described by the nonlinear
TLCD equation of motion, Eq.(4-8). The conversidrtte equivalent damping factaf, = 008
3nd,

max

to the head loss factad, is obtained by applying Eq.(A-8), see Appendixd, = . With

a maximum vibration amplitude &, = 544m the head loss factor becomés = 0.0346n™.

The simulations of the nonlinear system have besfopned using Simulin€, a powerful tool
allowing graphical programming, system analysis aimdulation, which is smoothly integrated
into the Matlab scientific computing environmenim8link calculates the response of nonlinear

systems by time integration. The block diagramhef Eimulink model is shown in Figuge22.
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The time integration was performed using the od@&mand-Prince) integration with variable

time steps and a relative tolerance of 1e-8 arfukalate tolerance of le-7.

displacement structure

_ wind force

Wind load

response

Structure ToWorkspace

acceleation

TLED displacemert

i\er

vigw displacements

TLCD acceleration

Absorber with turbulent damping

abzorber-structure interaction force

Figure9-22: Simulink® block diagram of SDOF structural model with noelin TLCD
attached

The simulations have revealed, that the nonlingstesn performs even better than the linear one:
for small structural vibrations the TLCD is lighttlamped thus it starts to oscillates with a fairly
large vibration amplitude, thereby absorbing eneagg keeping the structural displacements
small. When coming to the peak structural vibradijotme turbulent damping prevents excessive
TLCD amplitudes. The system response is summairis€dble9-8

RMS response peak response
Sructure Absor ber Sructure Absor ber
displ. | accel. | displ. | accel. | displ. | accel. | displ. | accel.
(M| (nys’]] M| [my/s?]) M [ [nys®] | Im | [my/s?]
J, =0034em™ | 0,81 0,29 2,65 0,99 2,43 0,87 5,18 2,14
Table 9-8: Response in X-direction for the 22ULCD installed on top floor, 5 =30°,

A, /A; =3, evaluated for the SDOF structural model undetcati wind load, turbulent TLCD

damping included.

9.2.4. Device configuration and concluding remarks
To avoid any unwanted torsional vibrations, boteazber types must be installed symmetrically,
see Figure9-23, where a plan view of the top floor is showBasically, the TMD consists of a
doughnut shaped mass, see Figaw23a) which is sliding on pneumatic bearings amspended
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by linear springs. The TLCD setup, given in Fig@f23b) consists of two pairs of TLCD, one for
each direction. To avoid very large cross sectianehs, each individual TLCD can be subdivided
further, to avoid a piping system with huge crosstisnal areas. For simple installation it is

suggested to install a piping system with rectasgaioss section.

. = | | [xmepue| | |
) —_— —_—
AW
y - y =l
T 1
> 3 * 3
g Iy
AW ) L ]
B
. e X-TLCD 110
|| O . -

Figure9-23: Top floor arrangements of dynamic vibratitss@ber a) bi-directional TMD
b) 4 symmetrically arranged single TLCD

Although there are experiments and concepts onréctibnal TLCD, see Chapter 3, the space
restrictions already mentioned do not allow suchmaplementation. Furthermore, the expected
large absorber displacements would reduce theesifiy of the bi-directional TLCD setup, which
justifies the decision to install two independehCD-systems. Contrary to the TLCD, the passive
TMD requires further components, some of whichtaoknically demanding:

1. 2 Linear springsk = 71580\ / m, with a maximum force of,_, = 25000N in X-direction
2 Linear springsk = 71580\ / m, with a maximum force of,,, = 25000(N in Y-direction

Viscose dampers to provide the necessary energipdisn
Two small hydraulic actuators with LVDT to competes#or friction losses
12 hydraulic and pneumatic bearings

Reaction abutments

N o g M w b

Control room
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Especially the bearings and the hydraulic actuategsiire regular maintenance and are power
dependent. Therefore, additional precautions mestdnsidered to guarantee operation even
during power losses. The proposed TLCD, howeveg [mirely passive system and completely
independent of any external power, and even maantam There are no friction problems as the
design has no moving parts and all the energypiitien is achieved by an hydraulic resistance,
which can be integrated smoothly, as shown in Ei@i24. The main advantage of this new
orifice design is the fact that it allows for eManger liquid displacements since the inclined pipe
section is lengthened. The water container hag tcobstructed sufficiently rigid to withstand the
absorbing forces and in case the water is useddonal water supply it is necessary to meet the
hygienic standards for water containers, which dbimpose mayor restrictions on design and
costs. Overall the TLCD seems to be very competitien compared to the passive TMD setup.
Its physical dimensions are slightly larger, batpeak performance is better, and all other salient
features (e.g. its simplicity and uncomplicatedalfiation, etc.) make it superior to the TMD for

the building studied.

] orifices

Figure9-24: Proposed TLCD container with integrated oefplate
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9.3. 3-DOF benchmark structure

9.3.1. Introduction
The effectiveness of TLCDs in vibration reductiannow demonstrated for a three degree-of-
freedom test structure under earthquake loadinge@apon the benchmark definition paper, see
Spencer et df*, a structure considered by Chung et?ais equipped with passive and active
TLCD. A model of the scaled test structure (orifynaesigned for active tendon control) was
built at the National Center for Earthquake EngimgeResearch (NECCER) at Buffalo, see in
Figure 9-25a). It has a total mass of 2.8d43distributed evenly among the three floors, and is
2.54m in height. A 3-DOF numerical evaluation model, @his based on this real structure is

used for the numerical study.

|: ¥FE ¥ ¥ :|
]

|: T E LR :|
b) | rigid base |

Figure9-25: 3-DOF benchmark structure a) in active tenclmmfiguration, see Spencer etl.
b) schematics with ATLCD installed on top floor

The mass and stiffness matrices have been probgl&dof. Soong, State University of New York
at Buffalo, Department of Civil and Environmentaidineering, and they are given by

981 0 O 6503 -1834 332 N
M=| 0 981 O [[kg], K =|-1834 5747 -1489 [E]' (0-10)
0 0 981 332 -1489 3872

The mode shape vectods,, ¢, and ¢, are calculated from the corresponding eigenvalue

problem,
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0.0897 0.2859 0.2979
o, =|02365|, ¢, =| 02143 |, ¢, =| -0.2769). ©-11)
0.3385 -0.2255 0.1146

Due to an inevitable reduction in scale, the rasfomodel quantities to the corresponding
prototype structure are: force=1:16, mass=1:16gtiin2, displacement=1:4 and acceleration=1:1.
Thus the natural frequencies of the model are aqupiattely twice those of the prototype and they
were found to be 2.2z, 7.3Hz, and 12.2Kz, with associated modal damping ratios given by
1%, 2%, and 3%, respectively. For the numericallysthe hydraulic control actuator, connected
to four pretensioned tendons, as shown in Fi@uB&a), is replaced by an ATLCD installed on
top of the building, schematically displayed in Uig9-25b). Although the real test structure is
fully instrumented (acceleration and displacemeandducers on each floor) to provide for a
complete record of the motions undergone durindings only absolute floor and ground
acceleration measurements will be used for copugboses, since all other measurements are not

directly available in a full scale implementation.

9.3.2. TLCD design
For safety reasons, the design of an ATLCD shol@ys be based on a passive TLCD, because
if the pressurisation fails, the TLCD will contint@ operate properly. Therefore a conventional
TLCD is designed first, starting with the deterntioa of its geometry and mass ratio. Since the
weight of dynamic absorbers (TMD or AMD) is commptletween 0.5% and 2% of the total
building mass, a TLCD-building mass ratio of 1% e¥hicorresponds to about 2Rgsof water.
The piping system is selected to have a constass@ectional area, and the liquid column length

is chosen to bk, = 25m, with the length of the horizontal and inclined pigections being

B =15m and H = 0.5m, respectively. For an opening angle 8t 40° the geometry dependent

__2Hcosp+B

coupling coefficients become (see Eq.(4-9) and4&=83)), K =k = = 091. Having

eff
defined the basic geometry, the determination ef absorber tuningu, and the equivalent

viscose damping is possible, by minimising a penfomce criterion, which is defined in the
frequency domain, see Eq.(7-21) and Section 7.2.1,

Vinax 9-12
J :i J' s|h({)]* dv - minimum, (942

i=1 y

min
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It is minimised with respect t& and {,, and for the sake of simplicity, an infinite frecy
range —o <V < oo is considered. If the reduction of the floor desm@ments and velocities is
desired, therhy will represent those response quantities of istesnd the performance index can

be rewritten as

J= ng(v)st(v)dv, 619

—00

where the weighting factors are grouped in the @hay matrix S = diag 0,10,10 ,1,1,1) andzg
represents the host structure’s state veafy)=[w,(v),w,(v),w,(v)vis(v)vi,(v) (V)"
Although no TLCD quantities, e.g. displacement eloeity, enter the performance index directly,

its influence is hidden in the system dynamics #ns in structural response vectny. Having
defined a suitable performance criterion its nuoariminimisation is performed with respect to
w, and {,, and the initial values ofv, = Q¢ and{, = 0.1, where Q. denotes the fundamental
frequency of the benchmark model. Again the nunaéraptimisation was performed with the
very robusfminsearch procedure available in the Matlab Optimisation [Boa*, see explanations
in Section 9-1. Callingminsearch without any special options and with the initiarameter given
above immediately renders the optimal tuning fregye and damping ratio,

fa=wa/2m=223Hz and {, = 632%, respectively, corresponding to a tuning ratio of

J = w,/Q% =0.984. Figure9-26 illustrates the influence of the properly desid TLCD on the

6
weighted sum of the amplitude response functidns |z(v)| plotted in the decibel scale,
i=1

x[dB] = 20log x, to allow for variations in the response functiorthe order of several orders of
magnitude. Apparently the TLCD mitigates vibratiomsar the fundamental frequency of the

structure, and a response reduction of a factaOqE2@B) is achieved at resonance.
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25
20 A original structure
15 4 —— TLCD installed

4
ET[ HZ]

Figure9-26: Performance index for 3-DOF benchmark stmectu

According to Eq.(4-10), the passive TLCD without tiespring effect incorporated would need
an effective length of aboud.064m to oscillate with natural frequency ¢&123Hz . Thus it is
inevitable to use the TLCD in the passive air-gpreonfiguration. If the compression/expansion

of the air inside the piping system (initially atrespheric pressurg, =1bar ), is described by an

O

adiabatic proces:(= k, =—> = 14), thenh,, is found from Eq.(4-41),
C,

2N Po = 058m. (5-14)

(L @ - 295 )
Consequently, the maximum liquid displacementnstéd by 0.5m . Having finished the TLCD
design, it is possible to perform numerical simola to estimate the influence of the passive
TLCD on the structural response. A comparison betwihe original structure and the one with
the TLCD installed is given in Tabl@-9 and Tabled-10, if the historical 1940 El Centro NS
acceleration record is applied as ground excitaitiut. The El Centro earthquake acceleration

record is presented in Figui@5 in its original scale with a peak ground acedlen of

.. m
W = 3417 5 = 0353
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Because the system under consideration is a spadeél, the time scale of the acceleration input
is increased by a factor of 2, e.g., the earthquadaurs in1/2 the recorded time, thus the

sampling time is reduced tdt = 001s, but since the acceleration scale=1:1 the ground

acceleration intensity is not modified. The respoergeria considered are the floor displacement

w with respect to the basement, the relative imeysdrifts, w/ , the absolute accelerations of the
floors, W +w,, as well as the base shear forQg,. Furthermore, the TLCD response is

characterised by its maximal displacemeap}, . For all response quantities the peak as weheas t

RMS are calculated.

peak response RMSresponse
[Cm] [Cm] [m/SZ] [kN] [Cm] [Cm] [m/SZ] [kN]
floor1 | 1.45 1.45 5.42 0.50 0.50 1.49
floor2 |3.89 2.46 9.93 1.30 0.81 2.98
floor 3 | 5.87 1.89 14.76 1.86 0.56 4.18
Base 23.55 8.05

Table 9-9: Peak and RMS response of original model du¢héo properly scaled El Centro

earthquake input

peak response RMS response
[Cm] [Cm] [m/SZ] [kN] [Cm] [Cm] [m/SZ] [kN]
floor1 |0.96 0.96 5.31 0.20 0.20 1.07
floor2 |2.35 1.55 7.21 0.53 0.33 1.36
floor3 | 3.60 1.25 9.76 0.76 0.24 1.80
Base 16.12 3.34
TLCD 18.71 7.39

Table9-10: Peak and RMS response of model with TLCD h#dalue to the properly scaled El

Centro earthquake input

Apparently, the vibration reduction achieved is @h85%, even for critical response quantities
like interstory drifts and base shear. A graphiegresentation of the base shear and théo®r
interstory drift is given in Figur8-29 and Figur®-30 where it is clearly visible that the passive

TLCD needs several vibration cycles before opegapiroperly.
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9.3.3. Implementation of an active pressure control
In order to reduce the peak responses in the @mansibration regime, the active air spring
concept of Section 8.4, is applied to improve tlssive TLCD. Based on a classical linear
guadratic state space control design, an activespre input is applied, and modified to a simple
bang-bang controller which will turn out to workitefficiently. To make the simulation as

realistic as possible, the following control implemtation constraints are placed on the system:

* The only vibration measurements directly availalde dse in determination of the control
action are the absolute floor accelerations.

* Each of the measured responses contains an RMS ob3®1V, which is approximately
0.3% of the full span of the A/D converters. The sugament noise is modelled as a Gaussian
rectangular pulse process.

» The controller for the structure is digitally implented with a sampling rate of 091

If a state space representation of the structuadehis known, the design of a linear quadratic
controller is straightforward, because it is readVailable in several control Toolboxes, e.g. the

Igr command in the Control Toolbox of Matl%lt designs linear-quadratic (LQ) state-feedback
regulators for continuous plant, and calculatesoitemal gain matrixK = S™E_P, see Eq.(8-20)

such that the state-feedback law =-K z minimised the quadratic cost function defined by
Eq.(8-11), J = IZTQz+u£Suadt for the continuous-time state space model A, z+E_u,.
0

Apparently the system matriA, the input matrixE,, as well as the state- and input-weighting
matricesQ and S are required. Given the state vector[w,,w,,W,, U, W, W,,Vi,,u]" of the
coupled system, the following weighting matricesravehosen in an iterative trial and error
process: Q =diag(10,10,10,1,10,10,10 ,0)and S=500". An alternative to applying theyr
command is to solve the Riccati Equation, Eq. (8-48y obtain the feedback control as given by
Eq.(8-20). This can e.g. be accomplished by calllmegy Matlab control toolbox functionare
(Continuous time Algebraic Riccati Equation), whicomputes the unique solutio® of
Eq.(8-19), based on the algorithm described in AtHolSince thdgr command also calleare,
both commands yield the same results. Howeverfuhestate vector has to be known for the

control implementation, and measurements are cestrito accelerations only. Thus a standard

Luenberger estimator, see e.g. Luenbéfgisr used to estimate the state vector It is well
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known, that the design of a state estimator regusoeme experience since one has to compromise
between accuracy, robustness, and sensitivity teynoeasurements. After a tedious trial and
error process, a good state estimation has beaavadhby measuring the ground and top floor
acceleration as well as the pressure input, andsthg the estimator only slightly faster than the
structural model. Since the acceleration inputtgdiz|nce, from a control engineer’'s point of
view) can be measured accurately, it is sufficientesign the state estimating filter (observer)

twice as fast as the structural model, thus theptexnfilter poles (observerpg,, are defined
throth the structural pOIepstruct’ Re(pfilter) = Re(z pstruct) and Im(pfilter) =Im (2 Pstruct ) The

generation of the observing filter is supportedtbg functionsacker or place of the Matlab
Control ToolboX, which designs an observing filter such that iegocation corresponds to the

desired values, see e.g. Ackermanor Kautsky et at® for details. Knowing an estimation
(output of the observing filter) of the actual stahe continuous pressure contuok —-S™E. Pz

is applied to the ATLCD, and the closed loop systam be simulated using thegm command.

For comparison, another controller is investigaimsed on the continuous controller control law,

u=-S"E.PzZ obtained from calling thigr function, the bang-bang control, given by Eq.(3-34

is applied, and the maximum pressure differendariged by Ap, = 12510 N/m2 = 125%oar .

In addition it is assumed that the actuator dynanc@n be modelled as a first order low pass

process, with a cut-off frequency af, =30rad/s, thus the actual pressure input to the ATLCD

is defined by the desired bang-bang pressure ifippeit through a first order low pass filter,

defined by f(s) = wa“i s in the Laplace domain. For detailed informationfittering techniques

C
see e.g. Doff. The application of the filtering function allows &ccount for the time it takes to
build up the pressure. Since it is not necessargctivate the control if the passive system is
working properly, activation and switch off levelse chosen according to Figure 8-5, where the

ATLCD started to operate if the sum of the relakugetic and strain energy exceededJ . The

ATLCD is switched off if the TLCD displacement exdse0.3m. Again, the properly scaled
historical 1940 El Centro NS acceleration recordgplied to the frame structure and Ta@ié&l
and Table9-12 summarise important response quantities.

The bang-bang controlled structure is simulated guSimulink®, a powerful tool for model
construction analysis and simulation. Simulink nsosthly integrated into the Matlab scientific
computing environment, and allows complex nonlimeadels to be generated interactively. Thus

the nonlinearity caused by switching bang-bang robntlaw can be implemented
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straightforwardly. The simulation is still based thie linear time invariant structural model used
before. For the nonlinear bang-bang control a fixiede step (At = 001s) third order time
integration scheme (Bogacki-Shampine) is seleadeabtain a numerical solution of the dynamic
system. The block diagram of the Simulink modeliveg in Figure9-27

peak response RMSresponse
[Cm] [Cm] [m/ SZ] [kN] [Cm] [Cm] [m/ SZ] [kN]
floor 1 0.38 0.38 3.72 0.08 0.08 0.59
floor 2 0.99 0.67 4.78 0.20 0.12 0.63
floor 3 1.52 0.64 5.07 0.29 0.10 0.62
Base 6.59 1.29
TLCD 48.02 9.45

Table 9-11: Simulated peak and RMS response of the frammeture with a continuous time

controller (gr), due to the properly scaled El Centro earthquagatj simulation tool Matlabsim

command
peak response RMSresponse
Wi’u Wir W| +Wg Qbase Wi’u Wir W| +Wg Qbase
[Cm] [Cm] [m/SZ] [kN] [Cm] [Cm] [m/SZ] [kN]
floor 1 0.64 0.64 5.23 0.15 0.15 0.96
floor 2 1.43 0.92 6.12 0.38 0.23 1.17
floor 3 2.10 0.77 8.40 0.53 0.17 1.52
TLCD 50.07 11.03
Base 11.37 2.45

Table9-12: Simulated peak and RMS response of the fistmeture with ATLCD and bang-bang

control strategy applied, due to the El Centro epralke input, simulation with Simulifk
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Figure9-27: Simulink block diagram of bang-bang contrdifgructural system

The additional pressure differendg, applied to ATLCD is shown in Figur@-28. The major

difference between the control strategies appkedhe bang-bang control law only operates for
short periods and applies the maximum pressuresesbehe standard linear quadratic regulator is
operating during the entire excitation period. Heere since the passive TLCD is always

operating it is sufficient to apply the active me® input for peak response reduction only,

thereby saving a lot of energy.
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Figure9-28: Pressure input for different control stragsgi
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Figure9-29 displays the base shear force for the simiilagmchmark structure. The advantage of
the ATLCD becomes apparent when inspecting theninégy of the excitation period, where the
passive system takes several cycles before beifiegtige in decreasing the shear force. As
desired, both active configurations react muchefaahd avoid exceeding base shear. This main
difference between active and passive systems edound for all response quantities, see e.g.
Figure 9-30, where the same effect is visible for thetietadisplacement of the %floor with
respect to the basement. From a mechanical pbistphenomenon can be explained by the fact
that during the first vibration cycles, the TLCD n®t oscillating at all, thus does not create

counteracting forces which dissipate energy.
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Figure9-29: Base shear force for the benchmark struendedifferent TLCD configurations
during the first earthquake impact
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Figure9-30: relative displacement of'3loor for different TLCDs configurations

An excellent visual comparison of the structuradp@nse is given in Figur8-31, where a
graphical representation of Talfe9 - Table9-12 is given. Again it becomes apparent, that the
passive TLCD improves the structural response aunbatly. Nevertheless, further response
reduction is achieved by an ATLCD. For peak respamsluctions both active control strategies
perform well, but a difference can be found in RS responses: because the bang-bang control
is switched off to save energy, its RMS responsmisparable to the one obtained by the passive
TLCD configuration, whereas the continuous appitabf pressure adaptation also reduces the

RMS response substantially.
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9.4. 76-story benchmark structure

The building considered for this study is taken f@mother benchmark problem, see Yang ét al.
where the dynamic response of a 76-story, 306 sesenforced concrete office tower, proposed
for the city of Melbourne, Australia, is studied f&trong wind excitation. All relevant structural
analyses and design has been completed, but daregoonomic recession it has never been built.

The reinforced concrete structure is slender witleight to width ratio of 7.3 and thus quite wind

sensitive.
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Figure9-32: Plan view and elevation view of 76-story Hirih, see Yang et al.

Figure9-32 illustrates the plan and elevation view of tffece tower. It has a square cross-section
with chamfers at two corners, and a total mass 5#.A00 metric tons, resulting in a typical

concrete structure mass density?»ﬁOkg/m3 for the overall building. The perimeter dimension
for the centre reinforced concrete core isn2121m. There are 24 columns on each level with 6
columns on each side of the building. Column sizesg wall thickness and floor mass vary along
the height. The building has six plant rooms, orgtisated on top of the structure.

Wind force data acting on the benchmark buildingengetermined from wind tunnel tests at the

Department of Civil Engineering at the UniversityQifiney, Australia, where a rigid model of the
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76-story benchmark building (model heightci#® was constructed and tested in a boundary layer
wind tunnel facility, see again Yang et’alAlong-wind and across-wind forces were measumed i
the open circuit type wind tunnel, with a workirgcgon of 24mx 2.0m and a working length of
20m, see e.g. Figur®-33, where the schematics of a typical boundaygrlavind tunnel test
section is given. An appropriate model of the retwind over a suburban terrain was established,
using the augmented growth method, which includedombination of vorticity generators
spanning the start of the working section and roegk blocks laid over a dXetch length of the

working section.
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Figure9-33: Test section of a boundary layer wind tunseé Lid°

The model to prototype scale for the building wat0@: and the velocity scale was 1:3, resulting
in a time scale of approximately 1:133. The pressueasurements were recorded fors 27

representing approximately 1hour of prototype d&mmce the data acquisition system had a
sampling rate 300Hz, corresponding pressure fltictiaf about 2.25Hz are available for the real
building. If the wind velocity profile in the atmpleric boundary layer is describe by the power

law, see e.g. SocKelp. 83,

a

v(z)=vy (%j . (9-15)

and a mean wind speed @f =13.5m/s (no. 5 on Beaufort wind scale) at a heightloi, then

the mean wind velocity at the top of the building approximatelyv(BOGm):4725m/s,

assuming a power law exponent@f= 0. 3G®hich is typical for city centres. If the windtda

are altered to simulate higher or smaller wind dpethe measured time history must be scaled by
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(v/47.45)2, wherev denotes the desired mean wind speed at the tdpediuilding. Figure-34

displays the time history and the power spectrabife (PSD) of the wind forces for the 360"
and 76" floor. The time history of the wind data for eadbof was made available in a digital
format by the coordinator of the wind bench marklbpem, and it can be downloaded together
with the benchmark definition paper and the stmaitmodel data from the WebPages of the
Structural Dynamics and Control - Earthquake EngingeLaboratory at the University of Notre
Dame, Notre Dame, Indiana 46556, USA, http://wwwedd/~quake/The PSD was calculated by

the author using thesd function of MatlaB8, which estimates the power spectral density of a
discrete-time signal. It reveals that the wind &t@n spectrum has low pass characteristics with
a cut-off frequency of aboud07Hz . Consequently only the fundamental mode ofatibn will

have a significant contribution to the overall strral response.
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Figure9-34: Time history and spectrum of wind load at 080, 50 and 76 for a top floor RMS
wind speed of4725ny's, time history available from Yang et?al.

In Yang et af a finite element model of the building is constastby considering the portion of
the building between two adjacent floors as a @akbeam of uniform thickness, leading to 76
translational and 76 rotational degrees of freedduhsequently all rotational degrees of freedom
are removed by the method of static condensates Section 6.5. This results in 76 degrees of
freedom, representing the displacement of eachr flnothe horizontal direction. Thus the

eqguations of motion can be given in the standaddigen of

MW +Cw+Kw =f(t), (9-16)

where theM , K and C are also available in a digital format from Yarigat?, who assumed a

proportional (76x 76 )modal damping matrix. Analysis of the model perfed by the author has
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revealed, that the first twelve (undamped) natiregjuencies are 0.16, 0.77, 1.99, 3.79, 6.40, 9.46,
13.25, 17.52, 22.83, 28.23, 34.55 and 4H28respectively.

9.4.1. Responseof original building
The wind tunnel tests have shown that the buildegponse quantities due to across-wind loads
are much higher than that due to along-wind loadd, as the coupled flexural-torsional motion is
neglected, only the across-wind loading is considén this investigation, see Yang et.afrom
wind tunnel data generated for about an hour, atur of 900 seconds is chosen to establish the
stationary response properties. Given the maghests and damping matrix as well as the wind
loading, the response of the proposed high risectstre can be calculated by solving BelE).
However, 76 degrees of freedom result in a stadeespepresentation of order 152, which makes
the numerical integration rather time consuming g another model reduction is applied.
The author applied the modal truncation method,udised in Chapter 6, to obtain a reduced
12DOF model (order 24). The reduced order modetreerated by keeping the first 12 vibration
modes, and discarding all higher order contribwgiorhe resultant 12 DOF system is rearranged
such that the state vectar=[w,Ww]' contains the floor displacements and velocitieshat
following floor levels (for details see Section 8.6, 10, 16, 23, 30, 50, 55, 60, 65, 70, 75 and 76
Due to the frequency content of the wind excitgtitime fundamental mode is expected to
dominate the structural response, and 12 vibratiodes have proven to be more than sufficient
for accurate results. The amplitude and phase respohthe 50-th and 76-th floor have been
calculated by the author and are displayed fofuh@rder model and for the reduced order model
in Figure9-35 to Figure9-38. Comparison reveals that an identical behawan be expected for
frequencies up to #4z. Although the wind load varies with floor leveldatime, a constant (time

averaged) spatial distributiolp, of the wind has been introduced by the authoraloutate the

response curves. Thus, for the numerical optimisatiee wind load is approximated by

p,,(t)=b, f(t), where f (t) denotes a scalar wind pressure function, e \ E[ f(t)’] .
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Figure9-35: Amplitude and phase response function ofltmp displacement for 76 DOF
model when compared to 12 DOF structural model
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Figure9-36: Amplitude and phase response function ofltag acceleration for 76 DOF model
when compared to 12 DOF structural model
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Figure9-37: Amplitude and phase response function oftbllebr displacement for 76 DOF
model when compared to 12 DOF structural model
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Figure9-38: Amplitude and phase response function oftbllebr acceleration for 76 DOF
model when compared to 12 DOF structural model

The response of the full and the reduced order isystes been calculated using teen command

of Matlatf, see Section 9.1 for details. Thm command is quite universal and powerful, and

simulates the dynamic response of linear time iawarsystems due to any excitation when

properly described in the time domain. It is notessary to specify any integration options, since
Isim will e.g. resample the excitation input to avomersample oscillations. Comparison by the

author has revealed, that the response errorseofatiuced order model are negligible, when
compared to the full order system, see T&blE3, where RMS response quantities are given for

selected floor levels. All response data are gifeera top floor RMS wind speed ¢f725n/s,

which corresponds to a wind speedvpf =13.5m/s (no. 5 on Beaufort wind scale).

76 DOF Model 12 DOF Model

Floor | o, [cm] | o, [cm/s | o, [cm] | g, [M/S]

no.

1 0.021 0.023 0.021 0.023

30 2.68 2.49 2.68 2.49

50 6.50 5.88 6.50 5.89

75 12.34 11.23 12.34 11.25

76 12.62 11.50 12.62 11.52

Table9-13: RMS Response Quantities of the 76-Story Bugicubject
to across-wind loads and comparison with the sireplimodel

The time histories and the spectral distributiorthaf original building, calculated by the author
using Matlab’spsd andIsim command, are shown in Figu8e39 and Figureé-40 for selected

floor displacements and accelerations.
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Figure9-40: Time history and spectrum of the acceleratemponse at floors 30, 50 and 76

Again it is evident that the fundamental mode dbotron dominates the overall structural
response, and hence, a TLCD tuned to the fundahfesgaency is expected to reduce the overall
response substantially. However, from Fig@89 it is apparent, that the floor displacemeids a
contain very low frequency response, which aretduee quasi-static wind load, and which cannot
be influenced by dynamic vibration absorbers.

9.4.2. Passive TLCD
In the benchmark problem an absorber with a todsyof 500 metric tons is proposed for both
passive TMD and ATMD design, and installed on theftopr, see Yang et &l. Thus, a tuned
liquid column damper with an equivalent liquid massnstalled on the top of the building for
comparison. The absorber-mass-ratio is about 45#eofop floor mass, which is 0.327% of the
total building mass. Applying the TMD-TLCD analogyis rather easy to determine the optimal
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absorber frequency and damping ratio. Accordin@ém Hartog's approach, minimal amplitude

response functions are obtained for the analoguB-Eystem, see Table 2-1,

5 =(1+p)", (9-17)

. 3u

¢ ;
8‘ + U j
Back transformation into the TLCD regime yieldse &#s.(5-12) and (5-13),

5= 1/1+,uf1—/(/(j ’

1+ u

7 = 3KK U
REEIA (9-19)

and the optimal TLCD parameter are given at oncexy= 0.158Hz and ¢, = 666%, with a

[

(9-18)

mass ratio ofu =132 %under the assumption thak = 092, the geometry factors for the final

TLCD geometry. For comparison, the undamped natinegjuency and damping ratios of the

passive device were also calculated from the falgwperformance index

[o0)

J= J-zg(v) Sz.(v)dv, (9-20)

where the diagonal weighting matr&=1 is equal to the identity matrixg represents the host

structure’s state vector given byzg(v)=[wi(v), -, wi(v), g (V). Viuu(V)]T.  The

minimisation of J is performed numerically by calling the functiéminsearch of the Matlab
Optimisation Toolbox.fminsearch finds the minimum of the scalar functiod of several
variables, starting at an initial estimate, givgnBys.0-18) and 9-19). For details ofminsearch

see Section 9.1. As the wind excitation has lows gasloured noise) characteristics, see Figure
9-34, the reduced order dynamic model was exteadedrding to Section 7.5, to integrate a third
order Butterworth lowpass filter with a cut-off ¢ngency of 0.1Hz . For ideal filter parameter see,
e.g. Dort’ or the signal processing toolbox of Matlab

From the numerical optimisatiorfninsearch) the optimal tuning frequency and the ideal
damping ratio were determined to be 0.188and 5.46%, respectively. Comparing this result to

the TMD-analogy almost the same parameter are autasince the TLCD performance is rather
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insensitive to variations iny,, see e.g. Section 9.2. For the subsequent ined¢ising, the
parameter obtained from the gradient method are, ssece they account for the multiple degrees
of freedom. The effective liquid column length igéfd to L, =35m for a piping system with
uniform cross sectional area, and the horizontaé @iection isB =30m and £ =45°, allowing

for peak liquid displacements of 2Za5The system response was simulated by the autivay the

Matlab’sIsim command (without calling any options) for arib wind load segment (provided by

Yang et af, displayed in Figur8-34), and is shown in Figug41 and Figur®-42.
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Figure9-41: Time history and spectrum for the displacemesponse at floors 30, 50 and 76,
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The RMS top floor displacement is reduced frbth crBio 754cm and similarly, the RMS top
floor acceleration is reduced froiri 51cmy/s? to 526cm/ s? , respectively. The maximum water

level displacement lies well within the limits amlless thanlm. Apparently a good vibration
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reduction can be achieved with the passive degee, Tabl®-14 and Tabl®-15, where the peak

and RMS responses of several floors are listed. TMB result, taken from Yang et?is scaled
to compensate for different wind force input levels

original building, TMD,taken from TLCD
Yang et af scaled by 123%
Floor | o, [cm] | o,[cm/s] | o, [ecm] | o, [cm/s] | o, [cm] | o, [cm/s]
no.

1 0.02 0.02 0.01 0.07 0.01 0.03
30 2.68 2.49 1.81 1.52 1.63 1.23
50 6.50 5.88 4.40 3.46 3.93 2.66
75 12.34 11.23 8.33 6.42 7.42 5.11
76 12.62 11.50 8.52 6.76 7.58 5.24

Table9-14: Comparison of RMS-responses of original boddand the building equipped with
TLCD and TMD

original building, TMD, taken from TLCD
Yang et af, scaled by 123%
Floor | w™ [em] | w™ [em/S] | w™ [em] | W™ [em/S]|  w™ | W™ [m/]
no.

1 0.07 0.24 0.05 0.26 0.04 0.24
30 8.80 8.77 7.34 5.77 5.04 4.47
50 21.33 18.18 16.46 11.45 12.20 8.85
75 40.61 37.30 30.66 24.43 23.14 16.50
76 41.52 38.45 31.33 25.33 23.66 17.19

Table 9-15: Comparison of peak responses of originaldmng, and the building equipped with
TLCD and TMD

Since the TLCD considered has a total mass of 668 it must be split into several individual

TLCD, e.g. six pipes with a cross section 288m® each. If several TLCD, forming a multiple
TLCD (MTLCD), are installed they should be arrangsgimmetrically with respect to the
building’s principal axis. However, in such a stioa the author has found that slightly altered
TLCD design parameter give better results thandgrtical TLCD, a result which is also reported
in several publications on MTLCD, see e.g. Changl& Gao et af’, Sadek et &° or Yalla et
al?®, Assuming that each of the three symmetricallprged pairs of TLCD has its individual
natural frequency and damping ratios the numenpéimisation is repeated. This time three sets

of TLCDs are installed, and the numerical optimaais performed with respect to the six free

parameterw,, w,, w;, {;, {, and{;, where initially all natural frequencies and dangpratios

were chosen to be) = 0.158Hz and {; = 546 %, representing the optimal parameter of a single
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TLCD. The weighting matrix of EQR€20) remainsS=1, and the optimisation routirfeninsearch
is called three times, before the numerical optitnis converged to the final TLCD parameter

w =09483ad/s, w,=0.9985rad/s, @,;=1055rad/s, {;=252, {,=252%,

24
{3 = 268%. In Figure9-43 the sum of the floor level amplitude resposetions > | z (v)| is
=

used for a performance measure, and it clearly shbuat the original resonant peak is reduced to

two or more resonant peaks, depending on the nuafld@rCD applied.
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Figure9-43a): Performance index of original structureippged with one single and 3 pairs of
TLCDs, frequency range 0-f&d/s
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Figure9-43b): Performance index of original structureipgad with one single and 3 pairs of
TLCDs, critical frequency range
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If the structural parameter (stiffness or mass mjaare known exactly, then their is only very
little difference between a single and a multipledad liquid column damper (MTLCD) of equal
mass. However, if their is some uncertainty in streictural model, the MTLCD will perform
more robust, see again Chang et’aGao et af’, Sadek et &° or Yalla et af®. Assuming that
the structural stiffness matrix can vary & =+15 , % slightly modified performance index,
accounting for the uncertainty in the structuregudtt be defined. A straightforward approach to
robust optimisation is to define the overall penmiance index as the sum of the performance

indices of the individual structure (with varyingrpmeter), equipped with the same dynamic

absorber. Thusl = ZJi , where J, denotes the performance index of ikl structure equipped

with the TLCD arrangement, still given by E@4). For an uncertainty in stiffness of

AK =+15%, a possible choice af is

(9-21)

J= ‘JAK=O + 'JAK=+15% + ‘JAK=—1@/0 !

With this new performance index the (robust) opsiation (using thédminsearch function) is
repeated with respect to the damping ratios andralafrequencies of the three pairs of TLCD.

The initial values were again chosen to be equal dbrTLCDs, w =0.9922rad/s and
{; = 546%, respectively. Since no numerical problems wereoentered, the optimisation

converged after callingminsearch three times, and the optimal natural frequencres dgamping
ratios for the set of TLCDs are 0.8 0.15Hz 0.13Hz and 3.00%, 3.23% and 3.41%,
respectively. The advantage of the robust optinoedbecomes apparent in Fig@€l4 where the
24
weighed sum of the amplitude response functioEin(v)L is plotted for three different
i=1
structures AK =0 %AK =£15%) and for three absorber configurations. When caoethdo a
single TLCD the vibrations are reduced abadB 4t the critical resonance frequency, because the

peaks arising from detuning are lessened again.
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From Figured-43 and Figur®-44, it can already be concluded, that the pasEiveD can reduce
the dominant resonant peak, and a high vibratiacluggon can be achieved. Besides the floor
displacements and accelerations, which are allrdecbin Table9-19-Table9-24 for reference,
several other non-dimensional performance measaresgiven by Yang et 4).and they are

discussed in the next section.

9.4.3. Performancecriteria

The main objective of the installation of vibrati@bsorbers is to alleviate the occupant’s
discomfort, and a main indicator of the TLCD’s perhance is to reduce the maximum floor
RMS-accelerations, which can be measured by a nwdiional criterion given by, see Yang et

al? for the definition ofJ; (and all following performance measures),

Jl = ma)<0-‘ UW3O’ JWSO’ JW55’ UWGO’ UWGS’ JW?O’ JW75)/JW750 ! (9-22)

wil?

where g, is the RMS acceleration of thieth floor, and 0,5, =12.34m/s* is the RMS

acceleration of the #5floor without control. In the performance critarid,, accelerations up to

the 7%" floor are considered because th& Ti6or is the top of the building and it is not dsey
the occupants. The second criterion is the avepagermance of acceleration for selected floors

above the 48floor, i.e.,

J, :%Z(UM/UW’ fori = 50, 55, 60, 65,70 and 75, (9-23)

in which g, is the RMS acceleration of theh floor of the original building. The third and

fourth nondimensional evaluation criteria desctibe ability of the controllers to reduce the top

floor displacements,
J3 = aw76/aw760 ' (9_24)

J, :%Z(awi/awb) , fori =50, 55, 60, 65,70, 75 and 76, (9-25)
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where g, and g,, are the RMS displacements of théh floor with and without absorber,

respectively, and,;5, =12.62cm, see Tabl®-14, is the RMS displacement of the"7&or of
the uncontrolled building.

The TLCD will be compared to a ATMD, designed inngeet af, whose actuator force(t) and
piston strokew,(t) is constrained bymaxu(t) < 300kN and maxw,(t) < 95 cm, respectively.
Further constraints are a limitations for the RM$hteol force o, and actuator displacements

O,m» 0,<100kN ando,, <30cm, respectively. In addition, the control effort vdg@ments of a

proposed control design should be evaluated ingefrthe following non-dimensional actuator

stroke and average power

'J5 = wm/aw760 ; (9'26)

1 T 1/2
Js =05 :{?jo[ W, (t)u(t) ]? dt} (9-27)

wherev,, (t ) denotes the actuator velociilyjs the total time of observation amg, denotes RMS

control power.

In addition to the RMS performance, the performanderms of the peak response quantities are
considered by a set of nondimensional performanteria,

J; = max(wpl’ W 530: W p50: W 555 W 605 W pess W70, Wp?S)/Wp750 ;

(9-28)
Lo o :
Jg :Ez(wpi /W), fori=50, 55, 60, 65,70 and 75 (9-29)
i
Jg = Wp76/Wp760. (9-30)
3, :%z(wpi Jw,,), fori =50, 55, 60, 65,70, 75 and 76 (9-31)
i

where w; and w,, are the peak displacementsicth floor with and without controlyv ; and
W, are the peak accelerationiotth floor with and without absorber. In additidhe proposed

control designs should be evaluated for the follmpgontrol capacity criteria
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'Jll =W pm/W p760 (9'32)

31z = Pra = iy, (1) u(t) (9-33)

wherew,, and R, denote the peak stroke of actuator and the peatkatgower, respectively.
From the performance criteria defined above, dhserved that the better the performance of the
controller, the smaller the values of performanu#idesJ,, J,, ..., Jio. All performance criteria
have been evaluated for the single TLCD and MTL@fer calculating the dynamic response
using thelsm function of Matlab. The results are listed in T&@bt16 and Table©-17 for the
nominal buildings as well as the structure withadtered stiffness. It has to be mentioned, that,
according to the benchmark definition paper by Yah@l? it is always the nominal structure
which is used to calculate the performance indi€esthermore, the performance criteria for the
ATMD, also proposed in the benchmark definition graps given in Tabl®-18. Comparing the
ATMD and the passive TLCDs, the passive systemeaelsia similar level of vibration reduction,
and thus it is superior to TMD and ATMD for the bbmark problem investigated, since it is

cheaper, more robust and independent of any mainbten

RMS responses STLCD Peak responses STLCD
Criteria | AK=0% | AK =15% | AK =-15% Criteria | AK=0% | AK = 15%| AK =-15%
3 0.4548 0.5372 0.5610 J 0.4424 0.5986 0.6383
J; 0.3403 0.4040 0.4204 Jg 0.4490 0.5934 0.6391
Ja 0.6009 0.5519 0.8040 Jo 0.5697 0.5479 0.7124
4 0.6027 0.5538 0.8040 Jio 0.5707 0.5474 0.7081
Js 3.2169 2.008 2.3971 I 2.2751 1.8893 2.5728
Jg . kKNm/s - - ” Jio, kNm/s - -
Oy, kN ; - - maxu(t) kN| - ;
Gy s CM 30.97 25.34 30.31 mMXm| cm| 9447 78.45 106.83

Table9-16: Evaluation criteria for single TLCD (STLCDpcfor varying stiffness matrix
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RMS responses MTLCD Peak responses MTLCD

Criteria | AK=0% | AK =15% | AK =-15% Criteria | AK=0% | AK = 15%| AK =-15%
3 0.4844 0.5034 0.5070 J 0.4866 0.5815 0.5782
J; 0.3631 0.3782 0.3792 Jg 0.4752 0.5517 0.5812
J3 0.6174 0.5338 0.7556 Jg 0.5652 0.5014 0.6251
4 0.6193 0.5358 0.7571 Jio 0.5655 0.5009 0.6266
Js 3.2169 2.5492 3.2872 Jig 3.1079 2.4974 3.1744

Jg  KNm/s - - - Jio, KNm/s - -

gy, kN - - - maxu(t) kN[ - ;
Oy, CM 42.48 41.47 32.16 mMXm| cm| 167.67 198.15 141.03

Table9-17: Evaluation criteria for multiple TLCDs (MTLQRnd for varying stiffness matrix

RMS responses ATMD Peak responses ATMD
Criteria | AK=0% | AK =15%]| AK =-15%| Criteria | AK=0% | AK = 15%]| AK =-15%
J; 0.369 0.365 0.387 J; 0.381 0.411 0.488
N 0.417 0.409 0.438 Jg 0.432 0.443 0.539
J3 0.578 0.487 0.711 Jg 0.717 0.607 0.770
J4 0.580 0.489 0.712 Jio 0.725 0.614 0.779
Jg 2.271 1.812 2.709 i1 2.300 1.852 2.836

Jg.kni/s | 11.99 | 8.463| 16.61| J,,, kNmis | 71.87 | 52.68] 118.33
oy, kN | 3407 [ 2829 4432 maqu(t)| kn| 118.24| 10558 164.33

cm | 23.03 | 1837[ 27.46 | maxw,|,cm| 7429 | 59.83| 91.60

Table9-18: Evaluation criteria for ATMD (see Yang etgfor varying stiffness matrix

g

wm ?
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displacements nominal structure AK = 0%
mean displacementsr] peak displacementsi|
original | 1 TLCD | 3 TLCD | 3TLCD |original| 1 TLCD |3 TLCD |3 TLCD
building| 500t |166teach robust |building| 500t |166teach robust
166t each 166t each

floor 1 0,02 0,01 0,01 0,01 0,07 0,04 0,04 0,04
floor 10 0,42 0,26 0,25 0,26 1,38 0,78 0,76 0,718
floor 16 0,91 0,56 0,55 0,57 2,99 1,71 1,61 1,69
floor 23 1,69 1,03 1,01 1,06 5,54 3,17 2,917 3,13
floor 30 2,68 1,63 1,61 1,68 8,8( 5,04 4,69 4,97
floor 50 6,50 3,93 3,87 4,04 21,38 12,20 11,85 42,0
floor 55 7,60 4,59 4,53 4,72 24,917 14,27 13,27 41
floor 60 8,74 5,28 5,20 5,42 28,78 16,41 15,25 36,2
floor 65 9,91 5,97 5,88 6,14 32,60 18,60 17,29 48,4
floor 70 11,11 6,68 6,58 6,87 36,53 20,83 19,835 6&0
floor 75 12,34 7,42 7,30 7,62 40,6[1 23,14 21,49 9@2
floor 76 12,62 7,58 7,46 7,79 41,52 23,66 21,97 423
TLCD1 30,97 33,98 30,15 94,47 111,93 99,18
TLCD2 49,36 54,23 150,17 167,67
TLCD3 50,53 37,37 159,70 120,30

Table9-19: Displacement response for nominal structure

accelerations nominal structure AK = 0%
mean accelerationsifys’] peak accelerationsfvs’]
original | 1 TLCD | 3TLCD | 3TLCD | original | 1 TLCD | 3TLCD | 3TLCD
building| 500t |166teach robust |building| 500t |166teach robust
166t each 166t each

floor 1 0,03 0,03 0,03 0,03 0,24 0,24 0,24 0,24
floor 10 0,43 0,27 0,27 0,28 1,86 1,28 1,2P 1,30
floor 16 0,90 0,52 0,52 0,54 3,64 2,48 2,5p 2,94
floor 23 1,61 0,86 0,85 0,90 6,19 3,65 3,71 3,16
floor 30 2,49 1,23 1,21 1,30 8,77 4,47 4,56 4,65
floor 50 5,88 2,66 2,59 2,84 18,18 8,85 8,69 9,02
floor 55 6,88 3,08 3,01 3,29 21,20 9,78 9,73 10,03
floor 60 7,91 3,54 3,45 3,78 24.,2p 10,92 10,85 413
floor 65 8,98 4,02 3,91 4,29 27,38 11,83 12,27 826
floor 70 10,08 4,53 4,42 4,84 32,11 13,48 13,64 894
floor 75 11,23 511 4,98 5,44 37,30 16,50 16,40 1838
floor 76 11,50 5,24 511 5,58 38,45 17,19 17,08 818
TLCD1 30,66 36,94 33,37 91,38 124,17 111,13
TLCD2 45,68 53,84 137,88 162,54
TLCD3 50,51 33,79 155,54 111,37

Table9-20: Acceleration response for nominal structure
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weak structure AK =-15%
mean displacementsr] peak displacementsi|
original | 1 TLCD | 3TLCD | 3TLCD | original | 1 TLCD | 3TLCD | 3TLCD
building| 500t |166teach robust |building| 500t |166teach robust
166t each 166t each
floor 1 0,02 0,02 0,02 0,02 0,05 0,05 0,05 0,04
floor 10 0,40 0,34 0,34 0,32 1,10 0,9% 0,98 0,87
floor 16 0,87 0,74 0,73 0,69 2,40 2,07 2,1p 1,89
floor 23 1,62 1,36 1,35 1,29 4,46 3,83 3,91 3,90
floor 30 2,57 2,17 2,15 2,04 7,10 6,11 6,18 5,56
floor 50 6,21 5,24 5,20 4,93 17,30 14,98 14,81 13/4
floor 55 7,26 6,12 6,08 5,76 20,28 17,59 17,80 a5/6
floor 60 8,35 7,04 6,99 6,62 23,3p 20,30 19,86 18,0
floor 65 9,47 7,98 7,93 7,50 26,54 23,10 22,49 20/4
floor 70 10,60 8,93 8,88 8,40 29,7/7 25,95 25,17 8@2
floor 75 11,77 9,92 9,86 9,32 33,12 28,92 27,94 325
floor 76 12,04 10,14 10,08 9,53 33,87 29,58 28,66 5,9@
TLCD1 30,24 25,02 20,22 106,83 89,81 67,74
TLCD2 59,29 39,17 203,32 129,55
TLCD3 40,31 65,01 134,55 198,15
Table9-21: Displacement response for the weak structure
weak structure AK =-15%
mean accelerationsifys’] peak accelerationsfvs’]
original | 1 TLCD | 3TLCD | 3TLCD | original | 1 TLCD | 3TLCD | 3TLCD
building| 500t |166teach robust |building| 500t |166teach robust
166t each 166t each
floor 1 0,03 0,03 0,03 0,03 0,23 0,23 0,28 0,23
floor 10 0,37 0,31 0,31 0,30 1,51 1,21 1,2D 1,20
floor 16 0,74 0,61 0,60 0,58 3,01 2,3% 2,2P 2,28
floor 23 1,28 1,02 1,00 0,95 514 3,90 3,51 3,69
floor 30 1,93 1,48 1,46 1,37 7,45 5,58 4,96 5,16
floor 50 4,45 3,27 3,22 2,96 15,56 11,57 10,50 40,4
floor 55 5,19 3,81 3,74 3,44 17,68 13,26 11,95 92,2
floor 60 5,96 4,37 4,30 3,94 19,9p 15,36 14,04 84,0
floor 65 6,77 4,97 4,88 4,48 21,45 18,02 16,43 46/1
floor 70 7,61 5,61 5,51 5,05 23,81 20,58 18,71 a8)7
floor 75 8,51 6,30 6,20 5,70 27,46 23,81 21,63 21,5
floor 76 8,72 6,46 6,36 5,84 28,29 24,59 22,36 22,2
TLCD1 26,74 24,57 20,75 98,54 89,88 73,62
TLCD2 50,61 36,37 174,31 118,82
TLCD3 37,47 53,41 127,15 170,87

Table9-22: Acceleration response for the weak structure
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stiff structure AK =15%
mean displacements [cm] peak displacements [cm]
original | 1 TLCD | 3 TLCD | 3 TLCD | original | 1 TLCD | 3 TLCD | 3 TLCD
building| 500t |166teach robust |building| 500t |166teach robust
166t each 166t each
floor 1 0,01 0,01 0,01 0,01 0,04 0,04 0,04 0,03
floor 10 0,27 0,23 0,24 0,23 0,86 0,74 0,71L 0,67
floor 16 0,59 0,51 0,52 0,49 1,87 1,61 1,56 1,47
floor 23 1,09 0,94 0,97 0,91 3,46 2,99 2,80 2,13
floor 30 1,73 1,50 1,54 1,45 5,49 4,77 4,60 4,36
floor 50 4,19 3,61 3,70 3,50 13,1)7 11,65 11,19 40/6
floor 55 4,90 4,22 4,32 4,09 15,38 13,65 13,09 924
floor 60 5,63 4,85 4,97 4,69 17,6b 15,72 15,05 94,3
floor 65 6,38 5,49 5,62 5,31 19,97 17,85 17,06 46,3
floor 70 7,15 6,14 6,29 5,94 22,38 20,01 19,09 18,3
floor 75 7,93 6,81 6,98 6,59 24,717 22,25 21,20 Q0,3
floor 76 8,11 6,96 7,13 6,73 25,3P 22,75 21,67 20,8
TLCD1 25,34 43,43 42,62 78,4% 148,18 141,03
TLCD2 29,83 32,22 96,70 92,43
TLCDS3 36,76 21,64 106,11 77,64
Table9-23: Displacement response for the stiff structure
stiff structure AK =15%
mean accelerationsifys’] peak accelerationsfvs’]
original | 1 TLCD | 3 TLCD | 3 TLCD | original | 1 TLCD | 3 TLCD | 3 TLCD
building| 500t |166teach robust |building| 500t |166teach robust
166t each 166t each

floor 1 0,03 0,03 0,03 0,03 0,22 0,22 0,2P 0,22
floor 10 0,32 0,28 0,29 0,27 1,39 1,33 1,38 1,27
floor 16 0,65 0,56 0,58 0,54 2,61 2,38 2,44 2,25
floor 23 1,13 0,95 0,99 0,91 4,37 4,02 4,08 3,19
floor 30 1,72 1,42 1,49 1,34 6,03 5,67 5,6b 5,27
floor 50 3,94 3,15 3,33 2,95 13,0[7 10,60 11,10 9,59
floor 55 4,60 3,67 3,88 3,43 15,48 12,55 13,28 812
floor 60 5,29 4,21 4,46 3,94 17,96 14,59 15,82 13,2
floor 65 6,00 4,78 5,06 4,47 20,6p 16,42 17,94 15,2
floor 70 6,75 5,38 5,69 5,04 23,34 18,75 20,24 88]1
floor 75 7,55 6,03 6,37 5,66 26,14 22,33 23,49 21)6
floor 76 7,73 6,19 6,53 5,80 26,7/ 23,14 24,833 22/4
TLCD1 28,73 52,26 52,00 90,80 174,34 167/64
TLCD2 30,60 34,66 101,7Yy 100,82
TLCD3 40,16 21,50 118,62 72,98

Table9-24: Acceleration response for the stiff structure
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9.5. Benchmark control problem for seismically excited structure

Based on a benchmark problem published by Ohtcai.&twhich provides a problem definition
and guidelines for the investigation of seismicadlcited structures for a 3-, 9- and 20-story
building, the efficiency of TLCD in mitigating eaiquake loads is investigated. The high rise, 20-
story structure used in this numerical study wdky fdesigned but actually not constructed. It
meets the seismic code for the Los Angeles, Calidoregion, and represents a typical high-rise
building, see Ohtori et &l. The benchmark structure, depicted in FigQ5, is 30.46h by
36.58n in plan, and 80.7##% in elevation. The bays are 6ri®n centre, in both directions, with
five bays in the north-south (N-S) direction and kBays in the east-west (E-W) direction. The
building’'s lateral load-resisting system is compdsof steel moment-resisting frames (MRFS).
The interior bays of the structure contain simpéerfing with composite floors. The mass of the
structure is composed of various components ofsthecture, including the steel framing, floor
slabs, ceiling/flooring, roofing and a penthouseated on the roof. The mass, including both N-S
MRFs, of the ground level is 58Zor the first level is 563 for the second level to 19th level is
552, and for the 20th level is 584The mass of the above ground levels of the estitecture is
11.10Q. The building has two basement levels, and tydioak to floor heights are 3.9&for all
levels except the ground floor, whose height i98&.4

This benchmark study focuses on an in-plane (22)yars of the benchmark structure. The
frames considered in the development of the nuraleeicaluation model are the N-S MRFs, the
short, or weak direction of the building. Basedtbe physical description of the building, a 2D
finite element model has been developed by Ohtai® including the beams and columns which
are modelled as plane frame elements with a distmass and stiffness corresponding to each
element. Since every node has three degrees afoimreethe structure is described by 414 DOF
prior to the application of the boundary conditioBssides the kinematic constraints, all floors are
supposed to be rigid in horizontal direction, farpiall nodes at a certain floor to have equal

horizontal displacements.
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Figure9-45: 20 DOF benchmark structure N-S direction, MatrResisting Frame (MSR),
see Ohtori et af

These assumption allow to decrease the degreeseefldm to 291 by means of the static
condensation method. The first 10 natural frequesnof the resulting model are given in Ohtori et
al® 0.261, 0.753, 1.30, 1.83, 2.40, 2.44, 2.92, 3853 and 3.68z respectively. The
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corresponding damping is obtained under the résigicassumption of Rayleigh damping
(Eq.1-42), see Figur@-46. Although this damping model is very contrei@ramongst scientist,

it is kept for the subsequent analysis, for congua’s sake.

0,06
0,05 ~
0,04
0,03
0,02

0,01

0,00 T T T T T
0 1 2 3 4 5 6

frequency [HZ]

Figure9-46: Damping coefficients for the first 10 modsse Ohtori et &l.

In order to evaluate proposed control strategies,far-field and two near-field historical records

are selected, as required in Ohtori ef gavailable at Structural Dynamics and Control -
Earthquake Engineering Laboratory at the Univemsitjotre Dame, Notre Dame, Indiana 46556,
USA, http://www.nd.edu/~quake/El Centro: the N-S component recorded at the Imperial Valley

Irrigation on Mai 18, 1940, with the maximum (meel) of acceleration 0.85 and digitally
available with a sampling time of 092'he El Centro earthquake represents a typicadband
excitation occurring under hard soil (rock) comatits. Hachinohe: the N-S component recorded at
Hachinohe City, Japan, during the Tokachioki earékg of May 16, 1968, with a maximum
acceleration of 0.28 and a sampling time of 0.8INorthridge: the N-S component recorded at
Sylmar County Hospital parking lot in Sylmar, Caiifia, on January 17, 1994, with a peak
acceleration of 0.8} and a sampling time of 0.82Kobe: the N-S component recorded at the
Kobe Japanese Meteorological Agency (JMA) stationng the Hyogoken Nanbu earthquake of
January 17, 1995, with a peak acceleration of @.88d a sampling time of 0.62Both,
Northridge and Kobe earthquake are typical nedd fiecords with an impulse (hammer) like
excitation, similar to the earthquake in Skopje,cBtdonia in 1963. The earthquake records are

shown in Figur®-47.
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Figure9-47: Ground acceleration of the earthquakes uséus numerical study, digitally
available at WebPages of the Structural DynamidsGuntrol - Earthquake Engineering
Laboratory at the University of Notre Dame, Notranie, Indiana 46556, USA,
http://www.nd.edu/~quake/.

9.5.1. TLCD Design
It has already been mentioned that the mathematesdription of the 20-story building left 291
DOF. Although it is possible to perform simulationgh high order systems it is cumbersome to
design and optimise TLCDs, since important physicfrmation is hidden behind the numerous
equations. Thus the author performed a model remtu¢db 20 degrees of freedom using the
method of modal truncation, such that structuraltiomo is characterised by the floor
displacements, see EQ.(6-14) in Section 6.6 Thetrdn modes kept are shown in Fig9rd8.
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Figure9-48: Vibration mode shapes of the 20 DOF reducddranodel

It has to be mentioned, that the influence of thdigpation factor was taken into account, thus
only the vibration mode shapes with the highesti@pation factors were kept for the analysis.
Comparison of the full order model has shown tlsapilar to the wind benchmark problem,
Section 9.4, the model reduction does not detdaadifee numerical results (for a linear study).
Thus all subsequent results are based on the 20 md@fel. To decide in advance how many
TLCD should be installed in the high rise buildimg difficult. From the distribution of the
damping coefficients, see Figude46, it is expected that the vibration modes tavdour will be
vibration prone, since they are lightly damped. Blso the fundamental mode, whose damping
ratio is 2%, may turn out to be vibration sensitiltewould be certainly best to have a TLCD
dedicated to each vibration mode, but from a ptatpoint of view, this is absolutely not feasible.
To keep the number of TLCD reasonably small iteésided that three absorber will be distributed
in the structure to mitigate the vibrations. It lee®n derived in Section 5.2, that the efficienty o
the TLCD is proportional to the horizontal displant of the floor level to which it is attached.
Additionally, it will be necessary, that a singlédD mitigates the vibrations of two or more
vibration modes. The top floor is certainly ideal installing TLCDs, but on the other hand a
distribution of the absorber weight over the bunfgiheight is preferable from a loading point of
view. Thus the following configuration, illustratéa Figure9-49, is considered ideal: One 50-ton-
TLCD is installed on top of the structure to mitgahe fundamental and second vibration mode.

Vibration modes three and four are damped by amekd0-ton-TLCD which is installed at floor
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level four, and a third 30-ton-TLCD installed omdt two is used to reduce the vibrations of
vibration modes five and six. Thus the total absonweight will be 120 tons which is about

1.08% of the entire building weight. Certainly maagher configurations are possible, but it
should be kept in mind, that each TLCD has a aefta@quency operating range, and therefore it

is necessary to tune a TLCD to vibration modes waitfacent frequencies.

20
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O RPN W MU o N
T R T B N R

displacement

Figure9-49: Modal floor displacements, and position ofl&£D

Although the concept of using a single TLCD to gate several resonant vibrations is only
possible with active TLCDs, all three absorber finst designed to operate passively (fail save
concept). Since the second vibration mode is danipesl than the fundamental mode, and its
contribution to the interstory drifts and floor aterations are assumed important, the first TLCD
is tuned to the second resonant mode shape. Sirtiter third and the sixth resonant frequencies

are attenuated by the TLCD, see Figgw®80. Again the performance index was construatetie

00

frequency domain by weighted quadratic form of stete vectorzg, J = IZTS(V)st(v)dv,

where the weighting matri§ was chosen to sum up the equally weighted flotwoittes, thus
S=diag([ 00,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,0,00011,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1]) .
Minimising J using thefminsearch command of Matlab, see Section 9.1, renders thenap
tuning frequencies and damping ratios for the tip@&ssive TLCDs: 0.Hz, 1.2Hz, 2.98Hz, and
7.60%, 5.16%, 3.2, respectively. When inspecting Figu8e50, it must be noted, that the
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resonant vibration peak of the fundament mode semdominate the frequency response.
However, this is only true for the steady stataatibn, and in the transient vibration regime, the
performance will be improved dramatically by thelagation of an active air spring. Furthermore
the tuning to the fundamental mode would causeeldigquid displacements (due to the low

frequency), which should be avoided.

50
45 ~ original building
40 + —— 3 TLCD installed

>slzv)

[dB]

v [HZ]

Figure9-50: weighted frequency response function of gdvith and without TLCD

9.5.2. Activecontrol
For the active control the pressure input to thev@ad'LCDs is modelled as a first order low pass
process with cut-off frequencies oH2, 2Hz, 3Hz, to avoid that e.g. the first TLCD, which is
designed to mitigate the first two vibration modésrts to operate at higher frequencies. The idea

behind is that in order to achieve high pressupaits at high frequencies the control inpu(t)
must be high, and accordingly the performance indecx%J'ZTQz+uTSu dt, Eq.(8-11), is
0

increased. Thus the minimisation &f will automatically create a control law which ageihigh
frequency pressure input, and the frequency caontafthe pressure input will be limited.

The weighing matrixQ must be chosen to minimise the response quantifiegerest, e.g. the
interstory drifts and the accelerations in thidgtuSince the elements of the state vector do not

include floor accelerations, a modification of threar quadratic optimal control, called the linear
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guadratic regulator design with output weightin@@Y) is applied to calculate the state feedback

gain which is still of the form of Eq.(8-20y =-S™'E|Pz, see e.g. Levirfé The modification
allows to optimise a performance index given By:%J'yTQy+uTSu dt, where the output
0

vectory contains interstory drifts and absolute accelensti

The control toolbox of Matldballows to design a linear-quadratic regulator withput weighting
directly by using itdqgry function, and the matri® is returned immediately. The application of an
LQRY is also discussed in the benchmark definifmper, see Ohtori et al.The following
weighing was used during the LQRY design with Matldhe weights of structural interstory
drifts werew,,, =[10,5,1,11,1,1,1,11,1,1,1,11,1,1,1,101], and the TLCD displacements weight

was Wy, = [010,01,001], whereas the weight of the floor accelerations vgagen by
W, =0121,1,11,1,1,1,11,1,1,1,11,1,1,108]. The weight of the active pressure inphp,
was chosen to b8 = diag([0.001,0.00150.002 ]t has to be mentioned, that the selection of the
weighing coefficientsw ¢, W cp W,eeq @nd S is always based on trial and error. Thus the

design of the active control law is an iterativeqass, where the system’s response has to be
simulated repeatedly (usinigim), until a desirable behaviour is obtained. Witle theighing
coefficients given above, the optimal feedback s calculated (usintgry), and a numerical
simulation with four earthquake ground acceleraia performed. However, for the following
numerical studies the knowledge of the full statetor is assumed, and furthermore the control
pressureAp, is assumed to be applied continuously, accordiriget (8-20). Simulations with the
linear elastic model have been performed using ab&llsim comman§, and the results are
presented graphically in Figu51-Figure9-54 were the interstory drift ratio, the ratio toke

relative floor displacementv® over the story heighth, w*®/h, and the absolute floor

acceleration for both, peak and RMS responsesispéaged.
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Figure9-51a: Interstory drift ratio and absolute floocealerations for the El Centro earthquake
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Figure9-51b: Time history and power spectral densityhef El Centro earthquake acceleration
record

Apparently, the level of vibration reduction acteeMs slightly less than in the previous numerical
examples, presented in Section 9.1-9.4. The maisore for this is the fact that no dominating
vibration modes exist, since the assumption of Rlagleigh damping generates several lightly
damped modes, and thus vibration prone mode sh&pethermore, the operating range of the
ATLCD has been limited in the frequency domainr@main as realistic as possible), reducing the
efficiency of the absorber for broad band excitatibhe vibration reduction achieved is, however,
very competitive when compared to the active tendample control problem given in the

benchmark definition paper Ohtori et *alNevertheless, for the building considered under
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earthquake excitation, ATLCDs cannot develop thdirvibration reduction capability, and thus
alternative energy dissipating devices or concepight be investigated for further improved

vibration reduction.
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Figure9-52a: Interstory drift ratio and absolute floocalkerations for the Hachinohe earthquake
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Figure9-52b: Time history and power spectral densityhefachinohe earthquake acceleration
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Figure9-53a: Interstory drift ratio and absolute floocealkerations for the Northridge earthquake
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Figure9-53b: Time history and power spectral densityhef Morthridge earthquake acceleration
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Figure9-54a: Interstory drift ratio and absolute floocalkerations for the Kobe earthquake
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Figure9-54b: Time history and power spectral densityhef Kobe earthquake acceleration
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Appendix

A. Equivalent Linearisation

The linearisation of nonlinear differential equasois important in the course of this

dissertation. Especially the nonlinear turbulenhgang term5L|u|u must be converted into

an equivalent viscous dampir{ w,u for the sake of simple investigation of the rasgt

dynamic system. Since the nonlinearity appears irsirgle differential equation, a
straightforward approach is to apply the methotiafmonic balance, e.g. see Zieyl@r619,
Magnus, or FéllingeP, pp.11-158:

Considering the dynamic system

ta+ f(u,u)=0 (A-1)

whose free vibrations can be approximated by tiee tharmonic motioru(t) = Asin(wt),

then the equivalent linearised system is descHiyetthe linear differential equation

U+bu+au=0, (A-2)

where the Fourier coefficien®s andb are determined by

2

a= A—lﬂ [ f(Acos(wt), - Awsin(wt))codet) d(wt), (A-3)
b= w—'lo\]:ff (Acos(wt), - Awsin(wt))sin(at)d(wt) (A-4)

0

Evaluation of these coefficients for the nonlineabtilent damping term
f(u,u)=3_|ulu+afu (A-5)

renders
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a= A—lﬂzfn 5L( |- Awsin(at)| Awsin(at) + wf Acodat) ) codut)dat = af (A-6)
0
12 ) _ _ ) _ _89 Aw
= !)na'LG Aa)5|n(a1)|Aa)S|n(a1) + ) ACOS(CJ))S”T(C‘I)d‘“t T 37 (A-7)

Thus the linearised equation is given by

U+2 i+ wfu=0, A8

7 =4Ad

3T

where ¢ denotes the equivalent viscous damping, and thitaiche dependence is preserved.
Exactly the same result is obtained by demandiagttie dissipated energy during one cycle

(vibration period T;) must be equal for the linearised and the nontirggstem, thus

o

TO
E=J| f(u,u)uldt = [|2¢ wuuldt, which also renders the equivalent viscous damping
0

Z:4A6L-

3T
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B. Lyapunov Equation

For linear time invariant systems of the fomx A z+Bu, the integral expression

[o0]

IZTQZdt (B'l)

0

is of ultimate importance for optimisation and agohtas it acts as a kind of performance
index which should be minimal for optimal systemfpenance. Assuming free motion of a

linear time invariant system, the homogenous smutf the state variables is given by

z(t) =e™z,. Insertion into B-1) yields

D AT B-2
5 jeA ‘Qe’dt z, :%ngz0 B8-2)
0

where the unknown matriR is defined by

Q eA tdt (B-3)

Solving for P by partial integration yields

P= [ QAT } - TAT " 'QATEe it . (B-4)
0 0
For infinite time and stable systems, the firstrteaf Eq.8-4) reduces to-Q A™ and due to

the fact thatA "e*' =e*'A™, Eq.B-4) can be rewritten as

P=-QAT-AT[e"Qe* dtAT=-QA-ATPA™ (B-5)

0
where the integral equals agaf. Right-multiplication with A renders the well known
Lyapunov matrix equation, which can be solved edfidy by several numerical methods, see

e.g. the Matlab Control Toolbbx

ATP+PA +Q=0. (B-6)
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c. Notation
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absolute acceleration

guiding acceleration

relative acceleration

amplitude transfer function for displacement,
velocity, acceleration

system matrix

area enclosed by TTLCD

cross sectional area of horizontal TLCD section
cross sectional area of inclined TLCD section

width of horizontal TLCD section
system (TLCD) input matrix
damping factor, damping matrix, output matrix

feed-through matrix
kinetic energy
dissipative energy
strain energy
potential energy
external input energy
dissipative energy

cartesian unit vectors, unit vector in tangential
direction

active pressure, effective force influence vector

force vector

effective force loading
absorber interaction forces

external force, e.g. wind
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fett » Test
g

H'a

H

H(s),h(s),h(t)

g, d
Q
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effective force

constant of gravity

angular momentum vector with respectAo

length of inclined TLCD section

complex frequency transfer function, impulse

response function

effective height

momentum vector, identity vector
performance index
stiffness, stiffness matrix

tangent modulus

body force

position matrix

length of liquid column, effective length
interaction moment with respectAo

mass, mass matrix

fluid mass, conjugate mass

maximal index, number of DOF of structure

number of TLCDs, polytropic index
rotation about Z-axis
rotation about Z-axis

pressure, pressure difference, pressure loss
active pressure input

normalised active pressure input

solution of Lyapunov equation

observability Gramian

modal coordinate, modal vector

generalised force

weighing matrix
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controlability Gramian

position vector
relative position vector
TLCD parameter matrix

static influence matrix

static influence vector
coordinate of relative streamline
weighing matrix

power spectral density af
transformation matrices

natural period of vibration

relative liquid displacement
relative flow velocity
velocity vector

guiding velocity

relative velocity vector
Lyapunov function

gas volume inside TLCD

horizontal ground displacement,
acceleration
floor displacement, displacement vector

displacement in X- or Y-direction
state space vector

damping coefficient

TLCD opening angle

damping ratio of structure/absorber
Kronecker symbol

tuning ratio

head loss factor

mode shape vector
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ground
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(1)) modal matrix

¢ phase angle

Y. Yy frequency ratio

r(s), r(t) transition matrix

K,K,K geometry factors

A loss factor

A costate vector

H absorber-structure mass ratio

vV circular forcing frequency

P mass density of fluid

2 covariance matrix

o? variance

Wy undamped natural frequency

Q rotation vector

Qg diagonal matrix with the structural circular
frequencies

W undamped circular frequency of TLCD

¢4 ground excitation participation factor

[)1u index W denotes filter quantities

D]* superscript * denotes corresponding quantity in

analogue TMD system
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