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ABSTRACT :

Traditional design gproaches usually consider seismic actions as elguit/static actions. Recent researct
shown that adopting a dynamic approach where thecteracteristics of seismic actions are takem agicour
may lead to reach significant behavior improvements

The inclusion of energy dissipation passive devisemwadays seen as an effective way of improvingsire:
protection towards seismic actions. A significantmier of this kind of devices is already placedréa
structures all over the world.

Vibration mitigation of the seismic actions imposedhe structures is being more and more taken iotoun
in structures design. In order to get more effecthystems, structure’s designers are using morenare
passive devices. Systems like TuneduiggDampers (TLDs) have drawn some attention tosttientific an
designing community as an effective, easy to imgleinand economic solution for vibration mitigation.

In order to validate TLDs properties a 3.7 ton orgrde of freedom transmission &mt with adjustab
dynamic characteristics has been developed to atmstructures natural frequencies between 0.2t The
variation of frequency in the referred range isieebd by means of a system of aprings placed in ti
transmission system.

The present paper reports the results of experirtgizs made on the air springs in order to charie ther
as well as develop a model which rules its meclahhiehaviour and that will be very useful for thedidition of
the characteristics of the transmission systemitandsponse to dynamic actions.

Furthermore dynamic tests performed over TLDs taratterize its behaviour and validate theoreticati@h
are described and the corresponding preliminamitepresented. This work aims at paeing the testing devi
to perform parametric studies in order to evaltlatedynamic characteristic of the transmissionesysiith ani
without TLDs included and its performance for eaithasion.

This paper also describes the equipment and inshtati@n used during the experimental prograr
performed..

Passive Energy Dissipation Devices, Tuned Liquid Demnp Vibratiol
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1. INTRODUCTION

Recently, passive devices like Tuned Liquid Damp&tDE) have drawn special attention as they are als
and effective way of reducing structures respohséidings and bridges) towards dynamic actions ¢@wémc
earthquakes). TLDs are just tanks watffiuid inside (usually water), in a way that iesognetry and water heig
define the natural frequency of sloshing. When ddiestructures their sloshing frequency is adplidte the
structure’s fundamental frequency, so that duringearthquake thetrsicture response to that frequenc
reduced due to the dissipative effect of waterhstag

TLDs present an optimal cosffectiveness relationship, are easy to install #radr sloshing can be eas
altered by varying the water height. Other prdpertcan be also altered in order to improve the ~
performance, such as: i) using another fluid (vdifierent density and viscosity); ii) using vertiggrids; iii)
varying the rugosity of the TLD walls, etc...

When in service, TLDs present a good perfance in high buildings and low frequency flexilsieucture
(bridges and towers).

In Portugal and mainly due to the fact of the rextlibeight of Portuguese constructions this typdesices i
not quite known or used. Nevertheless the Portugoesderrconstructions (housing, offices and commerce
increasing in height that is why the use of TLDsuti@ertainly be a good option, considering theuoedl cost
associated to the construction, placement and srance of the referred devices. The glesiant
implementation of TLDs as well as the other passivergy dissipation devices require experimentas tgsa
scale or reduced scale) for validation of the nehiaracteristics.

The aim of the study that is being developed undehR thesis is t@valuate de dynamic behaviour of Tl
and their performance when include in structures. that purpose was developed in LNEC, a transnm
system with one degree of freedom and adjustabtardic characteristics [Oliveira and Morais, 2D0@ve
been developed in order to sitate the behaviour of low frequency typical stunes. The referred transmiss
system (Figure 1) is composed by a 3.7tons mobéssmand several air springs allowing the simulatt
vibration modes with frequencies identical to tine®desired (0.7 to 2.0 Hz)

In order to achieve a greater accuracy in the detetion of the transmission system frequency, stases wer
performed on the asprings responsible for the definition of the siif$s (rigidity) of the system. After th
preliminary tets the springs were characterized by means of airieal model relating force (as a functior
the internal pressure on the air-springs) and dedition obtained. These results are showed in tteept@aper.
To better understand the dynamic behavio@irthe TLDs set to be used in vibration mitigatioh the
transmission system, one of the tanks (TLD) wa®te&ir different intensities random vibration. Tdefinition
of geometric characteristics of the TLDs tested al &s the instrumentation used is also described.

Some preliminary results on dynamic tests perforaedhe TLD prototype will also be showed as weltte
definition of the future developments previewedtfur testing set-up with a set of 32 TLDs (Figure 2)

Figure 1. Schematic view of the placement of tinglsi degree of freedom transmission system oveurieial
shaking table
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Figure 2. Testing set- up of the transmission systétin 32 TLDs included [Falcao Silva et. al, 2007]

In the end will be stated some preliminary remaukd conclusions referring the work done until themeant
The development of the experimental program ovenrdm@smission system with and without TLDs inclu
will be object of a future publication.

2. METHODOLOGY

To perform the previously mentioned tests, some puent has been developed and the nece
instrumentation for each situation installed. Fyrshe airsprings were tested to define a global model feir
behaviour and afterwards the TLDs were t@gt# the definition of their main characteristidhese two type
of tests will be used in future for the definitiohthe behaviour of the transmission system witth &ithout the
set of 32 TLDs for vibration mitigation.

2.1. Air springs experimental tests

Tests have been performed on each one of the fogpangs (Firestone W01-M58128), submitting them tc
cycle of chargalischarge ranging from 300 to 200mm height (ofgpgng) starting from initial conditions
pressure and constant deformation velocity.

To carry out the tests, a Baldwin/Schenck press W@BkN force cell calibrated in Laboratério de Epsdé
Produtos Metalicos (LPM) was used, together withata dcquisition system and some support equipridsat.
description of the tests was presented in [fald&@®t. Al., 2007].

2.2. Tuned Liquid Dampers (TLDs) experimental tests

These tests allow the characterization of the dyadrmahaviour of the water tank (TLD). This TLD (withlp
one chamber) was designed on the basis of theafiolip i) dynamic behaviour of the transmission systto b
tested because the TLDs are effeetivhen their sloshing frequency is tuned (or cldsejhe fundament
frequency that is intend to mitigate and simultarsiyp when the relation between the mass of thefs&LDs
and the structure’s mass is between 1 and 5% [Baieal, 2000]; ii) geometric limitatioof the transmissic
system for the installation of the set compose@dyLDs; iii) tests easy to perform in both direakgiv) us
of a non-opaque material in order to allow the @igation of the waves formed during the tests.

The natural frequencgf sloshing in a TLD is determined by its geometrythe present case, research foc
in rectangular TLDs. According to [Sun, 199the natural frequency of sloshing of rectanguldDs is
calculated by means of:

1 |2n-1 2n-1
fo=— tanh (2.1
: J tranh| 2=t 2)

Where n corresponds to the vibration mode, 2aedethgth of the TLD and h corresponds to the waggght. |
must also be referred that is intended to mitighte structures vibrations by using the oscillatemergy o
waves in the TLD associated with the fundamentalenod
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Considering all the previously mentioned requisitetank with 422x211mm?2 basis and 300mm heighblkas
chosen. With this solution it may be tested morafigorations, still taking into account the massatien
previously mentioned.

By varying the water height between 40 and 100mrd aocording with the expression (1), value:
fundamental frequency between 0.6 and 1.8 Hz casbtsned considering that the TLD can be alignethé
length direction of 422 or 211mm. Figudeshows the evolution of the fundamental frequeotyhe TLD:
depending on its length. To perform the experimeptagram the testing sefp was installed as showed i
simplified scheme in Figure 5.
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Figure 3. Evolution of the fundamental frequencyhvihe water height in the reaigular TLD in both directior
[Falcdo Silva et. al., 2007]
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Figure 4. Schematic view of the testing set-up whkethg the experimental programme [Falcdo Silvale2007]

During the experimental program were measuredlgtive displacement in the seismic platform by nseef ¢
LVDT,; ii) water height in different points of the TLby means o6 submersible pressure sensors (Keller
and iii) forces in the TLD walls by means of .celides developed in LNEC Scientific Instrumentati@ntte. |
is important to notice that the 6 pressure sensengh were adapted for this test [Falcdo Silvaakt. 2007
were préerably used along the central lines because sdbnfiguration they are less affected by the ¢dfed
wall proximity.

For the tests performed were used random whiteeneigitations artificially genated by the softwa
LNEC-SPA [Mendes and Costa, 2007]. Twenty series3@®s duration each were generated, which
afterwards used for each considered water heigbtw@en 40 and 100mm) and for each displacen
amplitude imposed to the shaking table (betweemd 26mm). These tests enable to obtain experin
vibration frequencies for comparison with the cepending theoretical values [Sun, 1R94s well as tr
damping values for each situation tested. It wdlldbtained medium values based on the resultseofwBnt
series imposed to the shaking table.
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3. RESULTS

3.1. Air springs experimental tests

Based on the results obtained experimentally it passible to define empirical models for each ohé¢he
air-sprins tested. These empirical models may be defasddxponential relations between forces (F)
deformation (x) observed in the spring during #&d, considering well defined initial pressurepased
These empirical relations will be:

F(Pi.x) =C(P e ) (3.1)
With C and m linearly dependent on the initial grgge (Pi) and x corresponding to the spring deftion
referred to the initial undeformed position.
The results obtained during the experimental testaif-spring 2 are presented in Figure 5.
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Figure 5. Experimental results for spring 2 and Figure 6. Experimental, theoretical results and
corresponding regressions empirical models for spring 2

It was obtained the following empirical models the forces in all four aisprings as function of deformati
and initial pressure (Table 1).
Table 3.1 Empirical models for the forces in thesqirings

Air-spring Model
1 Fy(Pi, ) = (3.903P - 1.9333¢l ~0000%i+0000d
2 Fo(Pi, X) = (39548Pi - 2.251g¢l~0.000%i+0009]
3 F3(Pi,x) = (3.775%Pi - 1.4419¢l-0000Pi+0.008
4 F4(Pi,x) = (38214Pi — 15859l 00001 +0.0089

These models correspond to good approximationsfoottne experimental results as well as for thetagca
models defined by the manufacturer. These goodigata between results are presented in Figuedsé fo
spring 2. The results obtained for other springsrasieided in [Falcdo Silva and Costa, 2008].

The determination of the stiffness (K) of eachsgiring (and of the transmission system) is madenbgns ¢
differentiation of the expressions for each forbejng the expected value for the transmission strac
frequency obtained based on the stiffness of thefsat springs for the mass of the structure (al®iudtons)
Considering that the initial pressure of the experital tests may vary between 1,5 and 7 bar andrthiae on
degree of freedom transmisgrisystem to be tested with and without TLDs inclui@d/ibration mitigation ma
be considered two configuration: i) four air-spsnset of two springs in series, parallelCASE 1; ii) twc
air-springs (parallel) — CASE 2 it may be achiewadural fequencies between 0.7 and 2.0Hz, which cove
frequencies previewed for this particular study.

3.2 Tuned Liquid Dampers (TLDs) experimental tests
The values measured during the experimental progeaemabled the characterization of the TLD studiele
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included in the set of 32 TLDs to be placed on thagmission system for vibration mitigation.
Analysis of the experimental results was made u#iiegAnalysis and Modal analysis mubes of the softwa
LNEC-SPA [Mendes and Costa, 2007]
Modal frequencies were identified using the FregyeResponse Functions estimated and the Peak §
Method. The FRF estimated relates the water hépglssure sensors) to the ralatdisplacement measurec
the shaking table (LVDT).
In all the tests only one translation mode has haentified as, for the considered excitations, liflgher mode
did not present representative amplitudes.
The modal frequencies identified for thests performed for several water heights and 1nuitegion amplitud
(only linear phenomena) are included in Table 3thimreferred table are also present the theotetataes fo
the fundamental frequency obtained by the exprag@id). As it may bebserved the differences observec
reduced proving that the theoretical models are #&blsimulate with accuracy the frequency in admeng
(for small amplitudes of excitation)

Table 3.2 — Experimental (fexp) and theoreticadjtmodal frequencies

h (mm) fexp (Hz) fteo (Hz) error (%)
40 0,747 0,73 2,3
50 0,809 0,81 0,12
70 0,937 0,94 0,32
85 1,021 1,02 0,10
100 1,084 1,08 0,37

Figure 7shows the FRF obtained for 50mm water height awdation amplitude varying between 1 and 201
In spite of variations observed the trend is clelnlear (Figure 6).

As it may be observed from both Figures 7 and 8§ fnelquencies correspding to low excitation amplitudes
and 2mm, are in accordance with the values obtaireed expression (2), what may be an indicator of -
occurrence of nolinearities for higher excitation amplitudes whiafe not being considered in the theore
expression. When the excitation amplitude increagesan be noticed some alterations of the funddd
frequency (increase) what confirms the existencsafe other phenomena (non-linear) inside the TLD.
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Figure 5. Experimental results for spring 2 and Figure 6. Experimental, theoretical results and
corresponding regressions empirical models for spring 2

Damping was another parameter that presented av@eation during the tests. The effect of fluidnaping i
significant near the resonance frequency and meistabefully considered when modelling the TLDs bébrav
[Sun, 1991]. Damping of the sloshing thatcocs inside the TLD for shallow water waves is difft tc
determine in an analytical way, especially whenakieg waves occurs. However the dampifgg)(can b
approximated according to what was expressed im,[$891]. The expression (3) is suitable for regtdal
TLDs facing small excitation amplitudes.
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Wheren corresponds to the elevation of water surfaceshfie fluid height at restp is the long wave natui
frequency in accordance with linear wave theory [ha@®32];v is the cinematic viscosityyn is the frequenc
of the water vibration mode in theLD, b corresponds to the TLD length in order tc@amt the dissipation d
to friction on the side walls; S is a surface caritation factor that assesses damping on the camaea liquic
surface (ranges between 0 and 2, and accordingites, 1967] was condered a value of 1, which correspo
to a completely contaminated surface. Table 4 pteste theoretical and experimental values obtafoe the
damping considering different water heights and lexgitation amplitude.

Table 3.2Experimental §.x) and theoreticali(.) damping

h (mm) gexp (%) Eteo(%) error (%)
40 1,08 0,89 +22
50 0,89 0,72 +25
70 0,62 0,52 +20
85 0,55 0,44 +25

100 0,46 0,38 +21

Differences observed between the values shown erptlvious table can be justified by an alteratérihe
contaminated liquid surface (S). This way is thouthiatt for the conditions of the tests performedirdyithe
experimental program developed itnst a completely contaminated surface and thezefior order that tt
theoretical model can be representative, S musadjested to values above 1. These studies, conmsj
increasing S values, will be developed in futurd arill allow the validationof the model for the particul
conditions present during the tests.

Similarly to what has been done for the experimefriequencies it is showed (Figurg the graphic:
presentation of the evolution of the experimentahding with the excitation amplitude.
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Figure 7. Evolution of the damping coefficient wéhcitation amplitude

The results presented in the Figure demonstratahkatrendline is linear (with r2=0.94) proving thehen thi
excitation amplitude increases the theoretical rhagleot suitable for simulating the damping, dwethe
occurrence of highly non-linear ehomena in the water that are not considered iexpeession (3). For the
non-linear situations is advisable to use otheretwtbr the damping determination.

4. FUTURE PERSPECTIVES

Despite the results shown in the present papesttidy on the effectiveness of TLDs for vibrationigation is
far from being completedt is important to refer that there are some adddl work that is already previewec
Conclusion ofthe tests over the rectangular TLDs, namely diffevesiter heigths and excitations (sinesw:
and records of earthquakes); ii) Characterizatestst of the transmission structure (Figure 1) falidation o
the empirical models (air-springs) that allaw indirect calculation of the structure’s stiffsgand frequency
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iii) Experimental tests over the transmission systeith the set of 32 TLDs mounted (Figure 2) consiulg
different water heights and effective water massgsfests performed for different tank shapesc{der). Thest
other tanks are already under construction beiegigwed their conclusion by the end of 2008

5. CONCLUSIONS

Preliminary tests aiming at developing and impletimgna system to protect and reduce vibration @éxifile
structures are being concluded.

The adequate choice of equipment and implementailomved that, so far, tests have been developel
sucess.

To validate airspring characteristics tests were performed. Thests enabled the achievement of a mode
simulates adequately the springs mechanical betavidis will be useful to determine the transmisssyster
characteristics as well as to obtain the reactooef in the springs.

Experimental frequencies in the TLD have been obtawigtd reduced errors when compared with theore
expressions, as long as the excitation amplitudesosv and therefore only linear phenomena arelirech The
differences obtained for a range of excitation aiugé between 1 and 25mm almost reached 188an k
observed in Figure 6.

The theoretical damping coefficient is dependena dactor so called “contamination factor of theefeairface-
S”. Increaing values of excitation amplitude correspond t@aation of the damping coefficient associate
the occurrence of non-linear phenomena (breakinggszamong others).

It was also observed a good correspondence betiveercords of the forces on thikeD walls obtained direct
(force cells) or indirectly (pressure sensors plaoe the bottom wall of the TLD), which proves thiat; the
studied cases, the shear force in the TLD is nect#tl by any hydrodynamic component.
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