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SUMMARY:

The inclusion of passive energy dissipation deviseseen as a cost effective way to improve primragainst
seismic loads. In recent years, devices, such asdrliquid Dampers (TLD), have received increasitigntion

as a simple but effective way of reducing buildiresponse to dynamic loads. The paper describes an
experimental study and includes the results obthirem tests performed on TLDs installed in a SDrEciural
system with varying frequencies. The system wasgded and constructed to work in a range of fregie=n
between 0,6 to 1,4 Hz, achieved by means of afsatr-@ushions with different stiffness, dependiog the
initial pressure and on the deformation duringtgsts. The main results and conclusions obtairad the tests
performed on TLDs with varying geometries as wslffram the tests performed on the SDF + TLD systeen
presented.
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1. INTRODUCTION

Recently, passive devices, such as tuned liquichdesn(TLDs) have drawn special attention, because
they are a simple and effective way of reducingctiral response in buildings, bridges and other
structures to dynamic loads, such as wind and gaa#tes [Yalla, 2001]. TLDs are just tanks with a
liquid inside (normally water); both their geometipd the water height define the natural sloshing
frequency. When coupled to structures, their furetsiad sloshing frequency is adjusted to the
fundamental frequency of the structure, so thatafgiven seismic load, the structure responshédb t
frequency is reduced, due to the coupling of theemsloshing.

Additionally, they also present an ideal optimasteeffectiveness, are easy to install and theslsig
frequency can be easily changed by varying the mfaight. Other properties can also be altered to
improve their performance, such as: i) using amdifaid different from water with different densgit
and viscosity, ii) inclusion of networks or vertigaids iii) varying the roughness of the devicellsja
etc. ...When in service, TLDs present good perforzean tall buildings and low-frequency flexible
structures, such as bridges and towers.

The design and implementation of TLDs, as well th&eiopassive energy dissipation devices, require
experimental tests (full scale or reduced scale)viidation of their main features. The main
objectives of the set of tests developed werendeusstand in more detail, the operation of TLDs, in
order to allow the use of mathematical and mecl@nicodels in the simulation of linear and
nonlinear phenomena occurring inside them. Theop@idnce of the devices in the presence of large
amplitude excitations is an important point of tisrk, ii) Define how the change of some parameters
associated with each TLD tested; such as the theight at rest, the geometry of the device, the
presence of suspended particles, the damping lewelith the load itself, such as the type of attio
its intensity, frequency and duration; can influetigeir performance and iii) Determine the efficign
associated with the introduction of TLDs in struatisystems of well-defined frequency.



2. EXPERIMENTAL TESTS ON THE REFERENCE STRUCTURE
2.1. Testing device

The testing device used to assess the interactbmelen the TLDs and the transmission structure
included the use of the LNEC uniaxial seismic mlatf, to which different horizontal loads generated
artificially were imposed [Falcdo Silva, 2010]. Fig.1. shows a schematic representation of the
testing device [Oliveira e Morais, 2006].

Figure 2.1.Testing device: SDF transmission structure

In addition to a displacement sensor and an aaraketer placed on the uniaxial seismic platform, in
order to record its movements, the SDF transmisstaicture was instrumented with two pressure
transducers, to continuously monitor the intermakpure in the two set of springs, three displacéme

transducers (LVDT), to record the relative motiofi the transmission structure and two

accelerometers (PCB), to measure its accelerdfign.2.2. presents the plan of the instrumentation
used in the tests to characterize the dynamidseofransmission structure.
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Figure 2.2.Instrumentation placed in the transmission stmecta) Perspective of the testing device and ildet
with connection to acquisition system and pneuntitiuit

2.2. Preliminary tests

Each air spring used as an elastic element iréimsihission structure was subject to quasi-stasist

in order to validate the theoretical models prodobg the manufacturer, and define mathematical
models enabling to relate the force, as a funatfgoressure in the springs and their deformation.
Based on the results obtained, it was possiblarte & mathematical model for the operation of the a
springs and obtain empirical relationships, retatihe force in the spring, F, with the spring
deformation, d, on the basis of well-defined inipeessures imposed to the springs.

It was considered that the initial pressure ingpengs can vary between 1.5 and 7 bar and thakin
SDF transmission system tested with and without S Lfbree configurations can be considered: i)
Two parallel sets of two springs in series (CASFiil)Two springs in parallel (CASE 2) and iii) Two
parallel sets of two springs in parallel (CASE Bhe configurations presented in CASES 2 and 3
enabled to obtain values of stiffness and therefogquencies higher than those intended for the



experimental program, as representative of straciystems in the existing Portuguese housing park.
Thus, CASE 1 emerged as the simplest and more stoalbway to meet stiffness and frequency

requirements (Fig. 2.3.).
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Figure 2.3.Frequencies for different air spring configuratioadapted from [Morais et. al., 2010]

Taking into account the values obtained, an extengirogram of experimental tests was outlined, in
order to actually identify the dynamic charactéesof the SDF transmission structure considered, f
subsequent use in tests with TLDs included.

2.3. Analysis of experimental results obtained

The SDF transmission structure was mounted withdinesprings placed in accordance with the
provisions of CASE 1, with varying pressures betwge bar and 4.5 bar, and subject to random tests
corresponding to 20 white noise series, artifigigkénerated using the LNEC-SPA software [Mendes e
Costa, 2007], in order to identify its dynamic cweristics. Based on the instrumentation defimed i
the testing device, records of displacements, aca@bns and spring pressure for each type of test
performed were obtained. The results of random evhitise tests were analyzed by means of the
Modal Analysis - FRF Estimations module and adjisbkased on concepts of signal analysis.
Frequency response functions (FRF), damping insthecture and coherence between input and
output signals, for all initial pressures in theisgs tested, were determined in the scope of an
experimental study [Falcdo Silva, 2010]. As for tehioise tests, it is important to note that ttsilts
obtained correspond to an average of the 20 seygted and that the frequency response functions
refer to relations between input signals in acegiens (acceleration of the shaking table) and wutp
signals also in accelerations (acceleration in 8@F transmission structure).The schematic
representations of the frequency and damping vanigrends with the initial pressure in the air
springs for white noise tests are shown in Fig. @4l Fig. 2.5., respectively.
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Figure 2.4.SDF system frequency variation Figure 2.5.SDFsystem damping variation

The SDF transmission structure presents a clegrdat frequency evolution and a clearly nonlinear
damping evolution (second degree) with the vamatid the initial pressure. The nonlinearity of
damping can be justified by eventual phenomena rdogu in the springs and which are not



adequately identified in the specifications of étements.

3. EXPERIMENTAL TESTS ON TUNED LIQUID DAMPERS (TLD)

The experimental program held at NESDE - LNEC, &whlthe characterization of the dynamic
behaviour of water tanks with specific TLDs chaeaistics. These individual TLDs, with geometry
identical to those that compose the TLDs sets whiehe subsequently tested coupled to the SDF
transmission structure, were designed and consttubased on the following requirements: i)
Adjustment to the fundamental vibration frequenany & the mass of the SDF transmission structure,
as verified that the devices are more effectivemmse the frequency vibration approaches the
fundamental frequency of the structure in whichythee included, and also the more the relationship
between the water mass inside the set of TLDs dswand the mass of the transmission structure is
kept between 1 to 5% [Gardarsson, 1996] [Yu, 198)1]Geometrical limitations of the structural
system built for installation of multi TLDs setj)iiEasiness to conduct the TLD tests in both main
operation directions, thus allowing to cover a widenge of frequencies and iv) Selection of a non
opaque material, to allow the visualization of twave(s) formed within the devices during the
experimental testing program.

3.1. Testing device

To carry out the tests to characterize the dyndmalaviour of rectangular TLDs an uniaxial seismic
platform was used. In fact, to better understared hbhavior and dynamic characteristics of TLDs
when not included in structures, it was necessagatry out tests in which these devices operayed b
themselves, reason why the assemblage of devickacmessories was carried out according to what
is shown in a the scheme on Fig. 3.1. and Fig[Rak&o Silva, 2010].
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Figure 3.1.Testing device Figure 3.2.Assemblage in-situ of the testing device

With the testing device defined, it was possibledgister not only the movements transmitted to the
devices, but also the forces associated with linedrnonlinear phenomena that occur inside thd flui
in motion during imposed dynamic loads, as weltleselevation of the fluid surface. The variables
measured during the tests were the relative displaat on the seismic platform, the height of the
water column at different points and the force $raitted to the side walls of the tank. For that
purpose, it was used: i) a displacement LVDT sefisoear Variable Differential Transformer); ii) 6
KELLER 46R pressure sensors and iii) two force gdarcers, using technology developed in CIC-
NSM [Morais et. al., 2010].

It was decided to test TLDs, when isolated, subjectandom white noise excitations, in order to
complement the research investigation works preloueveloped [Sun, 1991] [Yu, 1991]
[Gardarsson, 1996] [Yalla, 2001]. For that purpasete used 20 white noise series with a frequency
content between 0.5 Hz and 1.5 Hz, artificially gr@ted using software LNEC-SPA and previously
used in the dynamic characterization of the SDRsirassion structure. The reason for choosing the
indicated frequency range is because it is reptaea and compatible with real existing structures
for example, in the Portuguese housing park, irciwiwere intended to be applied. Thus, the referred



series were imposed on TLDs as horizontal tramsiaixcitation with different peak amplitude values,
ranging from low to high values. These tests erhldenong other things, to obtain the experimental
vibration frequencies as well as damping valuesemh situation tested, for comparison either with
the corresponding theoretical values [Yalla, 200¥d], 1991] and with the values obtained from the
numerical simulations developed and proposed ihatResis [Falcdo Silva, 2010].

3.2. Analysis of experimental results obtained

In all tested cases, records of displacements)axations and water surface elevation were obtained
The natural vibration frequency associated with gleshing phenomenon that occurs on a fluid in
motion inside TLDs is similar to what happens idipary tanks, conditioned by their geometry and
fluid height at rest.

During the experimental program carried out, thelgtfocused on rectangular TLDs with a certain
well-defined water height at rest and compatiblthwlie frequencies to be adjusted. FRF obtained for
each situation tested during the experimental progallowed the identification of objective modal
frequencies corresponding to each test developedor different water heights at rest as welfas
increasing excitation amplitudes. As an example, dkerage variation trends of the experimental
frequency in function of the excitation amplitude shallow and deep TLDs are shown below (Fig.
3.3. and Fig. 3.4.). The blue points reflect theuhs for all series tested and allow us to hagkarer
perception of the variability of response for tligetlent series tested. Average values appeardn re
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Figure 3.3.Frequency variation in shallow TLD Figure 3.4.Frequency variation in deep TLD

The variation trend of the fundamental vibratioadgnency of TLDs is clearly linear with the peak
value of excitation amplitude. The behaviour idiéedi by visual observation of the waves formed
within the device, also shows the emergence ofrgthenomena, responsible for the gap between the
theoretical and experimental frequency values.

Based on the results obtained for the 20 seriedest was possible to establish empirical
relationships between the fundamental vibratioguesncy of the TLD and the peak amplitude of the
load imposed. Based on these results, it was @stied that regarding the fundamental frequency of
the fluid inside TLDs, besides the imposed load léoge, A, there is a clear dependence on the water
height at rest, h, and the length of device itselfThus, when higher loads emerge, for example,
during a particular seismic action, the phenoméah accur inside TLDs cease to be primarily linear,
and therefore the existing formulation has a maestricted scope of application. However, in
possession of experimental results, such as thesemted in this study, it is possible to propasaes
adjustments on the models.

Damping was another parameter which showed a gka@ation during the tests. The effect of fluid

damping is significant at the resonance frequemcyshould be carefully considered when modelling
the behaviour of TLDs, whatever their geometry. Thedal damping associated with shallow
sloshing waves, also called shallow water wavegifficult to determine theoretically, especially

when nonlinear breaking wave phenomena occur

As a summary of the results obtained, are presdmgtev the graphical representations of the average



variation trends of modal damping with the load dmge (Fig. 3.5. and Fig. 3.6.). As for the
fundamental vibration frequencies, points in blalect the results obtained for the different serie
tested and allow a clear perception of the respeas@ance, for the different tests included in the
experimental program. The red points represenatieeage values.
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Figure 3.5.Damping variation in shallow TLD Figure 3.6.Damping variation in deep TLD

As can be seen, the values of damping coefficiestisnated on the basis of the experimental results
obtained for the different water heights at restveha great variability. The experimental results
obtained also led to the conclusion that the viamatrend of damping is fairly linear, and that it
increases with the peak value of the excitationlange. The behaviour of the wave formed inside the
TLD during the tests, identified by visual obseiwat also shows the emergence of other phenomena,
especially non-linear ones. In addition to what besn presented for frequency and damping, a more
comprehensive analysis on TLD, when isolated, wagldped [Falcdo Silva, 2010]; and included: i)
A more comprehensive analysis of linear and noalipdienomena arising inside TLDs, when subject
to sinusoidal excitations of increasing amplitudg; Determination of the dynamic mass of the
mobilized water; iii) Determination of the stiffregquivalent to the dynamic mass of the mobilized
water; iv) Determination of the phase angle; v)ddetination of the wave height and normalized
wave height; vi) Determination of shear forces ammdmalized shear forces; vii) Determination of
energy balance; viii) Identification of breaking weanonlinear phenomena; ix) Identification of
transverse waves and stationary waves.

4. EXPERIMENTAL TESTS ON THE REFERENCE STRUCTURE WI TH TLDS INCLUDED

After completion of the first phase of the expenia tests, which focused on isolated rectangular
TLD devices, that were, directly mounted on thesrs@t platform, the work stepped to the second
phase, in which a set of these devices was testezh included in structures with varying frequency.

The reason for placing a set of TLDs and not jus ©LD unit is because it was necessary to reach a
mass relation between 1 and 5%, so that vibratigtigation in a given well-defined frequency
structure is optimized, without negative side @Bdatroduced by a high amount of mass, for which
the structure in question may not be dimensionedring the study, mass percentages varying
between 2% and 7%, slightly higher than the valmestioned above, were tested. The test results
described and presented in this section allow ushbtain very valuable conclusions about the
performance of such devices in representative tsiress of existing structures, regarding the reducti

of the dynamic loads imposed.

4.1. Testing device

The transmission structure, with varying frequenegis tested under the action of the 20 artificially
generated series [Mendes and Costa, 2007], butwitwthe 33 rectangular TLD placed on it (Fig.
4.1. and Fig. 4.2.). To facilitate the fixation thfe tank sets to the oscillator, a wooden base was
designed, equipped with four steel supports, oreaeh corner, which allowed the fixation of the set
with two orientations, i.e. with the devices longiinally or transversely aligned. The instrumewtati
used was the same as for the situation in which tvd transmission structure (Fig. 2.2.) was tested



In addition, one of the tanks was instrumented @ting to what has been presented in section 3 (Fig.
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Figure 4.1.Set of rectangular TLDs placed on SDF Figure 4.2.View from the top of the set of rectangular
reference structure TLDs placed on SDF reference structure

4.2. Analysis of the experimental results obtained

In all tested cases, were obtained records of:igplBcements and accelerations in the seismic
platform; ii) Displacements and accelerations ia ttansmission structure; iii) Pressure in the avo
springs responsible for the stiffness of the stmadtsystem, and therefore for the variation of the
respective fundamental frequency and iv) Waterasgrelevation inside the devices.

In tests carried out, new FRF for the whole refeeefstructure + TLD” were obtained, considering
different excitation amplitudes and water heigtitseat inside the devices. In addition, for the sam
reference structure, what corresponds to a givi#ialipressure in air springs, were also testecbisayv
water heights at rest, corresponding to differamigdiencies around the fundamental vibration
frequency of the structure, whose movements aemd®d to be mitigated, in order to evaluate thé bes
relationship between frequencies of the structack & the device and optimize its performance. Fig.
4.3. and Fig. 4.4. show some FRF obtained duriagehts.
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Figure 4.3.FRF for SDF structures with shallow  Figure 4.4.FRF for SDF structures with deep TLDs
TLDs

As can be seen, when introducing TLD in a certdd Structure and for any situation presented, two
fundamental vibration modes can be identified: eCassociated with the main structure and ii)
Another corresponding to the devices which wermduted in it, in order to mitigate vibrations
resulting from dynamic loads imposed.

The separation of the two modes is more evidethe@slynamic load amplitudes imposed are higher.
There is a reduction of the system response iriuhéamental frequency, while the new FRF peaks
deviate from this value. It should be noted, foample, that reductions observed at the peak FRF



values on the main systems with rectangular TLDgeaetween 50 to 80%, for low to high dynamic
excitation amplitudes, what corresponds to a vensierable reduction.

Globally, RMS values are variables that seem tortoee suitable for comparisons and even for
determining the efficiency of the devices, onceytlti@ke into account not only the peak values
occasionally reached during a given occurrencealsatthe whole time histories recorded.

It can also be concluded that, for these leveldyofamic load amplitudes, the response presents no
major difference, when considering simple TLDs ahvguspended particles. However, it appears that
when the fluid height at rest increases, that iegwthe TLDs turns from shallow to deep, the
situations in which devices with polystyrene paesdan suspension were introduced behave better.

5. PERFORMANCE OF TUNED LIQUID DAMPERS

Finally, and based on what has been presentedgdilmnanalysis of results, it is possible to defime
criteria of efficiency and performance that camapelied and generalized to this kind of devicese Th
proposed criteria allow evaluating the performan€elLDs, when included in different structural
systems for different adjustment levels of operafrequency and mass ratios.

5.1. Experimental efficiency criteria

An extremely important point, to be taken into actowhen analyzing TLD performance, whatever
their geometry, when included in structural systeomsresponds to the relationship between device
and structure frequencies [Gardarsson, 1996] {Ya¥@01] [Yu, 1991]. Thus, and according to
previous work carried out, it is possible to defiaecoefficienty corresponding to the so-called
frequency adjustment coefficient, given by the esgron:

y — fTLD (51)

The situations in which this coefficient is equal unity correspond, in theory, to ideally tuned
situations. However, based on previous experimaellts [Gardarsson, 1996] [Yalla, 2001] [Yu,
1991], it has been observed that, in fact, thedmglfficiency does not exactly correspond to theeva

1, but rather to a broader range between 0.9 ahard clearly dependent on the load amplitude.
Besides what has been mentioned, it should notobgotten that, for the performance analysis
presented below, another very important paramétauld be considered, corresponding to the relation
between the fluid mass inside the device and thetsire whose vibrations we intended to mitigate:

U= Mo (5.2)
M.

This coefficient has values defined as optimal leetwl and 5%. However, devices that express
higher values of this coefficient may be used, @glas the structural safety of the structure is
ensured. However, given the safety factors useldrdesign of structures, values up to about 10% of
the mass of the main structure can be implemetites, allowing to successfully reach considerable
amounts of dynamic vibration mitigation.

Based on the experimental tests carried out, wiaetkefficiency criteria, taking into account faoh
case they andp indexes previously indicated



Ef_X — Xest_ refx_ Xest_ ref _TLD (53)

est_ref

where the variable X can be taken as peak valudisplacement, as peak value of acceleration, as
RMS value of displacement and as RMS value of acatbn.

In addition to these criteria directly obtained lpmparing the records obtained from the
instrumentation, a reference criterion related te &nalysis of the obtained response functions in
frequency can also be defined. The indexes obtawadn implementing the equation (5.3) for the
considered variables, are expressed as a percentage

5.2. Performance analysis based on experimental efEncy criteria

After completion of the equation (5.3) for eachntiéed variable, were obtained various levels of
efficiency [Falc&o Silva, 2010]. As an example, piresented in this section (Fig. 5.1. and Fig. $&)
RMS displacement ratios obtained for shallow anepdELDs. For shallow TLDs, it appears that, in
general, efficiency increases with the increasoagllamplitude imposed.

The relationship between the optimized frequentdesach situation was also identified. Thus, for
reduced load amplitudes, except in some rare c#dsegptimal relationship between frequencies is
around 0.86-0.91, while maximum values obtained tfer RMS_desl rate were about 14%. For
moderate amplitudes, the maximum efficiency rataches 20% for a relationship between
frequencies of 1.01. Considering high dynamic laadplitudes, an efficiency rate of 35% in

RMS_displ is reached.
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Overall, was observed an efficiency increase wlig é¢xcitation amplitude for deep TLD. For low

amplitudes, were achieved efficiency rates of alh% for RMS values of displacements. With the
increase of the dynamic load amplitude imposedgieffcy rates varying between 10 and 41% were
obtained. In what concerns higher load amplitudies,behaviour of deep TLD is undoubtedly very
good with varying efficiency rates reaching 50%.

6. CONCLUSIONS

The extensive experimental program developed madgossible to obtain several conclusions
| enumerated below:

i. The experimental frequencies and damping were appated with reduced errors by
theoretical expressions, only for low excitationpditndes, and as such only when linear
phenomena (linear sloshing) were involved. Theedéfice observed for amplitudes varying
from low to high reaches almost 10%. The observédrdnce corresponds to the emergence



of nonlinear phenomena (breaking waves), which witheasing excitation amplitudes begin
to be evident and frequent;

ii. For the relationships between the masses of the t&DBmission structures and of the TLD
devices tested, optimal frequencies were determified values obtained made it possible to
confirm what has been proposed by previous worksemnted in the literature [Gardarsson,
1996] [Yalla, 2001] [Yu, 1991];

iii. TLDs are a very effective kind of passive devicartitigate dynamic loads. In certain cases
regarding excitation amplitude and frequency adjastt, in the resonance frequency of the
structure, whose action is intended to be mitigateductions in the peak values of the FRF
reaching 80% can be observed,;

iv.  Very significant reductions of the RMS displacemealues of the different SDF transmission
structures tested we obtained, which, in some casashed up to 50%. This value shows that,
in fact, using only water, a cheap and easily olatale substance, it is nowadays possible to
significantly reduce the effect of seismic actiomsstructures. An analysis of the performance
and efficiency of the devices based on peak valymeears to be more conservative, when
compared with an analysis based on RMS values;
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