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ABSTRACT :

One of he goals of the COVICOCEPAD project is to develapathematical model of tuned liquid dampers (T
devices. This new model will take into account tleenping forces resisting the actions resulting ftheviscou
interactions between the liquid and its rigid cameg the hydrodynamic head losses subsetjto orifices passit
and the internal viscosity of the liquido calibrate the mathematical models full scaktste®n shaking table ¢
being performed. A performance evaluation of th®Tdevices Wl be accomplished by the comparison betwee
behaviour of a specific structure with and withgaissive protection. This work addressesthe possibility ¢
exploiting the liquid sloshing motion in tanks fgpecific vibration control purposes of itiengineering structure
Analytical, numerical and experimental issues eferred and the test steel frame is presented.
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1. INTRODUCTION

The activities presented in this paper are dpetleveloped in the aim of the project COVICOCE!
(Comparison of Vibration Control in Civil Engineeg Using Passive and Active Dampers). Its iieggurpos
is to model the behaviour of semi-active devicedhaf TMD type (tuned mass dampers), developifsy
control algorithms for the optimisation of a comtplestructure including those semitive device:
Additionally, this project intends to develop alaomathematical model of TLD type devices (tunedid
dampers).

This new model will take into account the dampingcés resisting the actions resut from: (a) the viscot
interactions between the liquid and its rigid camtg (b) the hydrodynamic head lossessagjuent to orifice
passing and (c) the internal viscosity of the kijui

In fact, the use of such alternative methodologees be an indeed adequate solution to increandisantly ¢
structure capacity to resist a strong earthquakesi?e protection devices, whose prtipsrcan be modifie
during their movements, are the main compositiothe$e protdwn systems. The capacity of such devict
improve the dynamic behaviour of a structure bestgngly dependent on the potehtof their contrc
algorithms.

Two partners of the COVICOCEPAD project are runrimgortant experirantal dynamic equipment in Eurc
— the ELSA laboratory reaction wall, at the Isprand&esearch Centre, in Italy, and the LNEC shaltaige:
testing hall, in Lisbon, Portugal. Hence, a perfance evaluation of those devices will be also agiisimed ly
comparing experimentally the behaviour of a speatructure with and without protection. It is dlfscale
steel structure that will be also analysed to checkéaviour alterations when protected by differentdsi
devices. This test specimen has a speciffgeugoncrete slab, increasing its total weightajatiout 10 ton
and was conceived for a previous benchmarkingnigsictivity on the same shaking table and reactiat
being consequently suitable for both facilities.
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2. STEEL FRAME

As previously referred, for another benchmarkingtitg activity on shaking tables and reactions sv§ll,] a
specimen was already designed taking into acctxencharacteristics of LNEC and ELSA fatids and so it will b
used in the aim of this project.

The specimen has a linear behaviour, of courseruhdeseismic inputs foreseen for this proj@est one degree
freedom and it is modular in the sense that iasyeto dismount for trapsrtation among the facilities involved
the project. If needed, it is also ready to acdéffgrent kinds of devices to be attached by medremappropriatel
designed K bracing.

According to the design requirements, as illustrateFigure 1, the specimen has a longitadiisize of 300 cm,
transverse size of 275 cm, a column height of 4B@nd an inter-storey height of 300 cm.
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Figure 1. Plant, longitudinal and transverse pesfibf the steel frame

The choice of the steel sections was based on dhgromise between flexibility and maxim admissibl
displacements during the tests without damage. ,T¢alemns and beams were regpety chosen with HEB 1(
and HEB 180 steel sections, the K and X braces Mi&EB 100 and UPN 100 sections, in the latter chsechoce it
imposed to allow the cross of the braces. ThoseaXds are used in the transverse direction to gréarge stiffnes
that isolates the dynamic response of the frantledriransverse direction from the longitudinal one.

The steel selected was gfade S355. After this first choice of main eleingteel sections, the frame was veri
through an elastic analysis. The weight of the ugpeacrete slab, 8250 kg, was then chosen to nekiotal weigh
of the model close to 10 tons.
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Figure 2 show the steel structure during previous viscous flidadhpers tests performed at the Zografos Laboil
of Earthquake Engineering of the National Technidailersity of Athens.

Figure 2. Steel frame during previous tests

3. SEISMIC PROTECTION AND VIBRATION CONTROL SYSTEMS

It is commonly referred to as a seismic protecgatem, or vibration control system, a set of devitha
through their behaviour, increases the structuapsdity to resist the seismic demands duces the vibratic
due toan external source. When the option to use seiproitection system is made, the goal is to redue
forces and deformations caused by seismic acttmosigh the modifiations of the dynamic global behavi
of the structure, or through the increase in trexgyndissipation capacity of all the assembles.

The seismic protection systems can be classifiédl finree major groups: the passive, thévacand th
semi-active protection systems. The designatiopasisive systems refers to those which woithaut an
energy supply. In contrast, the active and senixaslystems need energy supply for their normahbieiur.

In the recent years many technologies of passideblegn developed, these passive systems Ileintype ¢
seismic protection with nre applications in the world [3]. This can be expta by its simplicity, reliabilit
and easy to maintain. Examples of passive protesystems are the base isolation, the damper3 Mieand
the TLD.

TLD can be considered as very special TMD wheeerttass is replaced by a liquid tank or column. Dedhe
simplicity of the TLD components, the nonlinear dymic behaiour of the liquid in the tank is complex to moi
One of the goals of the COVICOCEPAD Project is tmtdbute for the analytical motdefinition of the TLL
dynamic behaviour.

4. COMPUTATIONAL AND EXPERIMENTAL PROGRESS STUDIES ON THE USE OF TANKSAS
TLDs

The risk of occurrence of severe structural danmadeailures during a catastrophic event (eg. eprékes ar
hurricanes) can beeduced by adopting vibration control techniquesictv in most of the cases aim
increasing the damping characteristics of civilieagring structures.

Between the many vibration control devices devdtethcrease the damping skill of the structure, Taffer
several advantages, including: low cost, easinessdtall in existing structures and effigeness even f
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small-vibrations [4,5,6,7,8].

The performance of TLD relies on the sloshing qlid contained in partially filled tanks mounted the
structure, devoted to absorb and dissipate theatilor energy of the structure. The main action peed b
liquid control devices essentially consists of hear force caused by the inertia of the liquidsnasich i
suitably tuned is able to ce® a significant reduction of the structural regsonBecause of its pecul
character the evaluation of the performance, imseof the energy dissipation, of a tuned liquidsking
damper requires a comprehensive understandingnoplex fluid-structire interactions, which has motivate
number of theoretical and experimental research@s10,11,12].

Theoretical models of liquid sloshing in TLD devicean be obtained either from a mechanicalogn®, o
from more exact analytical models of the structarad liquid domain. For the earlier, glified formulation:
generally provide modelling of liquid sloshing emnks, based on an equivalent mecbananalogy which us
lumped masses, lumped springs and dashpots toilakedleid motion; the lurped parameters characteriz
the equivalent mechanical model are usually detegthfrom the linear wave theory [7].

For the latter, more complex models require a cetepmathematical deription of the liquid motion ai
fluid/container interactions under dynamic conditoActually the reible prediction of dynamic response
control devices based on fluid motion plays a @ntle for better understanding the real perspestoffere:
by TLD for applications in the field of intelligergtructures,as regards to mitigation of earthquake
vibration hazards through vibration control [6,7,8]

In detail, some methodologies applied for analydighe seismic behaviour of existing bottom [soriec
storage tanks, under predominantly horizontal seistctions were presented. As regards to miogeliquid
motion in flexible metallic tanks, two FEM approashwere introduced earlier for the numerical anglysthe
seismic response of liquid-filled tanks that alsnpit to determine design envelopes, through sgbtdbs
validated software (Figure 3).
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Figure 3 - Tank displacements response to Velgslse, validating model and software.
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The research indicated the need to obtain the nsgisoof 10-14 artificial earthquakes, satisfyinggtracy
requirements of the spectral density at the git@rder to determine quite accurate (relative srb@iow 3%
design envelopes of bottom supported tanks (Figure

z[m]

Figure 4: Envelope of hydrodynamic pressures irrdifierence tank (kPa).

Oneshould consider that results from analytical depailents on the above specific topic cover a brari
Lifeline Engineering as well, addressing the resgothe design recommendations and the potentighdin¢
of existing or new bottom supported storage tarfks: (water, crude oil and engy derivatives, win
chemicals) and pipelines, under seismic actionsd@mninantly horizontal) that can cause their totgpartia
non-functionality [7,10,11]. Therefore such mathéo# treatment emphasizes itsvn importance ar
significance, independently from control of viboatiapplications.

From an experimental point of view possible besefiteriving from the application of liquid devicésr
attenuating the dynamic response of non-lineactiral malels with unilateral constraints, were investig
and published earlier [13,14,15]. Actually the fuliderstanding of the device behaviour and faodtaine
interactions is necessary for reliably analyzing dasigning control devices based on liquid disgpa

Moreover it has been reported earlier some resulitsined by means of an patimental investigatic
developed on rigid blocks moving on a foundatiosebsubjected to a hadntal forcing function and equipg
with some rudimentary sloshing water devices.

Before defining the tests to be performed at thgel@8D shaking table at LNEC, in Lisborxperimental dai
derived by means of a small shaking table facdityhe Laboratory of the University of Naples “Fede II”,
in Italy, were accomplished. They were devoteddmpare the dynamic responsebbbcks equipped or n
with devices for various liquid levels of the tankspmder to produce a first check of the possibleatiffenes
of such devices on rigid structural models exhilgita non-linear behaviour under dynamic shakingu(fé 5).

To this regard, the need of predicting and prewgniailures associated to rocking and overturnifhgigd
structures undergoing strong ground shaking havévaied a consistent number of studies onkiag
response of rigid blocks.

This is basically due to two main reasons: on dde,sa wide variety of structures can be colledtedhis
model class; and, on the other side, dynamics gifl rblocks are pretty complex due to their intigns
nondinearity, and can be considered a still open mesetopic. One should also consider that very favdig:
have been developed, to date, addressing the pmslé coupling the TLD devices to rigid structuesgl o
the evaluation of their potential effectiveness, 15}
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Figure 5: (a) Preliminary shaking table tests;
(b) Block equipped with trapezoidal (45°) TLD wittarks at two liquid levels (4cm and 8cm);
(c) Acceleration results for 45° tank with diffetemater levels.

5. CONCLUSIONS

This paper addressed among other aspects on tkiifiysof exploiting the liquid sloshing motiom itank:
for specific vibration control purposes of civilgneering structures. Analgtl, numerical and experimer
issues were introduced earlier, giving a generahdew of some studies developed (or in progregsame o
the authors on each specific topic.

As regards to modelling liquid motion in flexibleetallic tanks, two FEM approaches were idtroed earlie
for the numerical analysis of the seismic resparfskquid-filled tanks that also permit to temine desig
envelopes, through successfully validated softwahe research indicated the need to obtain theonsss ¢
10-14 artificial earthquakes, satisfying frequencyuiegments of the spectral density at the site,rofentc
determine quite accurate (relative errors below 8ésjgn envelopes of bottom supported tanks.

Moreover, from an experimental point of view, cdogl of liquid devices prototypes with rigid sttucal
models exhibiting non-linear behaviounder dynamic motion were investigated; althoaghalready hig
number of studies have been produced in the rdseaea, this special particular applicatihas been rare
treated in the literature, so it can be consideyedasic importance loause it covers a wide variety
structural typologies. Experimental results alloppreciating potential efféiweness and reliability of liqu
devices also for the specific cases studied.
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