Assessment of the performance of rectangular shaped
tuned liquid dampers for vibration mitigation
in a building without seismic design

M.J. Falcéo Silva & A.Campos Costa
Laboratério Nacional de Engenharia Civil, Lisboa

L. Guerreiro 15 WCEE

Instituto Superior Técnico, Lisboa LISBOA 2012

SUMMARY:

The use of energy dissipation devices is seen adfaient way to protect structures against segsattions.
Recently, devices of the type tuned liquid damp@rsDs) have attracted the attention of the scientif
community as a simple but effective way to reduse response of structures against dynamic actlanthis
work is made an evaluation of the performance ob3ln real structures, based on routines developed.
existing structure in the Portuguese territory wassidered, with fundamental frequencies compatihtk the
range of frequencies tested within an experimesitaly. Initially the description of the buildingrisade, as well

as aspects related to the simulation of the adoptetection system. Subsequently, were compared and
discussed the results obtained for the situatidghout TLDs and with the corresponding results oigdifor the
structure with those seismic protection devicefuinhed.

Seismic Protection; Mathematical Models; MitigatiohVibrations; Tuned Liquid Dampers

1. INTRODUCTION

The design and implementation of secondary systéonsthe control of structural vibration
corresponds to a relatively recent scientific ategparticular, the development of seismic protacti
systems, such as tuned mass dampers (TMD) and ligidi dampers (TLD) has increased quickly
since their first implementation in structures,tsas the Citicorp building in the 70s of the twetht-
century and Hotel SYP in the 90s [Kareem et. 8991, respectively.

This type of device was first used to control vilma associated with wind in tall and slender
structures, in view of improving the comfort of thecupants in skyscrapers, and has been extended to
other applications, particularly in the field ofetlprotection of structures against the occurrente
moderate to high magnitude seismic actions.

In the study presented in this paper it was intdndesimulate the hypothetical application of TLD
real structures, without specific seismic desigisteng in the Portuguese territory. The selectidn
structures and secondary TLD systems proposedpdatéo express a realistic application of the
design for both the main system and the secondgsters. The choice was mainly based on the
geometric characteristics of the building and ievwusly studies performed [Rodrigues, 2006]
[Novo, 2008] from which it was possible to extraetevant information, especially concerning their
fundamental vibration frequencies, in order to lgs&dh a parallel between them and the range of
frequencies tested during an extensive experimentgiram developed at LNEC [Falcdo Silva, 2010].
The TLD proposed for each simulation were simitathtose considered during the said experimental
program, only varying the height of fluid at resside them in order to achieve the frequencies
predicted, desired and adjusted to each case.



The incorporation of damping systems, such as TdrDexisting structures is beneficial as they allow,

in most cases, a considerably more simple and evesipe installation when compared with other

devices for mitigation / reduction of dynamic vitioas imposed. The inclusion of devices such as
TLD in new constructions has the same benefithaset observed for existing structures, but adding
the possibility for designers to eventually useewatorage systems, which in many instances, are
thought to more slender structures, as secondatgrsg. Because of their inherent characteristics,
TLD devices allow, in most situations, a large ggriof distributions and arrangements in terms of

installation.

2. CASE STUDY: AV. INFANTE SANTO BUILDING
2.1. Structures description

For this study a building representative of a patér building era and belonging to the Portuguese
housing park was considered. The situation choseresponds to a building located in Av.Infante
Santo and stands as representative of modernecthi. It was designed and built during the 50s of
the XXth century, when seismic design was not idetlin existing national rules. The choice of this
case study is justified, because of the highly damgs characteristics of the site where it is ledat
the large number of buildings built in the Portuggi¢erritory during that period, and in particulze
densely populated area of the city of Lisbon whhbeebuilding is inserted. It is certainly an exeatl
case to demonstrate the applicability and effigrewé TLD devices in vibration mitigation in
structures without specific seismic design.

The building on which the study was carried outresponds to building number 3 of a compound of
5 housing buildings (Fig. 2.1.) perpendicular te. Anfante Santo, with the same geometry (in plan
and front) and constructed with the same struttuederials. All buildings of the compound consist
of eight housing floors, "suspended" to pillarsret ground floor, as seen in Fig. 2.2.

Figure 2.1.Location of the building compound: air Figure 2.2.Facade of the building under study [Novo,
view [Google Earth, 2007] 2008]

The building under study is 46.1m long (longitudimbrection or x direction) by 11.1m wide
(transverse direction or y-direction) and a heigh80.0m. The schematic representation in plan is
presented in Fig. 2.3.

46.1

s TS e [
1 ¥
L LLJIL -4 I ETJEL I e B |i| L

|
T S e SR | " | ST —

7

Transversal

Longitudinal

Figure 2.3.Type floor plan of the building in Av. Infante Sanadapted from [Novo, 2008]



At the ground floor there is one floor without maspwalls, as can be seen in Fig. 2.2, and with a
clear height of 5.5 m. The remaining eight flooavé masonry exterior walls and partitions. The firs

and eighth floors have a height of 3.2 m and theaieing floors 3.0 m. The height of the columns on
the first floor favours the emergence of soft-sgotgpe behavior mechanisms, which makes this
structure very vulnerable to horizontal actionghsas those induced by earthquakes.

The building's structural system is defined by tealeinforced concrete plane frames and nine floors
oriented with the transverse direction of the bingd Each plane frame comprises two columns and a
three opening beam at each floor, being two ofdpenings in console. On each floor, there is a
concrete slab, which is the only element connedtiregframes. All frames have the same geometric
characteristics in terms of overall design and £iections of its elements. The transverse dimectio
emerges as the direction in which the frames fogntime main structural system of the building
develop themselves, and it mobilizes the greatdmess of the columns and beams. In the
longitudinal direction, columns are oriented acaugdo its lower stiffness, and as mentioned above,
they are not connected by beams on the floorsghdisplacements only made compatible by means
of the slab. For this reason, the longitudinal ctimn appears as the lower stiffness directiomaoaigh

it is the highest development direction of the thinid) [Rodrigues, 2006].

2.2. Analytical modelling

The dynamic behavior of structures can be detemmnamalytically or numerically, for example, by the
finite element method. Several possible numeripgir@aches for seismic analysis of structures are
known, using different methods of analysis, comimnihe consideration of material and geometric
nonlinearity, depending on the desired results)eafiel of information available, among others.lie t
present work, and for the type of analyses deswed,)sed the MDF_LNEC and MDF + TLD_LNEC
routines, developed to implement the mathematicatlets for numerical simulation of dynamic
behaviour of TLDs, based on the hyperbolic equati@inthe non-linear wave theories [Falcdo Silva,
2010] as well as the commercial automatic calooasioftware SAP2000TM [SAP2000, 2003], as an
auxiliary tool, for definition of configuration andodal characteristics of the structure.

For use in numerical MDF_LNEC and MDF + TLD_LNEGnsilations, the main structural features
of the system, i.e. the building of the Av. Infarf@anto, were defined from an analysis based on the
modal response of a number of preset modes. Feawwsed were the vibration modes, their
frequencies, damping, modal participation factoos €ach main translation direction and the
configurations for each main translation directiassociated with the modes under analysis. The
validation of the numerical model was performed domparing the frequencies measured in situ
[Rodrigues, 2006] with the frequencies estimatesetaon the numerical model developed, having
been obtained values very close to these, whichenialpossible to validate the elastic model
developed for the structure, and used in the aesliyfsat will be presented. Linear analyses caoigd
are based on the modal overlap, having been carsida equivalent viscous damping of 5%.

2.2.1. Properties of the materials

Whenever possible, it was tried to adequately mypre the behaviour of existing materials on site.
For the modal analyses performed, was consideotalsa B25 concrete, according to the directions of
the project, the constructive practice of the tiared the results of tests conducted using the
sclerometer [Cruz, 1955]. An elasticity module£29GPa was considered. In what concerns steel, as
there is no reference in the project, an A400 stesd adopted, with elastic module E = 210GPa,
typically used at that time [Rodrigues, 2006]. lation to masonry, properties adopted were
determined from empirical expressions and experialignvalidated, when measuring the frequency
of the structure.



2.2.2. Static loads, mass and damping

To carry out the numerical simulations, a vertilwald distributed in the beams was considered, in
order to simulate permanent loads, taking into astthe weight of the reinforced concrete elements,
the masonry infill panels, coatings and the valfigehe overload 2 = 0.2). As a result of the
assessment and observation in situ of permanenvanable loads on the building, the average value
of 8.0kN/m2 was considered as distributed load lon ftoors [Rodrigues, 2006]. In the dynamic
analyses, the mass of the structure was consideréeing concentrated on the floors. On each floor,
was considered the mass of the reinforced consteietural elements, masonry infill panels, coating
and the value of the overload, an average valabotit 4000tons/floor has been estimated.

2.2.3. Sail

Soils in the area under study are included, acongrth previous studies [Teves Costa et. al, 2064],
the so called rock formations of the Jurassic, &msbus, Volcanic Complex of Lisbon and Eruptive
Massif of Sintra. As such, the soil adopted in mlbenerical model is characterized, according to the
National Annex of the European regulation as bdlapgo type A. In fact, as for the soil type, and
based on previous studies, there is, in Lisbomairticular in the area of Av. Infante Santo, a type
soil, with a predominance of rock.

2.2.4. Seismic action
The seismic action applied to the structure wasemted by the spectrum proposed by EC8 (Fig.

2.4.). With regard to territory zoning, one can dade that the city of Lisbon is included in zon8,1
for far earthquakes (Type 1) and in zone 2.3 far marthquakes (Type 2).
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Figure 2.4.Spectra of elastic response in period for LisbgpetA soil, for both seismic actions

In the analyses carried out, the seismic actiotieghpo the structure was represented by an ailjc
generated temporal model based on a finite fautlehfCarvalho, 2008]. Earthquakes thus obtained
were calibrated to the Portuguese territory and weesl to simulate the likely occurrence of
earthquakes in the area where the building undelysis implanted. For this study, were used 10
earthquakes artificially generated for each refeeeeturn period considered, i.e, 43, 72, 475, a8,
also, 2475 years.

To use the set of routines developed for the implaation of mathematical models based on wave
theories (MDF + LNEC and MDF + TLD_LNEC), the seismaction was introduced in the form of
time series of displacements, velocities and acatdms to solve the equation of movement obtained
for each structural system [Falcdo Silva, 2010].

2.3. Dynamic Characterization

On the basis of graphics displayed, taking intooant the main frequencies which influence the
system, obtained in the modal analysis (Table &13,also possible to identify, for the fundarednt
vibration modes of the structure, which is the mésconditioning action and thus perform the
corresponding dynamic analyses.



Table 2.1.Frequencies and accumulated participation factonsass
Mode Freq Part Masse | Part Masse | Characteristic:
[Hz] X [%] y [%0] of the mode
1 1.0¢ 99.91 0 1°Longitudina
2 1.7¢ 99.91 0 1°Rotatiot
3 1.7¢ 99.91 93.6¢ 1°Transversi
4 4.92 99.91] 99.3¢ 2°Transveral

Considering the frequencies of the structure obthifior the analyzed modes, as well as the
accumulated mass participation factor, it appehas in this particular situation, the conditioning
seismic action to about 3.5Hz corresponds to thieraof far earthquakes, while above this value the
conditioning action corresponds to near earthquakese over 90% of the mass contribution is
reached with the first 3 modes, corresponding équdencies below 1.79 Hz, there is a predominance
of far earthquakes over near earthquakes. The neaheimulations presented were carried based on
artificial earthquakes characteristic of far eaudkes, with higher content of lower frequenciesisth
potentially affecting more significantly the buihdj under study, since its frequencies in the main
longitudinal and transverse translation directiaresabout 1.08Hz and 1.79Hz, respectively.

3. DESIGN OF TLDS FOR VIBRATION MITIGATION

In the mentioned routines, TLD have been considebgdintroducing in the data file of their
geometric characteristics the specific weight @ tiid present inside and, furthermore, the number
of devices necessary to verify the desired mags batween the TLD set and the structural system to
which they are coupled. It was assumed that thmgalar TLD selected for this purpose are placed
in uniform distribution, so that loads are transedtbetter and in a more balanced way throughaut th
building structure. This distribution appears to the most appropriate, since it allows that the
performance of the set of devices for dynamic tibramitigation is undoubtedly the most efficient
and safe. Each rectangular TLD was defined in azoare with the prototypes tested during the
experimental program developed in the scope of @ [Halcdo Silva, 2010]. Prototypes have in the
longitudinal direction 0.446m length, by a totaldéi of 0.235m in the transverse direction,
corresponding to a free value of 0.422m by 0.21ltaspectively, due to the fact that the thickness of
each wall of the device is 0.012m.

The TLD designed and introduced in the mathematizadel were considered as grouped in sets with
varying number of tank modules, compatible with phen dimensions of the structure and dependent
on the mass ratios to be checked. Thus, each madhdedefined by a mesh of 7 containers in the
transverse direction of the building and 9 contanie the longitudinal direction. Each level of a
module has 63 TLD with overall dimensions of 4m h$5m. For each TLD module, reservoir
platforms are overlapped vertically, dependingtendesired mass ratip,

Given the plan dimensions of the structure at tfwurgd floor, this configuration of tank modules
allows proper accessibility to every single tantotigh a circulation lane around them for the puepos
of maintenance and eventual repair of the variaits when necessary. Fig. 3.1. shows the schematic
representation of a possible location in plan &f $bts of TLD modules in the real structure, taking
into account the existence of a circulation larmuad the tank modules to allow proper accessibility
to all individual tanks for maintenance and reppiirposes when necessary. The schematic
representation of the location of TLD modules ie building facades is presented in Fig. 3.2.

Figure 3.1.Schematic representation of a possible locatigrian of TLD modules.
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Figure 3.2.Schematic representation of TLD location on theugtbfloor: a) SO facade and b) SE facade.

This hypothesis appears to be very attractive esthe ground floor has an available height of 5.5m,
which is compatible with the placing of the desitedels of TLD, being only required to create a
bearing structure, for example, metallic, rigidgnoected to the building structure, to bear theaichp
caused by the fluid motion inside TLD devices.Hbsld be noted that the aforementioned bearing
structure should be sufficiently stiff, so thaitl not act as an additional pendulum.

It should also be noted that, at this stage, netgatheck has been made on slabs, beams or pillars,
having in view the load increase associated wighittistallation of the devices. However, it is assdm
that there should be no significant problems im&epf structural safety, since the installatiorthef
vibration mitigation devices is being proposed foe ground floor, area in which sections of the
structural elements have undoubtedly more genedsuensions to meet the loads considered in the
design.

4. ANALYSIS AND INTERPRETATION OF THE OBTAINED RESU LTS

Several analyses were performed using the routieegeloped with the purpose of evaluating the
performance of TLD devices for dynamic vibrationtigation, when implemented in real structures.
The devices considered were perfectly adjustedhé¢oldngitudinal direction, i.e. for a frequency of
1.08Hz, while, for the transverse direction, adjuestt is only approximated to a frequency of 1.79Hz.
The analysis of the results obtained allowed t@iokthe profiles of lateral displacement, the ieesf

of interstorey drift, the temporal variation of théssipative force associated with the fluid motion
inside TLD devices, dissipative force-displacemeatios and the dissipated energy for the several
series simulated, for the different directions estdrn periods considered.

In addition to the aforementioned variables, averafjiciency rates were also determined, based on
all time series simulated, for each mass raticasitn of the devices in question and the strucéune:
return period, determined in accordance with tteppsed in previous work [Falcdo Silva, 2010]. As
examples, are presented below the profiles ofatezdl displacements (Fig. 4.1.) and drifts (Fig. ¢
obtained for the series whose spectrum is closéngcaverage spectrum of the set of all simulated
series, for a return period of 475 years and vliatass ratio (of the TLD set and the structure).
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Figure 4.1.Lateral displacement profiles (PR 475): a) longiadldirection and b) transverse direction
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Figure 4.2.Drift profiles (PR 475): a longitudinal directioméb) transverse direction

Analysis of the results presented, for lateral ldispment and drift profiles shows that, as expected
the building presents a behavior characterizedheydoncentration of deformations at the ground
floor, which can favor the emergence of a softestanechanism. This behavior is more evident in the
longitudinal direction. The upper floors hardly deh, concentrating almost all deformation demands
at the ground floor, what reinforces the idea opliementing the TLDs at this level. This behavior is
still observed for seismic loading higher than tegular seismic action, and a very considerable
increase in the deformation levels installed irhbditections is also observed. As regards the hehav
of the main structural system with TLD devices wilifferent mass ranging from 1.19% to 5.37%,
there is very considerable deformation reductiamsafl levels of dynamic action imposed, as can be
evidenced in previous works [Falcdo Silva, 2010].

As frequency adjustment is, as already noted, bfettehe longitudinal direction, it is obvious tithe
deformation reduction introduced by devices witfiedent mass ratios will be more evident for the
longitudinal direction. The identified reductionsflect evident changes in the performance levels
recommended by VISION2000 [SEAOC, 2005]. Fig. 4Bows the dissipative force-displacement
ratios, varying with the percentage of mass comsatiefor each direction analyzed and corresponding
return periods; in Fig. 4.4., are included graphiegpresentations corresponding to the dissipated
energy.
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The analysis of Fig. 4.3 and Fig. 4.4. allows tafem that the actual increase of the dissipatimed

in each direction is generally higher than the aife increase of the displacement registered én th
same direction. One can thus conclude that in tlaete is an effective increase in the dissipated
energy for each direction, which may enhance thpliggbility of such devices in mitigating
vibrations associated with seismic actions. Indfrection in which the TLD frequency is optimally
adjusted to the frequency of the structure, we mfeskthat the dissipative force-displacement ratio
shows a gradually increase from lower return perimdhigher return periods, which affect the energy
dissipated. For regulatory return periods (PR41g) énergy dissipated in the transverse direction
corresponds to approximately twice the energy pieged in the longitudinal direction. One reason for
this may be related to the fact that, for exampde, these types of actions, a better frequency
adjustment occasionally occurs in the transversection, which is specifically responsible for a
better performance in this direction with consequepercussions on vibration mitigation [Falcdo
Silva, 2010].The efficiency of the solutions studliteroughout this work, in terms of displacemerd an
acceleration reduction, can be evaluated basedfioieecy rates [Falcdo Silva, 2010]. These rates,
calculated based on the results obtained in nualesioulations for the different time series and
return periods are undoubtedly an excellent meafureefining criteria for the implementation of
TLDs in real structures, existing or to be congedc In Fig. 4.5 is presented, on average, the
evolution of efficiency rates, in terms of RMS veduof displacement, in each direction, for the
particular situation of the structural system stddi
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Figure 4.5.Average efficiency rates for RMS values of disptaeats on top of the structure: a) longitudinal
direction and b) transverse direction

5. QUANTIFICATION OF PERFORMANCE LEVELS

The graphical representation of lateral displaceémenvelopes of the linear analysis carried out for
different mass percentages and return periods dersl in numerical simulations enables the
evaluation of performance in terms of deformatibthe structural system (Fig. 5.1).
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Figure 5.1.Maximum lateral displacement of the 1st floor fack return period and mass ratios: a)
longitudinal direction and b) transverse direction

From the analysis of the displacement obtainetiéninear regime, it appears that in fact defororati
is concentrated at the first floor in the longinali direction, which will reflect the aforementi@he



soft-storey mechanism which is enhanced this leé¥ehfirmation of this fact may be made by means
of nonlinear dynamic analyses [Rodrigues, 2006}addition, there is, in the transverse direction an
improvement in performance up to return period®0% years which becomes inverse for higher
actions (PR = 2475 years). This inversion in treedms to indicate the prevalence of TLD devices
operation preferably in a direction which, in th&se, corresponds to the fundamental directioheof t
structure, ie the longitudinal direction, in whidh,no circumstance, devices lose their efficiency.

Since the building under study is a current stmggtit is understood that it falls in the class of
structures which must meet the eligibility criterikefined as basic objectives, according to the
proposed in Vision 2000. In fact, taking into aacbthe criteria for each performance objectives it
possible to define a relationship between the ngberiod of the dynamic action, directly relatedre
peak ground acceleration, and the maximum displaneimetween floors or interstorey drift. In Fig.
5.2. is presented the representations that endigde quantification of performance levels by
comparison with what was proposed in VISION2000ASE 2005].
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Figure 5.2.Maximum deformation (drift) demand for each struetand for each return period: a) longitudinal
direction b) transverse direction

For both directions, the interstorey drift reduntican be globally observed with the introduction of
TLD devices and increasing mass ratio considenedatt, the efficiency of such devices can be
clearly confirmed, but , in some situations, weifyethe passage from a performance level to thellev
immediately above, as identified in the longitudidaiection for seismic actions with return period
between 475 and 2475 years, in which we pass friaweh of saving life to a level of operability. Fo
actions with lower return period, behavior is alinoenstant, regardless of the amount of mass
introduced in the form of water inside the TLD,haligh for the highest mass ratios tested, we can
observe the passage from a performance level afabii¢y to full operability. The observed facts
seem to confirm the better efficiency of TLD dewder more violent seismic actions.

As regards the transverse direction, regardlesseofeturn period seismic considered the behayior o
the structure without TLD or with TLD remains coeust. In this case, this can happen because the
frequency adjustment is not as good in this diogcts in the longitudinal direction.

In spite of what has been mentioned, very accu@telusions cannot be drawn in what concerns the
safety of the structure under analysis, since weeiarthe presence of results obtained in linear
analyses. Thus, the estimation of response toyw#réd basic performance objectives, in accordance
with international recommendations VISION2000 [SEZ\(2005] and ATC-40 [ATC 40, 1996],
should have been performed using more sophistiqateclinear) models, since the estimated actual
response will certainly correspond to the instadtabf certain levels of damage to the structure.

6. CONCLUSIONS

The obtained results allow to drawn some conclsalrout the adequacy of implementing such type
of passive devices for dynamic loads mitigatioregisting structures without specific seismic design
The displacement reduction observed on top of thetsire, after inclusion of TLD devices, varies
significantly depending on the intensity of the dgric action imposed and the percentage of mass



considered. After analysis of displacements, it feasd that the structure does not meet, for akle

of seismic action, the seismic safety requiremeat®mmended by VISION2000 [SEAOC, 2005],
reason why it is necessary to introduce deformataluction measures, so that the structure cah mee
those requirements. However, in most situationsikited, the introduction of TLD devices allows to
mitigate the adverse effects of dynamic actionsosegl, being responsible, for example, for the
reduction of calculated damages, and immediatébyvatlg lower performance levels to be observed.
This observation is confirmed for any return peroahsidered. Dissipative forces, dissipative forces
displacement ratios and dissipated energies were ddtermined and they enabled us to strengthen
what was identified for displacements, ie, that immeoduction of TLD allows a very significant
vibration mitigation, for any action imposed, andhss ratio between the set of devices and the
structure in which they are included.

It can also be seen that the efficiency of the aisis so much better as the frequency adjustreent i
better, as can be confirmed by the results obtafoedhe longitudinal directiony(= 1.0) and the
transverse directiofy # 1.0). The efficiency of the TLD devices placedhe structure of Av. Infante
Santo grows with the mass ratios simulated, whatbzajustified by the violence of the impact of the
fluid inside the device. In fact, these impacts dacrease the dynamic mass mobilized, with the
consequent repercussions that such a situatiorhailé on the structure, ie, in the impact force tha
arises and that is used to oppose the movemehedttucture. Due to the proven agreement between
previous experimental results and the results oferical simulations, it is believed that, in faitte
proposed calculation tools are an excellent wagioifulating the behavior of real existing or new
structures, as they approach not only the behafithe structure as well as its overall behaviathwi
passive devices for vibration mitigation, such &®Tincluded [Falc&o Silva, 2010]
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