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SUMMARY:

The use of energy dissipation devices is seen adfaient way to protect structures against segsatgtions.
Recently, Tuned Liquid Dampers (TLD) had drawn #ieention of the scientific community as simple but
effective way to reduce the response of structagsinst dynamic loads. This paper describes nualeric
simulations on TLD isolated and included in simpteuctures. For this purpose, was used an opersscce
software (CLAWPACK) with potential to simulate plemena that occur within TLDs. The CLAWPACK
corresponds to a set of Fortran routines develdpedttain numerical solutions of hyperbolic systeshgartial
differential equations, as is the case of the mesli phenomena underlying the shallow water wagerth In
the numerical simulations some key parameters winicluded water height, excitation amplitude andnber

of devices were varied. The main obtained resoltS'£D and TLDs + SDF are compared with the resoftan
experimental program.

Seismic protection, Passive devices, Tuned Liqaichjpers, Vibration mitigation, Numerical simulations

1. INTRODUCTION

For implementation of TLDs in real structures, eittexisting or to be constructed, numerical
simulations are, if properly calibrated and valadht a good alternative to predict the dynamic
behaviour of passive devices for seismic proteabiostructures as well as their performance asgfart
structural systems. TLDs are no exception; howeaad, due to their highly nonlinear behaviour when
subject to increasing dynamic load amplitudes, aggires to their behaviour by means of numerical
simulations should be done with discretion.

As has been shown and described [Falcédo Silva,]2@i#e are two types of approaches: i) a purely
mathematical one and a ii) mechanical one, depgnalinthe type of theoretical basis on which they
rely. As it relies on equations used for many y@arsoastal engineering [Lamb, 1932], the firstetyp
of approach shows results closer to the actuahetaof the fluid motion inside TLD devices.

With the mathematical numerical simulations devetbjt was intended to: i) propose a numerical
calculation tool which allows the approach of thenaimic behaviour of TLDs when isolated or
included in structural systems, considering incedadynamic load amplitudes, ii) present simulations
of the tests made under the extensive experimpndgram developed [Falcdo Silva, 2010], and iii)
verify the suitability of the proposed models thgbuwirect comparisons between the results obtained
from tests with TLDs when isolated or when includedsimple structures of one (SDF) or more
degrees of freedom (2DOF).

The results for simulations of the tests perforrdedng an experimental program are presenteden th
paper. Also presented are the results both foatsdl(shallow or deep) TLDs subject to unidireciion
loads and for structural systems of one or sewtegtees of freedom (SDF and 2DOF) subject to
unidirectional and bidirectional loads. It is alsgportant to mention that the comparison between th
results of numerical simulations and experimergalits will be presented, thus allowing to calibrat



the numerical models and to extend their scop@plication.

2. TUNED LIQUID DAMPERS: UNIDIRECTIONAL LOAD
2.1. Elevation of the water surface

A way to assess the quality of numerical simulaidor the different types of TLDs tested
experimentally is, for example, by comparing theorels obtained for the water surface elevation at
points corresponding to the pressure transducaceglin the experimental program and the results of
CLAWPACK 2D _LNEC [Falcdo Silva, 2010] for the sampeints. In Fig. 2.1. to Fig. 2.4., is
presented a representative selection of some sestihined for the sensors placed at the bottaimeof
TLD (shallow and deep) and considering variabldtaon amplitudes.
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Figure 2.3.Water surface elevation, high amplitude, Figure 2.4.Water surface elevation, high amplitude,
shallow TLD (Detail) deep TLD (Detail)

| As can beobserved, for shallow TLDs, on average, the numksicaulations approach the shape and
size of the wave originated, succeeding that, itagecases, regardless of the water height at theest
top of the wave does not reach values as highas® thbtained experimentally for amplitudes of low
to moderate load. On the contrary, when it comdsidgb load amplitudes, in some individual cases,
the peaks of the waves obtained by numerical simonlaare beyond the peaks of the corresponding
waves obtained experimentally. A plausible explamafor what has happened, both for low to
moderate amplitudes and for high amplitudes, i§ fhathe sensors placed very near the top walls of
the TLDs, local turbulence and splash can occurenwthe wave reaches the wall, occasionally
creating unpredictable water elevations, whichirmgossible to simulate in CLAWPACK 2D_LNEC.
Moreover, even taking into account the wave theotiederlying the formulation of CLAWPACK
2D_LNEC, it is very difficult that simulations caredict some small disorders on the surface of the
water or the appearance of ripples at the top@hthin waves, that may result from some splashes or
not simulated three-dimensional movements. In ocedacumstances, namely in relation to the fluid
response to different random movements imposedgthestabilities can also be directly responsible
for localized changes in fundamental vibration frecies during the dynamic action, particularly
when high load amplitudes are considered. In f&they are very particular situations and duéeo t
local boundary conditions imposed, it is very diffit to account them using the proposed routines.
During the comparative analysis with the numeriesults, some differences in the records of the



pressure sensors from the experimental program wemérmed, regarding the influence of local
acceleration components, namely vertical acceteratof the fluid, which result from the instability
created during the fluid motion along the walls thfe device. Given the randomness and
unpredictability of the motion, these componentsdifficult to account, either experimentally, doe
inadequate instrumentation, or numerically, givee simplifications made by the finite volume
methods used to solve the mathematical models peapdy the routines. In view of what was
observed, it can be said that in shallow TLDs, micaéresults appear to slightly underestimate the
tops of the waves, for low to moderate amplitudespecially in what concerns the fundamental
vibration frequency, where there are more distutbaron the water surface.

As for deep TLDs, were identified a very eviden&wge in the vibration frequency, confirmed by the
number of wave crests for the same period of tooasidering precisely the same height of fluid and
dynamic solicitation amplitude in the numerical slations and experimental tests. The fundamental
frequency shows local changes which are basedeondhlinearities that arise from the movement on
the water surface. These disturbances, similarlwhat has been referred for other TLDs studied,
were very objectively identified in the course bétexperimental program [Falcdo Silva, 2001]. The
difference between wave crests resulting from nisakrand experimental simulations became
increasingly apparent, what is closely relatedhie fact that the wave theories used in numerical
simulations are accurate only for shallow TLD. Tdteservations seem to indicate that, for use in
numerical simulations of real structures with dé&ps included, it is necessary to slightly reduoe t
level of the fluid height at rest in an amount tethto the observed relationship between frequencie
in order to obtain a compatible simulation for #otual behaviour of the fluid inside that device.

In addition to what has already been indicateds itlso referred that the difference observed in
numerical simulations, based on the linear and lmmar wave coastal engineering theories [Le
Méauté, 1976] [LeVeque, 2001], and physical simaotet for the elevation of the water surface, is
related to the fact that, when nonlinear phenonuérmeaking wave and / or turbulence occur, which
are more evident for moderate to high excitationpl#odes, the pressure sensors used in the
instrumentation of the physical models may lose suea field, since its proper functioning
presupposes the existence of a continuous columwatér over them. Now, in the presence of
nonlinear phenomena, these columns of water uasetikre easily, thus emerging swirls, unevenness
and splashes, and the records obtained may comémin significant errors that can bias the
conclusions.

In addition, it is also referred that the modeldentying the routines used in numerical simulatiares
exact for shallow TLDs and approximate for deep TbhBing the approximation worse as the devices
are deeper, i.e. the higher is the ratio betweerltid height at rest and the length of the devicthe
preferred direction of the dynamic load [Falcdos&il2010]. The wave theories used in the routines
proposed for the numerical simulations do not altbe direct simulation of the turbulence, which
appears associated with nonlinear phenomena ofkibgeavave, although the corresponding
dissipation energy is approximate in the front bé twaves broken. The proper simulation of
turbulence, which appears associated to the sailinear phenomena of breaking wave, can be made
by resolution of the Navier-Stokes equations [Gessian, 1996].

2.2. Dissipative force

Given its direct influence in the field of vibrationitigation, the shear force resulting in the deyi
also called dissipative force, arises either asltgrnative to the variable water surface elevation
shown and described above, and as a great elememasure, assess and calibrate results. It isfknow
that the inclusion of TLDs in structures intendsbtdance the displacement and / or accelerations of
the structural system in which they are includedpiider to dampen or mitigate sloshing/vibrations
that occur as a result of any dynamic action (wincearthquake) imposed upon them. The water
sloshing motion, linear or nonlinear, inside theide, creates a force, when there is a differencbe
water surface elevation at each top wall of thék tam well as when the wave formed hits the wall.
This force, if the TLD is properly adjusted to tfrequency the vibrations of which is intended to



mitigate, will oppose the motion of the structunewhich it is included, damping its motion and, in
some cases, even completely stopping the struatineee it is included. .

The determination of acting shear forces or digsipaforces arising from numerical simulations
include the term resulting from the hydrostaticsstee, Fq., Of the water on both walls of the top of
the TLD in the sloshing direction, but with oppesitirections, and the term resulting from the caiti
acceleration f; of the water surface near the top walls of tHeD TFalc&o Silva, 2010].The variable
force, which expresses the overall response ofdthéce against the action of a specific dynamic
action, emerges as the best control parameter.nGive above, and taking into account that the
resulting forces are estimated on the basis ofrdscof the water surface elevation at points aliveg

top faces of the TLD, it is very likely that diserd identified within the moving fluid become natl

at least are considerably reduced, when considerigipbal measure, such as the net force on the
device or dissipative force.

Based on this formulation, it was possible to nuoadly calculate the forces for the different

situations simulated (CLAWPACK 2D _LNEC) and compdhe results with the values obtained

during the experimental program. The above reslltsv to obtain an overall view of what has

happened and draw conclusions regarding the udeabutines developed [Falcdo Silva, 2010], for
simulation of the dynamic behaviour of TLD deviedgsen subject to seismic actions. On this point, is
important to emphasize that the numerical resuitained for deep TLDs are approximate, according
to what has been previously mentioned concerniegwve theories underlying the formulation of
CLAWPACK2D_LNEC routines, and consequently in wbanhcerns dissipative forces this difference
is more evident. In Fig. 2.5. to Fig. 2.8. is prasd a representative selection of the numericdl an
experimental dissipative obtained in shallow andepdelLDs, considering variable excitation

amplitudes.
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On average, the dissipative forces obtained fot@h& LDs in the numerical simulations carried out,
can adequately be close to the corresponding ewpetal values. However, similarly to what has
been observed for the water surface elevationpéad values of the numerical dissipative forces are
lower than the peak forces obtained experimentdlylow to moderate amplitudes. When it comes to
high solicitation amplitudes, in some specific attans, the peak forces obtained numerically exceed
the maximum corresponding forces obtained expetatign In fact, the changes and the reasons



mentioned for the variable water surface elevasitihremain in what concerns forces, although in a
considerably lighter way. The profiles of the faogbtained for deep TLDs allow confirming that

there is indeed a slight discrepancy between tinebeu of cycles for the same period of time, which
will be confirmed later, when determining the freqay response functions. A difference between
forces resulting from numerical and experimentahwdations has been observed, what is closely
connected with the fact that the wave theories usetie numerical simulations express exact and
approximate results, when they relate to shalloas @ep TLDs, respectively. The best approach of

the numerical results for deep TLDs may be obtalmed slight adjustment of the water height at, rest
as indicated in the following section.

2.3. FRF estimation

Another way to identify the suitability of the nurigal simulations is the comparison of frequency
response functions (FRF) obtained experimentally mumerically. These can be determined by the
relationship between an input signal and an ousgral; for example, the relationship between the
displacements imposed (input) and the water surfalevation (output) or by the relation
displacements / accelerations (input) imposed bhedlitssipative forces involved (output). As shown
in previous works [Falcdo Silva, 2010] this sectiypothesis seems to lead to less disruption results
and with a better level of consistency. The usehef force minimizes errors associated with the
recording of the water heights on the top wallshef TLD. When determining FRF, it was decided to
work on average, joining together the various tes#égle for each water height at rest and dynamic
load amplitude and to determine an average valdibeofesults, so that any eventual deviations could
be minimized. In Fig. 2.9 to Fig. 2.12, are presdrthe FRF obtained for the average of the several
series simulated numerically, considering differemater heights at rest and excitation amplitudss, a
well as their comparison with FRF obtained expentally. The irregularities observed in
experimental FRFs can be justified by the locatudiznces corresponding to splashing or nonlinear
turbulence of the water surface during the testéchivcan hardly be simulated, especially when you
follow the wave theories underlying the proposedd@IPACK 2D_LNEC routines.
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When observing the graphs presented both for degslzallow TLDs, it turns out that there is indeed
a very good matching in terms of frequency, foratyic load amplitudes ranging from low to high,
as evidenced in the analyses of average FRFs shidvisiobservation confirms what was originally



predicted for the routines proposed for simulatgince the wave theories underlying the formulation
used express exact results for shallow TLDs andosppate results for deep TLDs.

3. SDF + TUNED LIQUID DAMPERS — UNIDIRECTIONAL LOAD

It was developed and proposed a set of routingsatloav the simulation of the dynamic behaviour of
a SDF structural system with a set of TLDs includetien subject to a specific dynamic action
[Falcdo Silva, 2010]. SDF structures were simulatgth varying frequencies subject to random
dynamic loads generated using the software LNEC-§Réndes and Costa, 2007], having been
obtained its components of displacement, speedaandleration. The assessment of the quality of
numerical simulations for SDF + TLD systems of tdegrees of freedom is made, not only by
comparing the records of the water surface elewatiopoints corresponding to the various pressure
transducers placed in the experimental prograncfieeSilva, 2010] with the CLAWPACK2D_LNEC
results for the same points, as presented in teeiqus section, but also and mainly by comparing
records of displacements, speeds, accelerationsliasgative forces of the structural system. These
variables will, no doubt, allow the assessmenthaf influence of the inclusion of TLDs on the
dynamic behaviour of SDF systems and their efficyein the mitigation of dynamic vibrations
imposed. Also presented are the results obtainea $tructural system with an estimated frequericy o
about 0.8Hz, tested during the experimental tesgam [Falcdo Silva, 2010], and subject to a series
that is closer, on average, to the average valuallothe series tested, considering varying load
amplitudes and the corresponding comparisons \igheixperimental results for the same dynamic
load amplitudes. To facilitate the observatiom anly presented representative details of therdsco
concerning displacements and dissipative forces. @iL. to Fig. 3.4). As mentioned in the previous
section it was found, by direct observation, tHadwd one third of the total test duration is retevi

the phenomena that arise. Based on that observati@s decided to present in the present paper onl
sections of the corresponding duration for analysis
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As can be seen by consulting the above figurese tisea very good matching between the results of
numerical simulations obtained by the proposedd§eoutines, TLD_LNEC + SDF, and the results
obtained experimentally for low to high amplitudés.determining FRFs were joined together the



numerical simulations developed for all experimktesis carried out for each water height at redt a
excitation amplitude, having an average value baetermined, so that any deviations could be
reduced this way. It is presented below a figuseim@ng some representative examples of the type of
FRFs obtained for the numerical simulations cared on a SDF structural system with TLD
included (SDF+TLD_LNEC) and compared with the cepanding experimental frequency response
functions. The remaining results obtained in terofstime series of displacement, velocity,
acceleration and dissipative forces, as well adrdguency response functions obtained for differen
transmission structures, admitting TLDs with diéiet heights of water (ranging from shallow to
deep), excitation and amplitudes tested duringe®perimental program [Falc&o Silva, 2010].
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When observing the graphs presented, it appeatdrthfact there is a very good matching of the
frequencies of two modes that arise: i) one assmtiavith the structure itself and ii) another
associated with the TLD device. It can also befiegtithat the numerical methods proposed are very
suitable to approach the behaviour of structuraitesys with TLDs included, and that it is not
necessary to perform experimental tests, whichanyrcircumstances may delay the studies, making
it difficult to draw quick conclusions and expedit®@plementation in real structures. However,
similarly to what has been observed for the sinnortat performed on the TLDs devices when isolated
[Falcdo Silva, 2010], we can verify that, in fathe numerical simulations reflect less disturbed
results, and the frequency response function iuipieédly smoother and slightly below at the peak
area, of 10 to 15%.

The differences observed for experimental and @icalyFRFs, can clearly be justified by eventual
local disturbances in the instrumentation usednduthe experimental program and / or nonlinear
phenomena, which, as has been widely mentionedéniqus sections, are sometimes difficult to
account, even by the mathematical models basetleowave theories implemented in the calculation
routines developed and proposed. The numericallatioos for the proposed unidirectional loads
provide a good approach of the behaviour of thasetsires. The direct comparison of displacements,
velocities and accelerations recorded for the sametural system and for each type of simulation
enables to obtain interesting conclusions abouletels of vibration mitigation [Falcdo Silva, 2410

4. MDF + TUNED LIQUID DAMPERS — BIDIRECTIONAL LOAD

The structures tested were subject to random biitireal dynamic loads and frequency contents
between 0.1 and 3Hz, having been obtained the dsadrtheir displacement, speed and acceleration
components, which subsequently were compared wjkrenental results obtained for the same type
of loads. In Fig. 4.1 to Fig. 4.4, are presentedrésults of some numerical simulations carriedaoait

the corresponding comparisons with experimentalltg$or two diametrically opposed situations, in
which it was found, in the first case, a correlati®etween input signals of 1%, and in the secand,
correlation of 100 %.
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As can be seen, the progress of the displacen@itined by means of numerical simulations carried
out in structural system sets 2DOF + TLD, both tlee x-direction or transverse direction of the
seismic platform, as for the y direction or londinal direction of the platform seismic, shows an
excellent matching with what was obtained in thpezimental tests conducted in the same structure.
However, very slight differences in peak values dsn identified, most likely resulting from
adjustments in damping. Since the embedding obdkes of the structural system was achieved using
a bolted connection with steel plates, the propertif which are not accurately known, it is belteve
that, during loads, occasional damping changesacae which cannot be completely reproduced in
numerical simulations. The changes observed in dagnpill influence not only the displacement in
the structure in both directions, but also speets accelerations [Falcdo Silva, 2010]. In fact, the
MDF+ ALS _LNEC routines, which correspond to anemsion of SDF + ALS_LNEC routines for
systems with more than one degree of freedom, alidtv great adequacy the simulation of structural
systems with more than one mode of vibration. Sirlyilto what has been done for systems with one
degree of freedom, the numerical FRF for each sitedl case and load direction were also
determined, being the numerical results compardd thve experimental results.
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Observing the representations shown in each optéeous figures, it appears that, as identified fo
the series of displacements, there is, in factery yood matching of the frequencies of two modes



that arise for each direction tested: one assatiaii the structure itself and the other assodiatith

the TLD devices tested. In addition to that, amdilsirly to what has been observed for the strattur
system sets SDF + TLD, was verified that the nucaérsimulations correspond to peak values
slightly lower than the corresponding experimentdlies and, at the limit, a difference rangirair

5 to 10% can be observed. It has been identified the emergence of two peaks, associated
respectively with the modes of the main structayatem and TLD, is more evident, as the adjustment
between frequencies of the main structure and L@ devices is better [Falc&o Silva, 2010].

Similarly to the observed in the simulations perfed on TLD devices when isolated and on SDF +
TLD, it is still verified that the numerical simtians effectively show less disturbed FRF. The
irregularities present in the experimental resalts as already mentioned, the result of evenaudis

in the instrumentation used.

5. CONCLUSIONS

The numerical simulations program carried on TLDd an transmission structures (SDF and 2DOF)
with the referred devices coupled, made possiblebtain different conclusions as to its suitabitity
predict the behaviour of the above mentioned strattsystems when subject to unidirectional and
bidirectional dynamic loads. So, for isolated Thihen not included in any type of structural system:

i. There is a good matching between the records ofwhger surface elevation obtained
experimentally and numerically. The matching is mbetter in the range of low to moderate
amplitudes. As it was possible to conclude wherenlisg the graphical representations of
time series and wave profiles presented, the atilapsaproposed in the original routines of
the CLAWPACK program allow an adequate simulatidnthe dynamic behaviour of the
fluid inside the device when subject to random dyicdoads;

ii.  Thereis a good matching between the records dbtices on the walls of the device obtained
experimentally and numerically. In fact, in thediad cases, the shear force in the tank is not
affected by a significant hydrodynamic componeeing very reliable an approach based on
the hydrostatic force, obviously resulting from thalrostatic pressure on the container walls;

iii. The experimental frequencies were approximated toyenical simulations with an error
considered low. Differences registered are mainlg do local disturbances identified in
measuring sensors (for experimental results), & dppearance of nonlinear phenomena
(breaking waves) not covered by the mathematicatletiog underlying the numerical
simulations, which begin to be evident with inciegsamplitude of excitation, and also, in
some circumstances, where bidirectional loadsrapo$ed, to the influence of motion in non-
collinear directions.

In the case of the transmission systems with Tligkided for mitigation of dynamic vibration:

i.  Thereis a good matching between the displacemeatsds whatever the range of excitation
amplitudes imposed;

ii.  Frequencies and vibration modes obtained by meansroerical simulations approached the
experimental results with a negligible error. Theall differences identified resulted primarily
of local disruptions in the air springs responsitdiethe introduction of stiffness to the SDF
transmission structure (unidirectional loads) andhe fixing zone of the tri-axial seismic
platform for 2DOF transmission structures (bidirecal loads). However, as it was not
conceptualize a precise way to estimate the refdoeal disturbances, to include in numerical
simulations for increasing dynamic load amplitudédferences in relation to the results
obtained experimentally will, most certainly, arise

The results obtained numerically were analyzedcéesmabling to complement information already
available in previous works [Sun, 1991] [Gardarssb®06] [Yu, 1991] [Yalla, 2001]. Thus, it was

possible to obtain a good approach of the dynami@biour of ALS when subject to dynamic loads.
It should also be noted that an analysis of the erigal results obtained, as mentioned for



experimental results [Falcdo Silva, 2010], is ndtaeisted, and therefore it is possible to determine
new parameters and optimal relations between th&esults presented in previous sections allow
illustrating with high approximation the dynamichaiour of TLDs, observed during the dynamic

tests conducted in the uniaxial and triaxial seisplatforms LNEC. The results indicate that the

numerical simulations proposed can be extendedore romplex structural systems representative of
real structures existing in the Portuguese housarg [Falcdo Silva, 2010].
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