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Abstract

The design process for a Hybrid TLCD/TLSD system tfoe
289m tall Gama Tower, located in Jakarta, as weltietails of
the commissioning process, are discussed in th@erparhis
hybrid design was driven by the need to maximize rirass of
water for the auxiliary damper system within thelunoe
allocated.

A comparison is presented of the damping and wetezl for
tuning between that predicted using the theoretieddulations,
the measured values from the shake table testsyedsas a
comparisons against the full-scale prototype.

Introduction

Tuned Liquid Column Dampers (TLCDs) and Tuned Liquid
Sloshing Dampers (TLSDs) are efficient and costeaife
methods of supplementing the inherent damping Ibbtaldings
and thus reducing the wind-induced response ofsthecture.
TLCDs typically consist of a U-shaped tank (whenwed in
elevation), whereas basic TLSDs are uniform reattareplan
tanks. In both systems the natural frequency ofosellation of
the water within the tank is tuned to the naturatjfiency of the
building, and tuning is achieved through the s@ectbof the
overall dimension of the tank and water depth.

Although the theoretical basis of TLCDs and TLSDe well
understood, each practical implementation requicestom
design and testing. This is largely due to unceties in the non-
linear viscous energy dissipation mechanisms, chuse the
motion of the water within the tanks.

Due to limitations regarding the location and votuavailable to
install the auxiliary damper system within the towa hybrid
design of a TLCD and TLSD was determined to be thestm
effective and efficient solution.

The design and commissioning procedure involved:

e Assessment of the amplitude of response of thiibg
from wind tunnel results.

* Onsite natural frequency measurements of theafigrand
fully constructed building.

e Design of the TLCD damper tank using non-lineapkital
models of Wu et al (2005, 2009), and with referettc¢he
work of Hitchcock et al (1997) and Vickery (2006).

e Design of the TLSD damper tank in accordance wlith
methodology of Vickery (2006).

e Testing of a scale model of the TLCD damper tank a
Hybrid TLCD/TLSD system using a shake table.

* FEA modelling of the final structure includingetdamper.
e Testing of the full-scale damper prior to instibn.

e Testing of the installed system.

Wind Tunnel Testing

Wind tunnel testing was undertaken in October 20dfing the
design development phase of the tower to detertfiaewind-
induced structural loads and building motion efedtesting was
undertaken using a 1:500 scale model in Windteblo'sndary
layer wind tunnel facility using the High-Frequendyorce
Balance (HFFB) technique. A photograph of the winthal test
model is provided in Figure 1.

The results of the study indicated that the ultenpeak base
moment of the tower would be governed by a crossiwi
response when the prevailing winds were from thhnar south.
Whilst this result is not unusual for a tower with aspect ratio
of 8.0:1.7:1.0 and a constant floor plan acrossftifieheight of
the tower, a generally smooth facade and no cdreatment, the
tower was to be constructed on a structural raét ttuthe site
being located on a marsh.

The wind tunnel study indicated that the ultimatealp base
moment would exceed the limitation of the strudtuaf. Hence
it was necessary to investigate measures to netija cross-
wind response and thus reduce the magnitude ofuliiraate
peak base moment.

Initially, mitigation options such as altering thewer form, or

modifying the dynamic properties of the structuceirtcrease
stiffness were discussed. However, it quickly bezaapparent
that altering the building form was not an optitvattthe client
would entertain, and it was not possible to inceede Mode 1
natural frequency sufficiently to mitigate the @asind response
(the Mode 1 response was found to be the drivehefcross-
wind excitation). Hence an auxiliary damping systemas

considered.

Further investigation showed that the auxiliary gamsystem is
required to provide approximately 1.5% to 2.0% #ddal
damping to the system for the Mode 1 translationtiono
response.

Figure 1. The wind tunnel test model (October 20t0)Windtech’s
Boundary Layer Wind Tunnel Facility



Initial Design

A Hybrid TLCD/TLSD system was selected since it pde¢ the
most efficient use of the space allocated for thstesn. The
suggestion to install a Visco-Elastic Damper (VERgs ruled
out due to the much higher cost when compared TaGD or
TLSD system, even factoring in the cost of the lbemgn

monitoring.

An initial concept design of the Hybrid TLCD/TLSDsigm was
developed in July 2011. This was based on the Modatural
frequency estimate from the latest FEA model of toeer

structure available at that time, since Mode 1 s mode of
motion which governed the excessive wind-inducedding

motion observed from the wind tunnel study. A pecsive
section of the initial design of the Hybrid TLCD/$D system is

shown in Figure 2.

Figure 2. Perspective section view of the initiglsign of the Hybrid
TLCD/TLSD system. The TLSD sits within the U-shayfehe TLCD.

Since the auxiliary damper is relied upon for tfténate design
loads of the tower structure, great care must kentdo ensure
that it will remain effective for the duration dfig¢ design wind
event, since during that event there is an incrklikelihood of a
power failure or similar. Hence it is necessary tfog system to
be passive rather than active, and require miniorajoing
maintenance. A
performance of the Hybrid TLCD/TLSD damper was ¢deed
essential even in the early design stages of thteisy

The space for the system, which was allocated bycttent, is

located at either end of Level 44 of the tower.lEggace is only
3.26m wide and 5.80m high, but over 30m long. Atpgmaph of

one of the allocated spaces within the tower issshim Figure 3

during construction. A Hybrid TLCD/TLSD system is tme

placed within each space on Level 44. The TLCD tardvides

the most efficient use of the space with regardsffective water
mass. A TLCD does not require as much freeboardmelfor

the water sloshing action, compared to a stand&@DTtank.

Nonetheless, a TLSD tank is also included withm ‘td-tube” of

the TLCD to provide the additional mass necessagchieve the
required total auxiliary system damping.

B A

Figure 3. One of 2 allocated spaces for the Hybti@D/TLSD system

long-term monitoring system for the

It should be noted that Level 44 is at approxinyatedo-thirds of
the total tower height. The optimum location foFlaCD and/or
TLSD is at the top of the tower. Hence approximafei times
more mass is required to provide the same dampfifegteat
Level 44 compared to if the mass was placed atdpeof the
tower. Nonetheless, Level 44 was selected since ithithe
mechanical services floor of the tower, and haarger floor-to-
ceiling height compared to the typical tower leyelghich is
required for the TLCD.

The main TLCD damper tank was designed using thelinear
empirical models of Wu et al (2005, 2009), and wéference to
the work of Hitchcock et al (1997) and Vickery (8)0 The
TLSD damper tank was designed in accordance with th
methodology of Vickery (2006).

To extract the maximum efficiency from the TLCD tankhey
are designed to 95% of the ULS Mode 1 natural feeqy
(Mayol, 2004). The TLSD tanks are designed forthé& Mode
1 natural frequency, which assists in extending ithiege of
effectiveness from the TLCD/TLSD hybrid system. Rartnore,
the tanks are designed to operate within a range€D@s of the
Mode 1 period simply by varying the water level hiit the
tanks.

As detailed by Gao (1997), further energy dissgratievices are
included within the TLCD tanks, including orifice npals,
roughened internal surfaces, and mesh panels. Tieesares
assist in maximising the damping provided by th&€DLtanks.

Numerical Modelling of the Initial Design

The dimensions of the TLCD tank cause it to be bdytre
range of empirical data provided by Wu et al (200809) The
dimensions of the TLCD are driven by the heightrietson of
5.80m of the available space for the tank, and &gothe
requirement for the tank to be able to be tunedvésrations of
+0.2s for the Mode 1 period. An area ratio of Zlthe vertical
columns of the TLCD assists in meeting these remerds.

To ensure that the initial design is designed é&ffely, a

numerical model of the TLCD was developed. To vetife

accuracy of the numerical model, standard TLCD tamé first

developed and checked to ensure that they providesame
performance parameters published by Wu et al (2Q009).

Once this was confirmed, the performance of thecifipetank

required for this particular project could be detered using the
numerical model.
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Figure 4. TLCD tank performance, obtained fromribenerical model



The performance of the TLCD tank, and a comparisbthe
displacement of the tower with and without the TL&Btalled,
is presented in Figure 4.

The numerical model is also used to obtain an estinof the
displacement of the water slosh within the ieattcolumns of the
TLCD tank, and to ensure that sufficient freeboargrovided ir
the tank.

The study confirmed that the initial design of #ystem woulc
achieve approximately 2.0% additional damping te thwer
structure, which would be sufficieta provide adequate ultima
design loads and base moments for the tower ste.

On-Site Testing for the Natural Frequency of the Tower

The results of the wind tunnel stydynd the initial design of tt
Hybrid TLCD/TLSD system,were based on estimates of
natural frequencies of the tower structure obtairflemn a
detailed FEA model. It is known that the natur&dqfnencies o
completed tower structures can vary somewhat frévosd
estimated by FEA models (Kim et al, 2014)d hence since the
design of an effective TLCD and/or TLSD is sensitteeeven
relatively minor variations to the natural frequieisg it was
necessary to obtain more accurate natural freqgeenthis wa:
achieved by undertaking aite testing during tt construction
process.

The first onsite test was undertaken near to-out of the
structure construction, and with approximately 26Bthe facade
installed. This was undertaken in March 2015. Tésults of this
test were then used by the structuralieeer to fin-tune the
modal response behaviour of the FEA modal] tothen provide
a more accurate prediction of the ULS natural fezgpies. i
should be noted that only the SLS natural frequencian b
measured omite, so an assumption for the bviour of the
structure under ULS conditions is still neces to be
undertaken.

As part of the first orsite tests, the damping characteristics of
structurewere also measured. The tower structure was ex
using crane drops, which caused a meid peak building
acceleration of 2.0milli-gclose to the annual peak accelera
for this tower) The resulting damping from the structure \
determined to be 198 of critical, which confirms that tr
assumed levels of inherent damping used for thed\tunnel
study were appropriate (2.0%f critical assumed for the UL
scenario, 1.0% of critical for the acceleratiorcasdtions).

A second orsite test was undertaken in October 2015 «
constructionof the tower structure was complete and the fa
fully installed. This was used to further fitae the structur:
engineer's FEA model and the estimates of the Ukfimal
frequencies of the structure.

The evolution of the ULS Mode 1 natural frequensyireates
throughout the course of the project armmarised as follow

*« October 2010: 0.117H#rom the FEA model. sed for wind
tunnel study.

e June 2011: 0.108HzZfrom a refined FEA model. 'ind
tunnel results updated, and uded the initial design of th
Hybrid TLCD/TLSD system.

e July 2015: 0.119Hz, after the first set of csite
measurements. Wind tunnedsults update, and used for
design development of the Hybffd. CD/TLSD systerr

e October 2015: 0.130Hzafter the second set of -site
measurements. Wind tunnedsults update, and used for
further design development of thidybrid TLCD/TLSD
system.

Scale Model Shake Table Testing and FEA Modelling

Once the initial orsite test for the natural frequencies of
tower structure was completestimates of the ULS natural
frequencies were revisednc the design of the Hybrid
TLCD/TLSD system wagefined to maximise efficiencyThis
refined design was then modellphysically at 1:10 scale and
tested at the University of Technology Sydney shakiele
facility. This testis necessary to verify n-linear effects of the
water in the TLCD, and to verify the effectiveness of {
additional energy dissipation devices which havenbecludec
within the TLCD.

Initially, the TLCD tank was tested in isolation kgt the TLSI
and without the mesh panels. s was considered the base case,
and further testing was undertaken with varioudfiganations of
mesh panels, TLSD, ety determine the optimum configurat.
Varying levels of water within the TLCD and TLSD wealsc
investigated. A photograph of thcale model on the shake table
is provided in Figure 5.

Figure 5 Shake table test of the 1:10 scale TLCD modeth@uit TLSD,
without mesh panels)

Each shake table test was undertaken for a sweeapatofal
frequencies, which not only enabled confirron of the tuning
frequency of the system, but also enabled the mh@tation of
the damping performance ahe damper system using the
half-power bandwidth method and by fitting the theoms
response curve of Wu et &005,2009). This is demonstrated in
Figure 6.
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Figure 6. Effectiveness of théybrid TLCD/TLSD system for a range of
excitation frequencies.



The shake table test confirmed that the designhef Hybrid
TLCD/TLSD system had an effective characteristic g of
16% of critical. The measured performance propertié the
auxiliary damper system from the shake table tesewsed in
conjunction with a FEA model of the full tower tocaunt for the
effect of the mass ratio. This confirmed that tbelt additional
damping that the auxiliary damper provides to thser ranges
from 1.6% of critical (for Mode 1 = 7.6s period) 109% of
critical (for Mode 1 = 8.0s period). These valudsadditional
damping were demonstrated to be capable of redubedJLS
cross-wind response of the tower structure and emprent
loading on the raft foundation system by a suffiti@mount.

Design Development

The second on-site measurement of the natural dregies of the
tower, which were undertaken after the completibthe shake
table test, indicated that the natural frequencyldide a little
higher than previously estimated. However, sinee rigsults of
the shake table test confirmed that the numeriaaehprovides
accurate performance estimates of the TLCD/TLSD idybr
system, the design could be modified without thednfer further
shake table testing.

The final design for the TLCD tanks are that theilf be 18.20m
long, 3.26m wide, and 5.80m tall. The effectiveitgnrange will
accommodate the desired +0.2s of the Mode 1 peaiod tuning
is achieved by varying the water level. To avoidhimise water
loss in the tanks due to evaporation, the tanks smaed.
However, to enable the sealed TLCD tank to functiomectly, a
horizontal duct connecting the freeboard volumeshattop of
each vertical column is included and sized such tie cross-
section area of the duct is sufficient to not ttieothe efficiency
of the TLCD.

The total mass of water on Level 44 of the towe81%,000kg
(for Mode 1 = 7.6s period), or 400,000kg (for Motle= 8.0s
period). Note that the mass is split to each TLCLBDLhybrid
damper system, located at either end of the Le4dlodr plate.

Pre-Installation and Commissioning

The final on-site test for the natural frequenciésthe tower,
which was necessary to finalise the design of thgorid

TLCD/TLSD system, has been undertaken after conguietif

construction of the main tower structure. Hence major

construction cranes are available on-site for tistailation of a
pre-fabricated tank system into Level 44 of thedanwdence it is
necessary to construct the tanks in-situ from smalérts which
could be delivered to Level 44 using the servicevator. To
minimise the risk of on-site fabrication issuesnack-up of the
tanks were constructed off-site. This also enaldeg issues
relating to maintenance access, drainage, etc,etadéntified
prior to the on-site construction. A photographtloé mock-up
tanks constructed off-site is shown in Figure 6.

Figure 6. Testing of full-scale damper prior totaition in the tower.

Once installed to the tower and filled with waterthe correct
levels, the performance of the auxiliary damperteys is
monitored remotely in real-time. This is achievesing several
accelerometers located permanently atop the towendasure
the natural frequencies of the structure, and a&wors within
the tanks to monitor the water levels. The locahdvepeed is
determined from recorded data obtained from the=ametogical
observation station located at the local airpotte Tvater level
within the tanks can be altered to maintain maxineffitiency
of the system at all times.

Conclusions

An effective auxiliary damper system has been aesigand
developed for the 289m tall Gama Tower, locatediakarta. The
effectiveness has been estimated using empiricalnammerical
modelling, and verified using shake table labomattesting.
Combined with results of wind tunnel testing for thénd-

induced loads acting on the total tower structuhe, analysis
confirms that the auxiliary damper system is effectin

mitigating the excessive cross-wind induced respofus the
ULS scenario. Furthermore, the implementation dbreg-term

monitoring system for the performance of the aaxylidamper
ensures that the system will remain effective tgrmut the life
of the structure.
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