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ABSTRACT :

Viscous dampers (VD), when used in high-rise bodgiin seismic areas, should reduce the vibrafiahsced by
both strong winds and earthquakes. The optimal\iebain these two situations is not usually theneathus the
design requirement for VD is often that they shobkle two different behaviours in the different ganof
velocities corresponding to wind and earthquakeceRty VD have been applied in three high-rise dinds in
Asia, the Taipei 101 in Taipei, Taiwan, and thent\8it. Francis Shangri-La Towers in Manila, Philimgs. Taipei
101 has been the world’s tallest building sincef2(BD8m). In this building 8 VD are used to contigd motion of
the Tuned Mass Damper (TMD) installed at its taudS'MD has already been put into operation byheprdkes in
March 2005 and May 2008 and by many strong typhodie St Francis Shangri-La Place is a residential
development composed by two towers, each rising18m. In this case, 32 VD are installed into theveis
structure according to an Arup newly developed petgnted configuration. This paper describes tblenglogy of
VD installed in said high-rise buildings, and tlesults of the wide laboratory testing campaign dimeverifying
their behaviour during both wind storms and eardhkgu
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1 INTRODUCTION

Viscous dampers (VD) have been used in the lasyez0s in major civil structures to mitigate theeefs of
earthquakes. Their use in high-rise buildings boikeismic areas is a challenge for the desigsarse they should
reduce the vibrations induced by both strong wiadd earthquakes, and the optimal behaviour in these
situations is not usually the same. Consequeihttydesign requirement for VD to be used in high-bsildings is
often that they should have two different behavdauarthe different range of velocities correspogdioa wind and
earthquake. Recently VD with said behaviour haventapplied in three high-rise buildings in Asiag ffaipei 101
in Taipei, Taiwan, and the twin St. Francis TowiarManila, Philippines.

Taipei 101 has been the world’s tallest buildingcei 2004. It has 101 stories above ground anckighhis 508m.
In this building 8 VD are used to control the matiaf the Tuned Mass Damper (TMD) installed at d@g, tthat is
the world’s largest passive TMD. The VD maximumigedgorce is 1000kN, and the stroketis50mm.

The St Francis Shangri-La Place is a residentigbldpment composed by two towers, each rising tdld&drs,
213m. In this case, 32 VD - installed into the tosvstructure according to an Arup newly developed patented
configuration - are required to react in a différemy to wind induced vibrations and high velodigarthquake)
motions. Such units are characterized by a maximesign force of 2600kN and a stroket@20mm.

This paper describes the technology of VD instaitedaid high-rise buildings, and the results &f thide testing
campaign aimed at verifying their effective behaviduring both wind storms and earthquake.
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2 TAIPEI 101 - TAIWAN

Wind tunnel testing performed by Rowan Williams @sv& Irwin Inc. (RWDI) determined the wind-induced
behaviour of the Taipei Financial Center. Thisluded recommendations of design base bending mament
torsion, effective static floor-by-floor loads, appriate load combinations, and predictions of wied-induced
accelerations for various return periods. Some fizadiions to the aerodynamic shape of the towervexplored
in the wind tunnel, and were implemented to hethuce the wind-induced loads and motions of the towafter
completing this shape optimization process, th& pei@l accelerations predicted for the % yearrreperiod were
0.75% and 0.63% of gravity, where in the first cttse effects of typhoons are included and in theoisé case
disregarded. The Taiwanese building codes makemeemdations that the % year return period accéberaiot
exceed 0.05m?sor 0.51% of gravity.

Of the remaining methods available to reduce wimdiiced accelerations, a TMD was selected by thigriésam
and the owner. The TMD configuration selected ifoplementation was a 660 metric tons mass, spHdrica
shape, suspended on cables as a single stage ywanduld architecturally-integrated into the therh¢he tower
(Figure 1). The TMD was designed to be an atwadibr visitors to the building.

Extensive analysis was undertaken by Motioneerihg (lesigners of the TMD) to ensure that the TMDulo
provide the necessary reduction in wind-inducecekgeations, including theoretical investigationsdigsign the
TMD for controlled behaviour during the design sg@isevents.

Figure 1 — Taipei 101: TMD general configuratiohdad primary viscous dampers (b).

2.1 DynamicAnalysis

Considerable research and in-situ measurementédws ferformed with the intention of optimizing tibration
mitigating effects of a TMD. Most of this work asses linearity of excitation, component interacti@md
response of the combined building/TMD system; dihett the physical manifestation resembles the tlimeadel.
These analytical techniques can give moderatelyrate results. These calculations are generally carried out in
the frequency domain, where such linear assumptomgsiecessary [Simiu & Scanlon, 1986; Korenev &ridev,
1993; Soong & Dargush, 1997]. In 2000 Motioneerileyeloped analysis tools which simulate the tiromain
response of such a building/TMD system, and natirgagy as many simplifying assumptions. The oiryitation
to the complexity of the dynamic model is the bimddmodel itself, derived from software used by steuctural
engineer to determine the eigen solution for thecttre. Every aspect of the TMD is modeled irffutsnonlinear
nature, from non-linear force/velocity relationship the VD, to the instantaneous tracking of Vdmetry, force
saturation levels, and even a secondary VD systkithvis only active in extreme wind or seismic egen
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2.2  Wind Induced Behaviour

The main purpose of the TMD design is to reducehtiléyear-return accelerations to below a critefi.05m/s.
For simulations involving wind excitation of theilaling, it is widely accepted that only the fundarte modes of
the building are significant contributors. To sas@mputational effort, the building response iscakdted in
modal coordinates, while the TMD response is trddkespatial coordinates. The time domain fordungction is
taken from the wind response files, previously meed in the wind tunnel by RWDI. Through approt#ia
scaling factors many different wind speeds at gmtdheight, from 36 different azimuths around théding, are
simulated in a computer simulation. The resultregponse histories are then combined with a prébedi
meteorological model of the winds in the Taipeiaai@nd predictions are made for anticipated acatider levels as
a function of yearly return period. A multi-iterat approach is taken to determine the optimal éoatlon of
TMD properties (including VD properties) to attdire target performance level.

2.3 Seismic Design

Further to the seismic design information receifiesin Evergreen Consulting Engineers (the local cétmal

engineer), the 195 gal seismic event was used Wjokkering for the design at the damage limitattate (DLS),
while the 390 and 500 gal seismic event were useteabasis for design at the ultimate limit s(ateS).

For Motioneering’s purposes, structural damage (Di&s defined as any component which would suffestjc

deformation of any sort, while structural safety_8) was defined as the preventing the mass blark fsrecoming
disconnected from the support cables and the steidh any way. In advance of constructing the TMD
significant amount of time-domain based analysis paxformed to ensure that the above two criteyiddcbe met
for all of the design-level seismic events. As ¢amtion of the tower proceeded towards completang once a
set of tower structural properties could be meakuaeconfirmation study was also undertaken, toigeophysical

substantiation for the earlier design assumptiamig a very strong seismic event (i.e. PGA of aad 500 gal).
This involved close coordination with the towerustural engineers, as they generated revised reamlifioor

motion time histories based on frequencies measnré substantially-complete structure.

Table 1 — Peak response quantities for the 6 mmatiseismic analyses.

Primary VD (pin to pin Secondary VD (pin to pin) Cable Group (4pc)
Max TMD Max Max Min Min Max Max Min Min Max Max
PGA Event Amplitude | Length | Limit | Status | Length | Limit | Status | Length | Limit | Status | Length | Limit | Status | Tension | Limit | Status
(gal) file (m) (m) (m) (m) (m) (m) (m) (m) (m) (MN) | (MN)
Spectrum 1.27 3.81 OK 2.96 OK 3.26 OK 2.91 OK 4.03 OK
390  SE School 1.58 4.04 OK 297 OK 3.50 OK 272 oK 5.00 OK
Temple 1.36 3.89 OK 2.95 OK 3.33 OK 2.85 OK 4.65 OK
Spectrum 1.40 3.91 418 OK 2.94 268 OK 3.36 3.58 OK 2.82 258 OK 4.75 1733 OK
500  SE School 1.60 4.06 OK 2.93 OK 3.52 OK 2.70 OK 4.67 OK
Temple 1.65 4.1 OK 2.93 OK 3.55 OK 2.76 OK 4.97 OK

Upon simulating the Tower TMD response to thesésesl building motions, it was found that the TMD ulab
behave as expected, that is that no contact wéthdfilding structural slab systems would occur urahgy of the six
seismic design scenarios. Also, no damage is exgect occur to any of the TMD components. The lkesda
primary and secondary VDs have adequate force mokiescapabilities to replicate the behaviour medeh the
simulations. Table 1 details peak response quesititir the 6 nonlinear simulations.

2.4  Viscous Dampers Test Program

To provide the correct level of energy dissipatiorthe TMD during wind events, as well as survive earthquake
and also not alter the behaviour of the TMD itséfie Primary VD were designed and manufactured Ipy F
Industriale to provide for a constitutive law chemized by velocity squared exponent (F3Cand a 1000kN
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reaction at a 1m/s velocity, being the maximum k&tra750mm. Furthermore, they were designed to be
self-limiting in the axial force that they couldesk by incorporating a Relief Pressure Valve (RByStem to limit
the reaction when subjected to velocities highanthm/s typically expected during a major seismieng being
the maximum seismic design velocity equal to 2.3m/s

A major issue was to design the units in ordereict steadily during wind storms that can lastaithtee hours.
For this purpose the units were designed to profadea 13kW maximum continuous power dissipatioiinge
capable to allow for higher power dissipation pefakshort periods (e.g.: 45kW for 1 minute, 25k@¥ 5 minutes,
17kw for 10 minutes). Since the dampers are stdgjeto large movements induced by the lateral sefathe
TMD mass, their spherical hinges were designeddi@tions up to +30in all directions.

In order to verify their design capacity, a dynarhilt-scale test program has been performed onumiteat FIP
Industriale Test Laboratory; furthermore some testge repeated on all the units for quality conpafposes. The
test protocol included the following tests: prookgsure test; performance verification test; siilaoenergy
dissipation test and RPV test. The latter threts % described in the following.

2.4.1 Performance Verification Test

The aim of the test was both to verify the damperstitutive law and the reaction stability. Thettkas been
performed on every unit imposing 20 continuous sidal cycles of 290 mm amplitude at frequenciesipcing
peak velocities equal to 100, 200, 300 and 400 mim/Bgure 2a the hysteresis loop graph is repbfte the 400
mm/s test. The performance curve for all the uiitiésthe theoretical curve with a maximum deviatimfn-7.11%.
The tests results allow to predict that the pertomoe at velocities exceeding 400 mm/s (up to 100@nwaill
follow the theoretical constitutive law within tlequired precision of £15%. No failure or visiblgrs of leakage
has been determined on all the units during ths.tes

2.4.2 Snusoidal Energy Dissipation Test

The test was aimed at verifying the capacity ofj@cal unit to withstand the temperature raise gatliby the
maximum expected windstorm. This test has beeropedd sinusoidally cycling one unit at 290mm anojolé

displacement at 5 minutes steps producing a 13kiépmput. At each step a temperature measurenzenbéen
taken on the damper sliding surface in the clogesittion to the vessel (so to the sealing systéimgn three other
tests have been performed imposing the requiredvV1{@Omin.), 25kW (5min.) and 45 kW (1min.) to evaie the
temperature increase induced by wind velocity peaks

As a result, it has been estimated that to a 13k&lation corresponds an equilibrium temperaturatout 160°C.
Should we add to the average power dissipatioreffeet of the temperature increase induced by wieldcity

peaks, the units may reach a maximum operationgbdeature close to 200°C, compatible with the tewatpee

resistance of VD components (in particular theisgadystem).

2.4.3 Relief Pressure Valve (RPV) Testing

The damper constitutive law foresees to reach @efequal to 1000kN at 1m/s of velocity. At the intd pressure
corresponding to 1000kN design force, a RPV adai®abpening a by-pass to the main orificing systeus

allowing the most of the flow to pass through théve itself .

Due to the available testing equipment, a load edicgy 1000kN at a velocity greater than 1m/s wdsanbievable:
so, in order to test the functionality of the valwp to maximum flow rate available, the most of thédices

providing the required Force vs. Velocity constitatlaw were plugged. In this way, at a relativedyw damper
velocity the pressure required for the RPV opetiag been reached. Three tests — each one atr@uliffeequency
- were carried out imposing three continuous siaaycles. A typical Force vs Displacement pkishown in
Figure 2. In order to evaluate the damper intepnessure when subjected to the maximum veloci8n{%) and
so to the maximum internal flow rate, a power lattinfy of the testing results has been performethiolng a

constitutive law of the F=Cwtype characterized by a 0.07 velocity exponent.
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Figure 2 — Results of tests on VD for Taipei 101Typical Hysteresis Loop (peak velocity 400mm/s);
b) RPV system test (V=154 mm/s)

3 SAINT FRANCIS SHANGRI-LA TOWERS - PHILIPPINES

3.1 Structural form

A tall building in an area of high seismicity angjthwinds needs to be carefully designed to enthgeadequate
balance and stiffness and strength is achievedve®mional practice is to stiffen a building in orde reduce the
dynamic response under wind loading. However, liais the effect of increasing the seismic baserghaa is

attracted. By adding supplementary damping tosthecture, it is possible to reduce the flexurdfretss of the

building to minimize seismic base shear, and as#me time control the wind response.

St Francis Shangri-La Place is a development ofrasalential buildings 210m tall and approximaté®m square
in plan located in a region of typhoon winds anghhseismicity (Figure 3). Each building has a r@ioéd concrete
core and perimeter columns. For each of the twinlimgjs, 8 outrigger walls are attached to the aperoximately
half way up the building. Two dampers are attacteethe end of each of these outrigger walls, tetal of 16

dampers per building. This is shown indicativelyfigure 4.

3.2 Damping System

As a building undergoes dynamic sway motion, tlierelative vertical motion between the perimew@umns and
the ends of stiff outrigger elements cantileveringm the core. A damper is inserted across thiscstral

discontinuity, dissipating energy during the cyetiotion, and resulting in an increase in the oVelamnping of the
building. This is shown in Figure 3. Further infation is given in [Smith, Willford, 2007].

The use of viscous dampers directly incorporatéal time superstructure of the building has a nunabsignificant
advantages, when compared with a simple pendulMiD:Tl) they take up less space; 2) they are usyxdiged
away from the top of the building (the most valgabpace); 3) they can supply higher levels of dagjpt) they
are not as sensitive to a potential variation betwthe predicted and as-built building frequenc®shy using a
number of different units, there is inherent recamay; 6) with strategic positioning to ensure adegldamper
stroke is achieved, they can be used over a rangmmlitudes from low winds to earthquakes.

Modifying the dynamic response of the superstrigcthrough distributed damping needs to be congideagly in

the design process, especially since the wind-iedudynamic behaviour of the structure is in itdaljhly

dependent upon the structure’s dynamic properti@hat is to say, since dynamic property modificadicause
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changes in the actual wind load distribution itsalmulti-iterative and integrated design procesh the structural
engineer is needed. The other conventional metiigdducing dynamic response is by stiffening thracsture.
This can require multiple design iterations (insieg design time), can often be expensive, andsléadeduced
floor area. The additional damping achieved irhedicection for 100 year wind varied between 5.2041.2% of

critical for the two buildings and two principaréctions.
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Figure 3 - Architectural rendering of Saint Frar8isangri-La towers and their damping system.

3.3 Response of Building with Dampers

3.3.1 Wnd Effects

The dampers have two main effects on the wind resgorhe first is the reduction of the dynamic aficption of
the wind loading used for strength design. Thishiewn in Table 2. The second is to reduce theleratons felt
by the building occupants to acceptable levels. théncase below the target acceleration was 15gnflfable 3).

Table 2 — variation of wind loading with damping fme tower

Method Assumption Factored overturning moment (GNm)
Wind tunnel Code windspeed, intrinsic damping (1.0% 7.4
Wind tunnel Code windspeed, damping = 7.5% 4.5
Table 3 — variation of lateral acceleration withmgiéng for 10 year typhoon
Method Assumption Peak Lateral Accel. (milli-g)
Wind tunnel | Climate study windspeed, intrinsic damgp= 1.0% 25.6
Wind tunnel Climate study windspeed, Damping = 7.5% 9.4

3.3.2 Seismic Response

In the case of this building, the bending strengfthhe building was largely governed by the winddimg. A
performance based assessment of the seismic effacimade using non-linear response history analydikis is
described in more detail in [Smith, Willford, 2008]This showed a small decrease in seismic demandbe

building, to the point where wind response govertheddesign.
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Figure 4 — Dampers conceptual lay-out and as Iestaito the Saint Francis Shangri-La towers.

3.4 Viscous Dampers Test Program

The VD were designed to provide for a constitutase characterized by velocity squared exponent (Ex@nd a
2000kN reaction at a 10mm/s velocity. The unitsevequipped with a relief pressure valve systeniniit the

damper reaction when subjected to velocities higihen 10mm/s typically expected during a majormasevent
being the maximum seismic design velocity equ&d0mm/s. Maximum stroke is +220mm.

Even in this case a major design issue was to méiseyunits in order to react steadily during witdrms. For this
purpose the units were designed to provide for2&W. maximum continuous power dissipation being bép#o

allow for higher power dissipation peaks for shmatiods (e.g.: 100min. at 1.1kW, 5 min. at 2kW, if.mat 1.1kW,

5 min. at 2.5kW and the last 65min. again at 1.1kW)

Four units have been subjected to full-scale tgstirFIP Industriale Test Laboratory. The testgrot included the
following tests: proof pressure test; friction tgmiwer dissipation (wind) test and sinusoidal gpelissipation test.

3.4.1 Friction Test

A 0.1mm/s constant velocity cycle with 10mm ampulgéuwas imposed to evaluate the inherent dampeiofric
The average measured damper reaction was 4.5kblosh @.2% of the damper design maximum load capacit

3.4.2 Power Dissipation (Wind) Test

The dampers were tested imposing sinusoidal movenddraracterized by 7s period (0.142Hz) accordinthe
required above mentioned sequence aimed at simglatil80 minutes wind storm. A temperature measemém
was taken in the middle of the outer surface ofwbesel close to the valve block which resultethéathe most
heated surface. The contractual test sequenceedars average temperature increase of about 22fieér A
inspection, it has been verified that no visibtgnsi of leakage (or even weepage) or deterioratine wetected.
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3.4.3 Snusoidal Energy Dissipation (Seismic) Test

The dampers were tested imposing 5 sinusoidal syiiaracterized by 7s period (0.142Hz) and 220mpliarde
(197mm/s peak velocity). The maximum reaction waghie range from 2301 and 2541kN, always below the
maximum contractual force threshold of 2600kN.

The test caused an average temperature increabouif 17°C recorded immediately after the test@3after about
10min) at the same location mentioned on the pusvigaragraph. After inspection, it has been vetifigat no
visible signs of leakage (or even weepage) or physieterioration or degradation in performanceewarserved.
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Figure 5 — Typical Wind and SeismicTest Resulta D of the St.Francis Shangri-La Towers.

4 CONCLUSIONS

The two examples described above show that visdaogers can be effectively used in different canfigjons to
reduce the response of high-rise buildings to veind earthquake.

The addition of VDs, alongside the use of perforogabased seismic design, on the St Francis Tovesrsalso
enabled a reduced superstructure, making a netgamwi the structure of approximately $4 Millionsl$D.
Furthermore, it is interesting to note that thegp@ail01 TMD has already been put into operatioedrghquakes in
March 2005 and May 2008 (Sichuan Earthquake) anchagy strong typhoons (especially throughout aivact
typhoon season in mid to late 2005). During sofrtb@se events, building performance data was obtavia the
on-site monitoring system, and the TMD was obseteebiehave as the design intended. Some occuphtite
tower who were present during many of the typhobase commented that the building motion was barely
perceptible with the TMD in operation.
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