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ABSTRACT

Viscoelastic Coupling Dampers (VCDs) were developed to edddited supplemental damping to all modes of vibration o
coupled shear wall high-rise buildings. This paper presestdts of the early stages of a full-scale experimentgirano of a
damped outrigger VCD configuration designed to enhanceythantic behavior of supertall buildings. The outrigger VCD
consists of two viscoelastic (VE) damping panels boltestriectural steel sections. VE damper panels are made of multiple
high-damping VE layers bonded to steel plates. The VE masetitd damping and stiffness to the structure under widd an
design level earthquake loading. Under extreme earthquake tmaafecting shear steel fuses are capacity designed to protect
the structure from damage, thus exhibiting a viscoelatdstip response. Component-level experiments were conducted on
two sets of VE panels with different damping and stiffreperties. Full-scale VCDs coupling the core wall anathiggger
column of a megatall building were tested in double cureatvith realistic boundary conditions emulating a real ngld
application. Preliminary viscoelastic tests displayed stabdehgtic behaviour for targeted service level wind and seismic
loading as well as for ultimate level wind loading, covgiarwide range of both amplitude and duration of windesrthquake
vibrations. Preliminary full-scale experiments demonstrdtatithe outrigger VCD is a promising high-performance ggner
dissipation device, capable of enhancing the dynamic behafisupertall buildings

Keywords: Full-scale testing, Outrigger damper, Supertaltipgs, Viscoelastic coupling dampers, Wind and Earthquake
loading.

INTRODUCTION

Modern high-rise building design is moving towardssler and taller structures, and these buildings are dyngnsenskitive

to both wind and earthquake vibrations. For supertakn@0 stories) and megatall buildings (over 110 storigs3jgn
guidelines recommend a combination of lateral resistant systenh as reinforced concrete (RC) coupled shear walls and
outriggers. In order to ensure appropriate seismic and b&haviour for these buildings, performance-based melthgids

are followed, and resilience goals are considered in thegrdéow financial losses and repairs (out-of-servioe)iare often
targeted after major earthquake events for these tall builfirjs

The lateral resistant system of these tall buildings is degigmwithstand windstorms and earthquakes for an acceptied ret
period. Current design solutions to enhance the dynaagponse of tall buildings are based on vibration abssrieducing

the building height, and increasing the stiffness of thactire lateral resistant system; however, these alternatives have
negative financial consequences [3-5].

Vibration absorbers, such as tuned mass dampers (TMDs)l@sting mass dampers, are installed in the upper lenéls a
consist of a heavy mass tuned to vibrate with the naturadefithe structure [6]. TMDs are an effective dampingitsarh

to reduce service level wind vibrations; however, due tortherent changing properties of reinforced concrete over the lif
of the structure, they require monitoring and maintenancaddition, they often decrease the building reveryuecbupying

the most valuable architectural space of the structure. For reajtiiquake events, these devices have a lock-in-place
mechanism to avoid amplifying structural demands in thédibpgi, thus providing no dynamic response enhancements to
ultimate seismic loads. In most cases, the wind and earthglesign of tall buildings is achieved independently \tfitis
system.

Outrigger systems are a viable solution to increase thellatiffrzess of tall buildings. Robust coupling elenssuch as deep
RC beams and large trusses, tie the main RC core wall sismamimeter mega columns while increasing the overallingil
stability and overturning resistance [7]. Recently, thecttiral engineering community has adopted braced outrighgioms
such as buckling restrained braces (BRBs) for seismic capipins, and fluid viscous brace dampers to mitigate wind
vibrations [8, 9]. Large BRBs can increase the stiffness iansipme cases, avoid the use of wind vibration absorioer
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buildings located in combined wind and earthquake zongsAltough these solutions may provide an effective windl an
earthquake design, BRBs transmit large forces to theiramiimg elements while total construction time and costsfeaied
by the installation of these large members in the structure.

Recent research has shown that the dynamic response of thieéggbus greatly dependent on damping, and that small
increments in their inherent damping, using multimodppmental damping devices, can lead to a vast improvemerg of th
structure dynamic response, and a reduction of the projedtconstruction cost [11-14]. A new damping techgg|ahe
Viscoelastic Coupling Damper (VCD) has been developed at tlvetdity of Toronto [15] to add distributed damping
throughout the height of tall buildings, and to enhahe& wind and earthquake resilience. VCDs consist ofviscoelastic
(VE) damping panels bolted to structural steel sectiongdarfper panels are made of multiple high-damping 3M VE material
layers bonded to steel plates (Fig. 1). 3M VE material adofpohg and stiffness to the structure under wind awdaimplitude
earthquake loading. Under extreme earthquake loads, corqneléar steel fuses are capacity designed to protect thergructu
from accumulating damage. VCDs can replace common lateral-reststiahiigl elements such as outriggers and RC coupling
beams in coupled shear wall buildings. In addition, VCDsbeadesigned with replaceable connection details, thus acceajeratin
repairs and reducing out-of-service time of tall buidgirafter major earthquakes. Moreover, VCDs allow for aithakard
(wind and earthquake) design solution for tall buildings

Montgomery and Christopoulos [16] validated the expertaldrehaviour of full-scale VCDs for coupled shear wallayst.
Mckay-Lyons et al. [17] and Montgomery [18] conducted extenson-linear numerical analyses of tall buildings equippe
with VCDs and reported improved performance in all enginged@mand parameters (drifts, RC core base shears, and
accelerations) for design level vibrations, and increased seissilience with less structural damage for maximum credible
earthquakes. Pant et al. [19] conducted an analysis of a ni¢ga@am tall) building using a combination VCDs repfarRC
coupling beams and outriggers and found meaningful finapaidhgs, when compared to the conventional building, and
significant reductions in financial losses and downtinoesiftimate level seismic events (considering state-of théramncial

loss assessment methodologies).

This paper outlines the features of the damped outrig@# system and the early stages of its full-scale experitenta
validation. Eight full scale VCDs were designed for twgéded projects: four specimens for a 280 m tall bujidaTated in

a high wind and high seismic risk zone, and four mora#®30 m megatall building in a high seismic risk arelarge range

of dynamic, and quasi-static testing protocols have begpoped to evaluate the VCD performance for outriggeesyst
Preliminary experimental results for service limit earthqaa&ed wind testing protocols confirmed the intended VCD
viscoelastic behavior for frequent levels of vibration. Tiaper presents preliminary experimental results of an sEx&en
testing program currently underway at the University abhito.
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Figure 1. (a) Damped VCD high-rise building, (b) ®gger detail, (c) VCD and VE panel
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OUTIGGER VISCOELASTIC COUPLING DAMPER

Viscoelastic coupling dampers connect the RC core walls obtdlllings with perimeter mega-columns. When supertall
buildings are subject to lateral loads, VCDs deform predamntiy in shear providing both displacement and velocity
(viscoelastic) restoring forces to the structure. The dasmguer located in the main structural lateral resistant systéhe o
building and optimizes the sellable architectural spacegewgndviding supplemental damping to all sway and torsimoaes

of vibration.

For service level wind and earthquake vibrations, as well &gdesel wind storms, the damper response is solely @iastic.

The structural deformations only take place in the viscoel@stars, while keeping the connecting elements elastic without
accumulating any damage. For major earthquake events, buitesr fuses activate and the damper response becomes
viscoelastic-plastic (Fig. 2). Outrigger VCDs have athnilock up mechanism that limits the VE elastic deformatiahile
additional inelastic demands are sustained by the shear liek fus

Viscoelastic-Plastic response for ‘ ' Shear
extreme earthquake loading

Deformation

Viscoelastic response for wind ¢
low amplitude earthquake loadi

Figure 2. Outrigger VCD hysteretic response

MODELLING OF VISCOELASTIC COUPLING DAMPERS

In this paper, material properties for viscoelastic materare determined using the Kelvin-Voight model as descrilged b
Christopoulos and Filiatrault [6]. The hysteretic resipriiorce F,; provided by the viscoelastic panels is a function of the
material elastic deformations and velocity:

Fyg = kyguyg + cyglyg (1)

Whereky is the VE panels elastic stiffness;; the induced shear deformations; the damping coefficient and,; the
induced velocity. The stiffness and damping coefficients are @idmnof the material geometric properties, such as the area
and thickness of the VE layers, as well as the rate of loadimd) temperature self-heating effects. Viscoelastic materials
transform mechanical input energy into heat. This eneggipdition mechanism modifies the material stiffness angidgm
properties, as the material raises the temperature at each VETagalelvin Voight model is a simple approach for VE
materials, and a thorough study of macroscopic VE materidél®aan be found in [20] (with application examples for VICDs

The VCD mechanical behaviour can be modeled with a hystereitig $p series with a Kelvin Voight element (Fig. 3(f)3,
21]. The VCD total deformation is a combination of Wi panel and shear link displacements, and it is repregastfollows:

FVCD = KVCDuVCD + CVCDuVD (2)

These constitutive models can be easily implemented in MAT&étipts and in commercial structural analysis softwach su
as ETABS and PERFORM 3D.
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Figure 3. (a) Kelvin Voigt model for VE materials dmdteretic response, (b) Viscoelastic-plastic VCD model and
viscoelastic hysteretic response
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EXPERIMENTAL PROGRAM

The experimental program in this paper involves twoduodlle testing setups. VE panels were tested in an axiddemtion
using the University of Toronto 2700 kN MTS machinegd anore than 180 harmonic tests were conducted to cbaracthe
material mechanical properties. A full-scale setup was desigrsétitdate the VCD boundary conditions in outrigger ey,
and full-scale VCD specimens were fabricated by Nippon Steeh&eing Corporation (Tokyo, Japan).

VE panel testing setup

Two sets of viscoelastic panels (Panels A and B) were dektgnerovide adequate damping and stiffness to two peapos
buildings. Preliminary material property tests performeth@nfirst set of panels (Panels A) is subsequently pregémthis
chapter. Panels A consisted of eight VE layers (per pané§Gk 500 mm with 6.7 mm of thickness ISD111H matéaaided

to steel plates. The VE panels were bolted to two largéngaiff plates using a slip critical connection, and assedhiol a
MTS machine (Fig. 4). Four linear variable displacement traress (LVDTSs) were installed in the outer VE panel surfaces
to measure material deformations. Type T thermocouples were datbedide of the VE layers to measure the temperature
raise at each viscoelastic hysteretic cycle. Displacement contrahdppartitocols were applied by the MTS machine, and the
corresponding loads were measured with its internal loadTde minimum possible displacement applied by the testatontr
was lum.

Loading
Plate

(b)

Figure 4. (a) VE panels testing assembly, (b) MTS exgertial setup, (¢) VE panels deformationyfee 150%.

Harmonic loading protocols with three hysteretic cycles wepéeapto VE Panels A. An array of frequencies expectetian t
dynamic response of tall buildings were studied at threendraels:y = 50, 100 and 150%. Material properties using the
Kelvin Voight model and Eg. (1) were calculated and areepttesl in Table 1; the summary of these harmonic tests is
summarized in Fig. 5(a). Test results agreed with tirgsint material testing procedures and properties repoytére damper
manufacturer, 3M. Fig. 5(b)s a Kelvin-Voight predictionjf = 150% and = 0.3 Hz, demonstrating that this model (although
simple) is effective to characterize VE materials.
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Table 1. Summary of material properties for VE PanelsiAgithe Kelvin Voigt model for= 50%
f (Hz) k (kN/mm) ¢ (kNs/mm)

0.08 125.1 204.2
0.1 135.7 183.6
0.3 213.5 111.8
0.5 267.9 88.8
2000
2000  ymax= 50% ymax= 100% Pmax= 150% = Kelvin-Voigt
prediction
Az‘r 1000 / | A 1000
I -7 / Z
g ) / =
£ . / / g 0
4 ¥ 4
@ -1000 7 -
> 4 1000 Jmax= 150%
/ f =03 Hz
-2000 = -2000
-0 5 0 510 050 510 500 5 00 4 2 0 2 4
Deformation, mm Deformation, mm Deformation, mm Deformation, mm
———f=0.1Hz F=03Hz F=05Hz
(@) (b)

Figure 5. (a) VE Panels A hysteretic response at variaggiEncies and strain amplitudes (b) Harmonic tests testy =
150% and f = 0.3 Hz and comparison with Kelvin-Vomdel.

Unlike solid damping systems which provide viscoamging at very small deformations (micron level), mostdngsic and
viscous fluid dampers can only provide damping to strastat larger deformations. In order to evaluate the dampivided
by VCDs at very small amplitudes of vibration (##), test protocols with a large array of testing stradi35%, 0.1%, 0.2%,
0.3%, 0.5%, 1%, 2%, 5%, 10%, 20%, 30%, 50%, 100%b,150%, at various frequencies: 0.05, 0.1, 0.15003and 0.5 Hz
were conducted for Panel A. Tests results fof th8.3 Hz range are presented in Figure 6. The stablzhGteretic response
and sustained damping at very small levels of excitatidmgigsh this damped outrigger system from most cudaniping
technologies.
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Figure 6. VE Panels A hysteretic response from smadirge strains at f = 0.3 Hz.

4.2 Outrigger VCD full-scaletesting

The testing setup consists of a full-scale outrigger Wil two shear link fuses and two-VE panels, connecteddizse plate
and anchored to a strong floor. The setup also includedomding brackets supported by a rolling system, wrobplane
support system, and three dynamic high-velocity actuatithstiaeir frame supports (Fig. 7a). Two different she@Dvend
connection details were considered: an end plate replaceable con(€ipiR) and a concrete wall embedded detail (VCD-
E) as shown in Fig. 8. Eight full-scale specimens were dedig-our specimens used high performance, low yield pt@Eat
manufactured by Nippon Steel Engineering and were desiga 6@0 m tall building. The remaining four specimensluse
North American A992 steel and were designed for a 280 rbudting. All dampers have an ultimate strength capacity of
approximately 4000 kN.
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Figure 7. (a) Full scale testing setup (b) Close up tedgphoto of VCD specimen (c) Free body diagram

Outrigger VCDs were tested in double curvature with realistiundary conditions simulating a real building aggilon.
Displacement control testing protocols were applied by spmiting the three loading actuators. The displacement and load
synchronization among the three dynamic actuators weremufiby running a series of testing calibration protoéats7c.
shows a deformed shaped for a push cycle imposed by treasiiand a scheme to illustrate the transfer of lcads the
actuators, though the testing apparatus into the specimerntofh shear load;;, and end moments in the specimen can be
calculated using equations 3 and 4 respectively.

Vr = Pactor + Pactoz 3
VoL 4)
Meny = %

Strain rosettes and uniaxial strain gauges were placed irptadétcations of the specimen to identify changes of bo#instr
and stresses, specially within the shear link fuses. MeltilDTs were located along the span of the specimen to capéure th
total VCD deformation. In addition, LVDTs were attachedtihe VE damper steel plates to measure the VE material
deformation directly. The experimental setup was very densgtipimented with additional strain gauges, LVDTs and linear
potentiometers to measure and track its overall structuravimir and stability.

Preliminary harmonic testing protocols were applied éogjpecimen targeting the same strain levels achieved imidodal

tests presented in the previous section. Although the M3iS imposed axial loads in the VE panels, each independent VE
layer was strained in shear, and the shear deformationséaho the full-scale setup are almost identical to the unigestl

in both load and overall deformations. Fig. 9 showsmpayison between the VE panel response in the full-scale setup an
the uniaxial MTS tests.
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Figure 8. Full-scale outrigger VCD specimens (a) repédate end plate VCD-R (b) concrete wall embedded VCD-E
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Figure 9. (a) Harmonic hysteresis from MTS test gt &t 100% and comparison (b) with Full scale shear set up.

A series of nonlinear response history analyses (RHAs) perermed for the sample building equipped with VCD-E
considering seven service level earthquake (SLE) groundnsotnd windstorms with 1/1, 1/10, and 1/50 yesttgn period.
Three dimensional models of this megatall structure weiteusing Perform-3D [21]. The results from these aredywere
used to prepare the corresponding testing protocols.s€wice level ground motions, the intended VCD respasse
predominantly viscoelastic, without any yielding of t#teel connecting shear fuses. Figure 10 shows sample ipaeym
testing results with the corresponding hysteresis of BB Mand VE panel; Fig. 10 confirms the intended visctiel®CD
behaviour for SLE ground motions.
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Figure 10. (a) Service level earthquake testing ProtocoV@ID hysteresis (c) VE damper panel hysteresis

Wind testing protocols were prepared using the RHAamfthe three-dimensional building model equipped Wi@D-E

subject to 12-hours windstorms. RHAs were carried siniguwindstorms provided by the wind tunnel constlfan the
proposed building. Figure 11 shows the VCD hysteffesisne-hour peak of the 12 hours long duration wterevel (1/50
years) windstorm. Figure 11 confirms the intended behlavibthe outrigger VCD for design level windstorms.
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Figure 11. (a) Design level wind testing Protocol (b) VR3teresis (c) VE damper panel hysteresis

CONCLUSION

This paper presents experimental results of full scalB ¥fecimens designed to enhance the dynamic performance of two
proposed buildings, both located in seismic zone areass\&@®distributed damping to all modes of vibration dbiaildings

and provide multi-hazard protection while optimizing architeddtaellable space. Simple numerical models for viscoelastic
materials were discussed and compared to test results of iedpanels and full scale VCDs. Experimental results validated
the intended behaviour of these outrigger dampers foatoplitude vibrations, service level earthquake groundamstand
ultimate level windstorms. A total of eight outrigger VC®ere introduced in this document, and an extensive expedament
program is currently underway at the University of Toodo validate the performance of this technology forttalldings in
outrigger systems.
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