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SUMMARY:

A new damping system for high-rise buildings, theweelastic Coupling Damper (VCD), has been devetogt
the University of Toronto. VCDs are introduced ieul of coupling beams in reinforced concrete (R@)ped
wall buildings, adding distributed damping in atdral modes of vibration. In the event of a laegethquake,
capacity designed fuse elements activate, prevgdamage to adjacent structural elements. Activatsels can
then be inspected and quickly repaired or replaced.

A conventional RC coupled wall building is compatedan alternative design incorporating VCDs. Noadir
time history analysis was carried out using suitésservice level, design basis and maximum credible
earthquakes. Results highlight the improved peréorce of VCDs over diagonally reinforced couplingioe

at the SLE hazard level. Equivalent performance wla® achieved at the DBE and MQ&vels. Losses
associated with structural damage are expected tovier for all three levels of seismic hazard.
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1. INTRODUCTION

Reinforced concrete (RC) coupled walls are ondefmost widely used lateral load resisting systems
for high-rise buildings. During large seismic evemglastic hinges develop in the coupling beams and
at the base of each wall, resulting in the forrmatd a plastic mechanism. In areas of moderate to
high seismic hazard, specially detailed diagonaifoecement is provided in order to increase the
ductility and energy-dissipating properties of € coupling beams (Fig. 1.1 b). The complexity of
detailing required in these beams results in iregdaconstruction time and costs. Another significan
drawback associated with this type of construcii®rihe extensive damage that is likely to be
sustained following a major seismic event. Econolosses associated with repair or replacement of
damaged coupling beams can be significant, as keasdse for many tall building owners after the
2010 Conception earthquake in Chile (Fig. 1.1sdme cases the extent of damage may be so great
that it becomes more economical to decommissiombtiiding.

An alternative design solution for RC coupled valstems using the Viscoelastic Coupling Damper
(VCD) (US Patent US7987639, Montgomery 20Xiffers improved seismic performance and
structural resilience. VCDs are substituted in iéwoupling beams in a coupled wall system. I thi

configuration, VCDs provide distributed viscous gng to the structure as well as coupling of the
walls during severe wind storms and small to magesgismic events. In regions of high seismic
hazard, these dampers can be capacity designeglaifamce-limiting “fuse” detail.

This paper presents the results of a comparativdysin the seismic performance of two prototype
coupled wall structures located in Los Angeles, The reference structure is a 42-storey case study
building designed by Magnusson Klemencic Associdtesthe Pacific Earthquake Engineering
Research Center (PEER) Tall Buildings Initiativé& R 2011). An alternative design uses VCDs in
lieu of diagonally reinforced coupling beams athe#ioor level. The results of nonlinear time histor



analyses comparing the performance of the structair¢hree levels of seismic hazard are presented.
Expected losses due to damage at the differentdhéerzels are also discussed.

a)

b)

\1:1:1:1:1:1:1:1:1:1

| | | o |

Figure 1.1 a) Schematic of RC coupled wall structure, b) Tgpreinforcing detail for diagonally reinforced
coupling beams (Wallace 2006), ¢) Coupling beamatgenin recently-constructed high-rise condominiums
after Conception 2010 (LATBSDC 2010)

2. VISCOELASTIC COUPLING DAMPER (VCD)

A new viscoelastic damping device for high-riseldinigs has been developed at the University of
Toronto. The VCD consists of multiple layers ofcaslastic material, placed between layers of steel
plate which are anchored at alternating ends tocthuled RC walls using a number of different

connection details (Fig. 2.1). These VCD elemegptace some of the RC coupling beams in coupled
wall buildings to provide supplemental distributédmping. In this configuration, the viscoelastic

(VE) material undergoes shear deformations dudn¢orélative motion of the coupled walls under

lateral loading. As it deforms in shear, the VE enial develops both a velocity-dependent viscous
force and a displacement-dependent elastic regtdoirte, which has the effect of adding damping

and stiffness to the system.

In regions of high seismicity, a ductile “fuse” nhanism can be added in series with the VE material.
In the event of a large earthquake, the fuse yietdactivates, limiting the forces transmitted he t
adjacent RC walls and preventing tearing in the &erial due to large shear deformations. The
VCD is then able to safely undergo large shear rd&itions as a combination of VE material
deformations and fuse element nonlinear deformatidhere are many structural details which can
be used to form a reliable ductile fuse mechangmh as reduced beam sections (RBS) (Fig. 2.1), a
shear-critical fuse, a slip-critical friction fusar, a force-limiting anchorage detail.

Figure 2.2 shows the hysteretic response charsiitsriof the VCD. Under wind and low level

earthquakes loads, the connecting elements renlasticeand effectively damage-less as shear
deformation occurs primarily in the VE materialdFR.2a). Under extreme earthquake loading, the
fuse mechanism forms and the VCD exhibits viscatelplastic behaviour (Fig. 2.2b). In the extreme



loading scenario the majority of shear deformatioocsur in the fuse element(s). The VCDs are easily
inspected following a major seismic event, andlwameadily repaired or replaced.
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Figure 2.1 Viscoelastic Coupling Damper (VCD)
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Figure 2.2 a) Viscoelastic deformed shape, b) Viscoelastotipldeformed shape,
c) Design hysteresis envelopes

3. CASE STUDY BUILDING

The PEER Tall Buildings Initiative (TBI) was fourdtlén 2006 in response to a lack of available
guidelines for performance-based design of talldngs. As part of this research and development
study, a high rise coupled RC corewall structurs designed by Magnusson Klemencic Associates.
Three different versions on the building were desdjin order to evaluate and improve on existing
design guidelines. The reference structure forpiesent study is based on the prototype building
designed according to the performance based desitgria published by the Los Angeles Tall



Buildings Structural Design Council (LATBSDC 2008)his structure was optimized for seismic
performance following state-of-the-art design ciéte

The reference structure is a 42-storey hotel ctingioof an RC core with diagonally-reinforced

coupling beams, and a gravity load resisting systemprised of flat slabs supported on perimeter
RC columns. A 3D nonlinear analysis model was usihg CSI Perform-3D (CSI 2007). The model
included the RC core, ground floor and basemetissland foundation walls (Fig. 3.1). Structural

geometry and details, as well as material propedi® gravity loads are consistent with those used
the study by PEER (2011).

Figure 3.1 Perform-3D model of prototype building

4. ALTERNATIVE DESIGN

An alternative design using VCD links was develofmdhe prototype structure. At every floor level
four of the diagonally reinforced coupling beamseveeplaced by two VCD links in parallel (two in
the north-south direction, two in the east-westdion). A total of 172 coupling beams were reptace
in the structure. The link elements were desigoddaive the same length as the diagonally reinforced
coupling beams (1300 mm in the east-west directod, 1600 mm in the north-south direction). The
VCD design includes 30 layers of ISD-111H VE mate850 mm (I) x 560 mm (d) x 5 mm (1), in
series with a shear-critical fuse element (Fig).4.1
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Figure 4.1 Shear force limiting VCD

In a coupled core wall configuration, the sheatical fuse elements are designed to dissipate gnerg
in a manner similar to that of link elements inecically braced steel frames (EBF). Research has
shown that short steel links designed and detddegield in shear possess excellent ductility and
energy-absorption properties (Engelhardt & Pop®82). In the case of this prototype structure, a



shear-critical fuse detail was selected becaus¢hefrelatively short span-to-depth ratio of the
coupling beams, in addition to the stable hystefgthaviour of shear fuses.

5.VCD MODELLING TECHNIQUES

Kasai (2002) developed a model to capture the behawf a visco-elasto-plastic damping device.
The same model, oriented in the direction of steeformation at the midspan of a rigid beam
element, can be used to capture the response ofGiie (Fig. 5.1a). An equivalent Kelvin-Voigt
model, consisting of a spring and a dashpot ineselis used to capture the viscoelastic force-
displacement response of the damper (Fig. 5.1kjigifl-plastic shear hinge, with activation force
Vise 1S placed in series with the Kelvin-Voigt modeldaccount for the response of the force-limiting
fuse (Fig. 5.1c).
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Figure5.1a) Schematic of VCD model, b) Viscoelastic VCD leyssis, c) Rigid-plastic shear hinge hysteresis

The force-displacement response of the VCD is esqae as:

Fyep(6) = kyepuyep(t) + cyepuyep (£) (5.1)
where Fycp, uycp, anduycp(t) are the shear force, shear displacement, and sledacity,
respectively, in the damper at timeandkycpand c,cp are the equivalent stiffness and damping
coefficients of the damper. Because the stiffnegs gamping coefficients of the VE material vary
with temperature, strain amplitude, and frequerfogxaitation, upper and lower bound values should
be used to establish a design envelope for the \FoDthe purpose of this comparative study, aket o
average properties of the VE material during adasgismic event were determined. An average VE
material temperature of 24 and an average VE material strain of 200 per ¢#0tmm) were
assumed for all dampers. It was also assumed hleatldampers would be excited primarily in the
fundamental period of vibration of the structuresach direction. The properties used in the two VCD
designs are listed in Table 5.1.

Table5.1 VCD damper properties for alternative design

Directior Length (mm Kvcp (KN/mm) Cvep (KNs/mm’ Viuse (KN)
North-Soutt 160( 156.¢ 37.4 2,15(
Eas-Wes 130( 155.¢ 61.4 2,15(

6. GROUND MOTION SELECTION AND SCALING

Seven pairs of historic ground motion records wsskected, as listed in Table 6.1. The ground
motions were scaled in accordance with the proedutlined in ASCE 7 to match the 5% damped
site specific spectra for three different hazankle (PEER 2011). Nonlinear time history analysis
was carried out at the SLE, DBE, and MCE hazareél&g\wwased on return periods of 43, 475, and
2475 years, respectively. Analysis results fronee¢hof the ground motion pairs are presented in this
paper.



Table 6.1 Ground motion records used in nonlinear time nysémalysis

Record Name Region Station M agnitude R (km)
Superstition Hills U.S.A. Parachute Test Site 6.54 0.9
Denali Alaska Pump Station #9 7.90 54.8
Northridge U.S.A. Sylmar Converter Station 6.69 5.3
Kocaeli Turkey Izmit 7.51 7.2
Landers U.S.A. Yermo 7.28 23.6
Duzce Turkey Duzce 7.14 6.6
Loma Prieta U.S.A. Saratoga Aloha 6.93 8.5
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Figure 6.1 Scaled site specific spectra

7. BENEFITS OF DAMPING FOR THE WIND RESPONSE OF HIGH-RISE BUILDINGS

Considering the very low levels of inherent dampimgall buildings (CTBUH 2008), small amounts
of distributed viscous damping can have a significeffect on the dynamic wind response, the
dynamic wind response, (accelerations, velocities dynamic displacementsaxls), is reduced as a
function of inherent damping,(ASCE 2010, NBCC 2010):

ug = f(1//%) (7.1)

Using ETABS, modal damping added from the VCDs walsulated to be above 2.5% in the first

three modes of vibration. Assuming the level ofeir@mt damping is 1.0%, the reduction in vibration

response (accelerations, velocities and dynamptatisments) resulting from added damping of 2.5%
in the first three modes of vibration corresporalsoughly 47%.

8. NONLINEAR ANALYSISMODELS

Nonlinear properties were assigned to the core fleadlral behaviour and the shear behaviour of the
diagonally reinforced coupling beams, which werpested to undergo inelastic deformations under
seismic loading. The core wall shear behaviouwel$ as the slab diaphragms and foundation walls
were assigned elastic properties since these etsmare expected to remain elastic even under the
most severe seismic loading.

Nonlinear models of the reference structure andlteenative design were created using Perform-3D.
Only the lateral load resisting system was reprtesem the model since studies have shown that
including the gravity system does not have a sicgnit effect on seismic response (PEER 2011).
Rigid diaphragms were assigned to the core walneigs at each floor and seismic mass was
assigned at each floor above the ground level. grband floor and basement slabs were modelled
using finite element meshes with a reduction faaibr0.25 to account for concrete cracking.
Boundary conditions were modelled using pin sugpattthe level of the top of the foundation mat.
Soil-structure interaction was not accounted foth@ model. Viscous damping was assigned 2.5 per
cent Rayleigh damping at periods of 1 and 5 sectordsl analyses.



The combined axial and flexural response of the egalls was modelled using nonlinear fibre shear
wall elements. The wall thickness was reduced tmaat for the effect of spalling and all concrete
was defined as confined. The shear behaviour ofvdiles was defined using a linear elastic force-
deformation relation and an effective shear moduii®.2E, where E is the expected Young's
modulus of the concrete. Shear-flexure interact®mot accounted for in Perform-3D. Basement
walls were modelled as elastic shear wall elemeritis an assumed thickness of 400 mm and a
reduction factor of 0.8 to account for concreteckirag. Diagonally reinforced coupling beams were
modelled following recommendations from Naish ef{2009). Each beam was modelled as an elastic
beam element with an effective flexural stiffne$sOdl5El, and a nonlinear shear displacement-
based hinge element located at midspan.

In order to capture the response of the VCD in d?erf3D, a viscous bar element, consisting of a
spring and dashpot in series, was used to creatdfective Kelvin-Voigt model. This was done by
assigning a very large stiffnessrfinite) to the spring and placing a spring elemaith the effective
damper stiffness in series with the viscous bameld. A rigid beam element with an equivalent
Kelvin-Voigt element oriented in the direction dfear deformation at midspan was used to couple
the wall elements in the alternative building modidcause viscous bar elements must be assigned a
length in Perform-3D, rigid beam elements were usesimulate rigid offsets connecting the VCDs

to the shear wall elements. A rigid-plastic sheergéd was added in series with the damper to
represent the shear-critical fuse (See Fig. 5.1a).

9. NONLINEAR ANALYSISRESULTS

As shown in Figures 9.1and 9.2, a significant réducin inter-storey drift was observed the SLE
hazard level in both East-West and North-Southctivas because of the added damping provided in
the VCD structure. A less significant reductioniniter-storey drift was noted at the DBE and MCE
levels since both the RC coupling beams and VCOerateplastically at these levels of seismic
loading.
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Figure 9.1 Maximum Interstorey Drifts — East-West Direction
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Figure 9.2 Maximum Interstorey Drifts — North-South Direction



Figures 9.3 and 9.4 show storey shear reductioboth directions in the SLE hazard level and
comparable storey shears at the DBE and MCE levels.
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Figure 9.4 Maximum Storey Shear — North-South Direction

As shown in Figures 9.5and 9.6, there is a sligduction in peak floor accelerations at all hazard
levels in both directions, because of the addedpitagnn the VCD structure. The results from both

structures are very similar at the DBE and MCE leMeecause both the coupling beams and dampers
are responding primarily plastically.
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Figure 9.5 Maximum Storey Acceleration — East-West Direction
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Figure 9.6 Maximum Storey Accelerations — North-South Directio



Maximum coupling beam rotations on the South coedl wesulting from the Loma Prieta record
scaled to the DBE and MCE hazard levels are platiellig. 9.7. The need for repair of coupling
beam elements is expected to occur beyond a rotafi®.02 radians (PEER 2010). As indicated in
the figure, 14 coupling beams reached this levebtdtion during the DBE level event. At the MCE
level, a total of 37 coupling beams would requéepair.
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Figure 9.7 Peak Coupling Beam Rotations — Loma Prieta

The VCD is assumed to have permanent damage negyuis replacement in the event that the VE
material is deformed beyond an allowable straid@d%, or when excessive plastic deformations are
sustained by the yielding steel fuse element. Aeniched in the design of the VCD, it was confirmed
that the VE material strains did not exceed 200%llirof the analyses since the steel fuse elements
were designed to activate at a force corresportigshear deformation of 200% in the VE material.
Based on extensive experimental data on the respufnsteel shear yielding link elements (Mansour
2010), it was assumed that replacement would bainestjif the plastic rotation in the yielding fuse
element reached a value of 0.04 rad.

Figure 9.8 shows the peak shear fuse plastic ootmin the South core wall resulting from the Loma
Prieta record scaled to the DBE and MCE hazarddeye shown in the figure, none of the VCDs

would require repair following the DBE level eveatd only 16 VCDs would require repair or

replacement at the MCE level.
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10. CONCLUSION

In this paper the performance of a 42-storey castyuilding designed by Magnusson Klemencic
Associates, in accordance with state-of-the-affioperance-based design guidelines, was investigated
and compared with an alternative design using Wiscooupling Dampers.
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Figure 9.8 Peak Shear Fuse Plastic Rotations — Loma Prieta



The added damping provided by the VE material &ffely reduced the service level earthquake
response of the alternative design (drifts, acesétans and storey shears) when compared to that of
the reference structure. Nonlinear time historylysis results indicate that comparable performance
(drifts, accelerations and storey shears) was aetlien the alternative design at the maximum
credible and design basis earthquake levels. It alss observed that more RC coupling beams
required repair following a design basis earthqudie the number of VCDs needing repair. In
addition, the modular nature of the VCDs would disglitate repair of any damaged elements.

The results from this study are based solely oreinpinary VCD design and no optimization of the
damper performance was investigated. Further suwdiiéinclude varying the size and number of the
VE material layers, optimizing the number of VCI2rekents used at each floor level, and varying the
fuse activation force in order to arrive at a meffective design strategy.
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