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ABSTRACT

Current simplified design methods for buildings twgupplemental damping devices are mainly basediragle-degree-

freedom (SDF) shear-models. Common errors of suethaals are attributed to the linearization of nuedir damping and
stiffness, higher building vibration modes and fledd deformations that may be ignored in the dandesign phase. In tall
buildings, dampers are typically placed at certairels only, leading to an irregular vertical dangpidistribution along the
building height. To overcome the above-mentionegllehges, a practical multi-degree-of-freedom (MpE)formance curve
tool is developed for the design of tall buildingith dampers. The method first utilizes the SDH@®@nance curve method to
design and distribute dampers along the buildinmgyttefor a broad range of design parameters. Thtenpnducts an

intermediate evaluation through response histoayyais based on simplified MDF models. The emphiagidaced on the use
of bilinear oil dampers for seismic retrofit applimns. Dampers are represented mathematicallyaniflaxwell model, which

accounts for the stiffness characteristics of addlr oil damper. Guidance is provided on the dgwekent of the MDF

performance curves with simplified flexural-sheaatm models. A parametric study is carried out based broad range of
damping properties and vertical damping distributioethods. An existing 40-story steel building esgnting typical 1970s
construction in North America is used as a bencknrathis case. It is shown that the proposed #@loiws for a reliable

computation of story-based engineering demand patemnfor a range of available seismic retrofitigiesolutions.

Keywords: Supplemental damping, tall buildingsss@&t retrofit, bilinear oil dampers, performancevas.

INTRODUCTION

Supplemental damping devices have been implemémtadidings to minimize the seismic effects in gpective and existing
designs [1]. To this end, simplified design methadgh as linear analysis procedures (LAPs), weveldped and adopted in
the design practice [2]. The LAPs can be easilizetl along with a code-based design spectrum syramg linearized single-
degree-of-freedom (SDF) systems. However, LAPs ggss®rrors, which in many instances, may not béigiele [3].
Simplified design methodologies for buildings wihpplemental damping devices do not accuratelyesgmt challenges
common to high-rise buildings. Dampers are not géndesigned to be present in all stories (e.d.btaldings) [4; 5]. The
damping localization in few stories results in nassical damping, thereby resulting in EDP preditgrrors. Disregarding
the flexural deformations in simplified formulat®also results into errors [5-7]. Flexural deforimag in tall steel moment-
resting frame (MRF) buildings may reduce the dangfficiency and increase the seismic demands inugiper stories of a
building. Tall buildings are prone to higher modieets that are not properly represented by singalifinear static procedures.

Nonlinear response history analysis (NRHA) is ttestmeliable method for tall building seismic exatlon. However, NRHA
is not practical for optimizing the damper desitpng the building height when iterative design guares are employed. For
this purpose, Guo and Christopoulos [8] proposeairglified design tool to reduce the associateshmatational cost. It
comprises equivalent SDF systems (P-Spectra). tAlbeicomputational efficiency, it is still challging to accurately predict
the story-based EDPs along the building heighttdube SDF simplified assumptions.

This paper presents an MDF performance curve methhith is a practical design tool for buildingsugped with

supplemental damping devices. The developmenteoMBF performance curves is illustrated in a stggstep process. A
benchmark 40-story steel MRF building designeddivi0ls is employed for this purpose. The buildingtsofitted with bilinear

oil dampers.
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PROTOTYPE TALL BUILDING

The tall building is representative of 1970s camdion in the West Coast of the US. The use ofspaRFs were common in
tall buildings of the time [9]. The building is dgsed according to UBC 1973 [10], in which the sgecolumn-weak-beam
ratio was not a design requirement. Figure 1la shbeplan view of a 40-story steel building to kb&ofitted. Figure 1b and
1c show the elevation views of the building in ¥ieand Y-loading directions, respectively. The tadistory height is 3m (10
ft). The columns comprise built-up box sectionsjle&wheams consist of wide-flange (W-) shapes. Twoedisional nonlinear
analysis models are developedipenSeefL1] for assessing the building seismic perforngindhe two orthogonal directions
according to ASCE 41-13 [12]. The fundamental mgiof the building are around 5.30 sec in bothilogdirections based
on conventional eigenvalue analysis. Steel coluemploy stocky cross sections (depth-to-thicknesgaf 5.7 to 26.7).
Therefore, they are not expected to experiencé bagkling induced softening [13; 14]. Thus, steeélumns are modeled with
force-based elements having five-integration poamd assigned a cross-section discretized inta &ments [15]. . Steel
beams are modeled as elastic elements with comatedtplasticity in their ends based on the modifieaira-Medina-
Krawinkler model [16; 17]. This model is assignegdut parameters for pre-Northridge beam-to-coluommections developed
by Lignos et al. [18]. Panel zones are modeleddasethe Krawinkler model [19] based on the apphadiscussed in Gupta
and Krawinkler [20]. Two earthquake hazard levelsesponding to a probability of exceedance of 20%0 years (BSE-1E)
and 5% in 50 years (BSE-2E) are considered acaptdiASCE/SEI [12] . Forty ground motions are sedd@nd scaled to be
compatible with the uniform hazard spectrum of BEEand BSE-2E levels based on site-specific seisi@iard analysis.
results from NRHA reveal that 29 and 13 out of 48ugd motions lead to structural collapse in thadd Y-loading directions,
respectively. End columns in bottom stories inXh®ading direction attain their squash load du¢h®transient component
of seismic loading. Hence the prototype buildinglsibe retrofitted. Further details regarding tlesign and seismic assessment
of the building can be found in Akcelyan [21].
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Figure 1. Plan view and elevation of the 40-storgtptype steel building; dimensions in meters (g parenthesis)

CONSTRUCTION OF MDF PERFORMANCE CURVES

The generation of MDF performance curves compfisessteps. In the first one, preliminary selectafrkey parameters shall
be conducted by using the SDF performance curvaadgiFigure 2a). The SDF design is then transfortoesh MDF one by
distributing vertically the damping parameters gldhe building height (Figure 2b). In turn, sim@d flexural-shear beam
models are generated by assigning the buildinggstiis and dampers within each story (Figure 2bthé fourth step, NRHA
is conducted with the developed MDF model. The rhisdgubjected to the selected ground motion sepr&sentative seismic
EDPs are then computed as shown in Figure 2d.grbisedure is repeated with a range of design paeamd-inally, MDF

2
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performance curves are generated. These are shmoRigure 2e. Details of each step and generatiad@F performance
curves for the 40-story archetype building are gmnésd in the subsequent sections.
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Figure 2. Steps to construct MDF performance curves
Performance Curves M ethod
The performance curves method is a linear staticqrture, which serves as a practical tool to desigidings with dampers.
[22-24] . Figure 3 shows the graphical represemtatif the main SDF parameters used in the desidniitdings equipped
with bilinear oil dampers. Particularly, Figure S@ows the SDF representation of a bilinear oil dammpodel. An oil damper

contains low viscosity oil with a relief mechanismvhich suppresses the force demand after a celitaity hence it
demonstrates a bilinear force-velocity relati&a-(Uq) [25; 26]. This relation can be expressed mathiealat as follows.

Caly (V). R Fy
F(t)= . . .
Sgn("d ()XFdr + pCd ( Uy (t}_ udr)) ) | Fd (t}> Fdr
in which, Cq is the initial damping coefficienp is the post relief damping coefficient rati; andiq: are the relief force and

velocity of the bilinear oil damper, respectivels shown in Figure 3a, assuming a sinusoidal digptent excitation
ud(t) = ugesin(wt), the peak damper ford&o can be expressed as follows,

1-p a wu
Fdo:{p"' m chwudO' 'ud:l]Ld(:: uddo )

(1)

r

in which, uspo andw are the peak displacement amplitashel the circular frequency of the sinusoidal exicita respectively.
The peak damper velocity ratiay, is defined as the ratio of the maximum velocigyraind over the damper relief velocity. In
fact, the damper assembly is not only a pure ddashpdel. It also includes the axial stiffnesseshef supporting brace,,
and of the damper portioR,. For simplicity, these can be combined into an egjeint damper stiffnesj;, as illustrated in
Figure 3b. The damper assembly can be idealizea lMsxwell model. This generates a storage stifin&ss Figure 3c
represents the building with dampers as an SDFesysthis comprises a shear frame in parallel wikiaxwell bilinear oil
damper. In this figureisrepresents the shear stiffness of the SDF systéhoutidampers (i.e., shear stiffness of the frame
building). The total lateral stiffness of the biild should consider a flexural stiffness contribotiHowever, lamping it within
a shear frame assumption leads to erroneous regaiticularly for tall buildings. Hence, the flaal stiffness is considered
more rigorously as discussed below. Figure 3 sttbevgraphical definition of dynamic stiffnesses;tsas the lossk(}', K/,
K") and storage stiffnessef§;( K;, K' ). By analyzing these three systems and computiegffects oK' /K;; andKj, /K
ratios on the SDF system response, performancessuor buildings with bilinear oil dampers are deped. Figure 4a
illustrates the variation of effective damping gretiod. Figure 4b shows the displacement-force ctiolu (Ry andRs) with
respect to the frame without dampers. Note thatptrformance curves are functions of case spgmfiameters, such as the
shear frame frequency=2n/Tss, the stiffness-to-damping coefficient ratio of theernal damperf, the post-relief damping
coefficient ratiop and the peak damper velocity rati9 Therefore, the performance curves shown in Figusee applicable
for the Y-loading direction of the prototype buildi Available damper sizes can aid the initial eadelection of the considered
parameters. For instance, for the building undesiweration the fundamental shear frame peflad, 4.8sec. The damper
properties are assumed tq fie= 4.5,p=0.02,uq4= 2.
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The main challenge when constructing a performancee is the proper selection§f' /Ky, andK, /K ratios to achieve the
desired seismic response reduction. Typically,naneiase of the supplemental dampiRg (K) results into an increase in
the number of dampers to be installed. This is etqukto increase the total supporting stiffnégg.(In the present study it is
assumed thdf, /K, is constant and equal to 2 as suggested in ftidies [25]. As an example, three possible retsofinarios
are shown hereink;'/K;s=0.25, 0,5 and 1.0, representing low, medium argh ldamping cases, respectively. The
corresponding values for the effective damping tlieddisplacement and force reductions are showigiure 4. For instance,
for the high damping cas&; /K;=1.0 andK,/K;;=2.0, the effective damping is 18% and the assedialisplacement
reduction factorRy=0.40. This also yields into a force reduction daaif aboutR,=0.60.
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Figure 3. SDF representation of bilinear oil dampeodels and their force-displacement relations.
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Figure 4: Performance curves of archetype 40-storijding equipped with bilinear oil dampers in tiidoading direction.
Vertical Damping Distribution

Once the key damper design parameters (&§/K;; and K, /K ratios) are determined, the SDF parameters sleall b
transformed into MDF parameters along the buildieight. This is done through a vertical dampingritiation method.
Several methods exist in the literature for thisppge [27; 28]. Three distribution methods are erath herein, namely
stiffness, direct shear force and effective sheacef proportional damping distribution methodsddfimpers are designed
according to the first method, the loss stiffnigs will be proportional to the story stiffness of theilding to be retrofitted.
If the direct shear force proportional method ifag#td, the damper’s storage stiffne&s’( within each story becomes directly
proportional to the story shear force demand. Tiowve damping distribution methods assume that desrgye provided at all
levels. When the effective shear force proportiatehping distribution method is employed, dampeesdistributed within
stories that an additional effective storage sti$®K’) is needed in order to achieve a uniform storft distribution along a
building’s height. Detailed formulations on howdistribute supplemental damping based on the afenéioned methods can
be found in [21]
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Simplified MDF M odels

Shear beam models can be utilized for simplified fMi2presentation of MRF buildings equipped with gars. This
representation may not be adequate for tall buislibecause considerable flexural deformations g&peoted. This is
confirmed by sensitivity studies were carried oithwlifferent simplified MDF modeling assumptiorisdompare the seismic
demands of interest with an explicit 2D model @& #0-story building. For this reason, it is ratiolmaemploy flexural-shear
beam models (see Figure 2c). The building propefteg., elastic story stiffnesses) are extraatewh 2-dimensional lateral
load analysis based on a code-based lateral Iatetpas per ASCE-7 [29]. In the flexural-shearrbanodel, the story shear
stiffnesses are represented through a translatlotkaklement, while flexural stiffnesses are maedeWith a rotational link
element. The oil dampers are idealized witBillnearOilDamper material model [30]. Details regarding the fleXtshear
beam models and the aforementioned sensitivityiestuzhn be found in Akcelyan [21].

Computation of EDPs and development of M DF Performance Curves

A flexural-shear beam model idealization of thetptgpe building is subjected to a set of 40 gronmations scaled at the
BSE-2E seismic intensity. For brevity, resultshia ¥ -direction are presented herein. The solidlblaes shown in Figure 5
are the median EDPs of the steel MRF without damperterms of peak story drift ratios (SDRs), p#eakr displacements,
peak absolute floor accelerations and peak stagrsiorces. Twenty-threlé;' /K, values are considered (range: 0.05 to 5.0)
for the seismic retrofit. The rest of the parametee kept constant (i.eq = 2.0,p=0.02,5«=4.5 andk,, /K; = 2.0). Since
the effective shear force proportional dampingritigtion is employed, the peak SDRs along the Ingicheight become
relatively uniform when the supplemental damping@ases. The EDP medians for each one of the 23 eas shown in blue
(SDR and floor displacement) or red (absolute flaozeleration and story shear force) lines in Eidurln order to trace the
optimal seismic retrofit design solution, the ERRswn in Figure 5 are transformed into MDF perfono®curves, which are
shown in Figure 6. The variation of peak and ave!8QR as well as the peak roof displacement wittemsingk;' /K ratio

is depicted in Figure 6a. The data point correspuntb K;' /K= 0 represents the frame without any dampers. idti¢vel,
the peak SDRs are larger than 3%. They graduatlyae with increasing ;' /K, ratios. The MDF performance curves can
help a designer to select the requit/K;; to satisfy an SDR performance target. Figure Gwshthe displacement
reduction,Ry that is achieved with respect to a selected rietlesign. Wherk;'/K;.= 0 (bare frame), theRq =1 (i.e., there
is no reduction). The same figure shows that tlak BDR reduction is more prominent than that ingbak roof drift ratios.
Similar graphs are developed for the peak absdhue acceleration and base shear force demansisoaen in Figure 6¢. The
former is normalized with respect to the acceleratf gravity,g, while the latter with respect to the seismic veigf the
building. Referring to Figure 6d, a force-accelematresponse reduction of about 40 to 50% can belgchieved for selected
K /K, ratios. Therefore, design scenarios wif})/K; > 1 are not optimal. Although the effective shear éoproportional
damping distribution method can achieve a desieddction in peak SDRs by providing dampers at sest@ries, it is not as
efficient in reducing peak absolute floor accelera in the upper floors of the building. The afoentioned aspects are not
typically depicted by SDF-based simplified methods.

CONCLUSIONS

This paper presented the development of a pradtioglcalled MDF performance curves, for the degiftall buildings with

supplemental damping devices. The methodologiepkstio deploy the tool are discussed through atstegtep example. This
comprises a 40-story steel frame building desiginedi970s and it is retrofitted with bilinear oil Maers. In brief, for a
preliminary selection of SDF damper parametersptréormance curves method is utilized for the giggie building. Several
vertical damping distribution methods are employEkixural-shear beam models idealize the behavidhe prototype

building equipped with dampers. Thus, the imporgant flexural deformations, which are common i talildings, are

properly traced. Story-based EDP parameters amdngat based on the above models for a suite ofd@ngd motions. The
MDF performance curves are constructed based oda®®er design parameters. Unlike other simplifieethods, the
proposed MDF performance curves facilitate the tjfiesition of EDPs along a building’s height. Theot captures critical
aspects of a tall building’s behavior (e.g., higheyde effects, flexural deformations and irregalamping distribution). In
turn, the seismic retrofit of the 40-story tall biing based on multiple strategies can be easiyitated [26].
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