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Abstract

Observations from past earthquakes suggest tha baildings survived severe ground motion beca@ise@dental uplift
at their foundation. Such notion has motivateddéeelopment of rocking systems that permit soméigoof the structure
to uplift and rotate about a pivot. In this papee writers propose a rocking frame that allowsfupt the middle of the
columns. The column mid-height uplift (CMU) mectamifully resists shear forces and is generally mpamied by steel
dampers. A series of nonlinear time history anaysas conducted on a model of a four, six and tery-steel buildings
equipped with CMU mechanisms. The CMU mechanisnms mvadeled using (1) a contact element (that penmpiiét but
resists compression), (2) a linear shear elemeant,(3) a bilinear element (that models steel das)pdihe models were
subjected to seventeen recorded ground motion$ seaded to a maximum ground velocity of 1.0 argblm/s. For
comparison, the analyses were repeated for modesathe bilinear elements were removed (CMU-ND efjpdnd models
where the first-story columns were continuous withcontact element (MF model). The results are sarzed as follows:
(1) Little difference was observed between the CMbdel and MF model in terms of maximum roof acalen. (2)
Maximum roof drift was significantly smaller in t@MU model than in the CMU-ND model, especiallysifucture have
high aspect ratio. (3) Energy dissipated by thel stgstem was significantly smaller in the CMU midtian in the MF model.
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Observations from past earthquakes suggest tha¢ $ontdings survived severe ground motion becaudse o
accidental uplift at their foundation [1, 2]. Madited by such notion [3], the writers initially démged rocking
systems that are provided with a mechanism thamipeolumn-base uplift (CBU) [4]. The CBU mechanigras
achieved by placing the devices shown in Fig. afa) (b) at the base of the columns. In this systeengolumn
base is connected to the foundation through wiatepl The wing plates are designed to yield arsipdite energy
when the column uplifts, while fully transferringet shear forces. The stable and reliable perforeanfchis
system has been demonstrated by large-scale sitdkedsts [4]. While CBU rocking systems can redsgismic
damage, the systems increase the likelihood of darmasecond-floor beams compared to fixed-bastesss
Consequently, the writers propose an alternaticking system that allows uplift at the middle oé tbolumns
instead of the column bases. The column mid-heighift (CMU) mechanism fully resists shear forcewlds
generally accompanied by steel dampers. Fig. H@yvs a CMU mechanism accompanied with steel dampers
that has been validated by cyclic loading testsThE ball in the piston is free to rotate, andpiston is free to
slide upwards. Shear forces are transferred fyllthb piston bearing against the cylinder. Concaptuthe CMU
rocking system can reduce story drift of the fg&iry compared to the CBU system because the CMitésy
forces double-curvature bending of the first-stoojumns while the CBU system forces single-cunaatending
[6]. In fact, an earlier study by the authors [B§gests that the first-story drift will not be iraised by the addition
of CMU mechanisms.

This paper describes a computational study of thJGystem. The potential benefit of the CMU systism
examined through roof drift, seismic input energyd @&nergy dissipation. A series of nonlinear tinsteny
analyses were conducted on a four, six and tey-steel buildings (a) equipped with CMU mechani¢ijsFor
comparison, the analyses were repeated for (bylings with CMU mechanisms but with no steel dampers
(denoted as CMU-ND) and (c) buildings whose fittstAg columns were continuous and fixed to the fatiwh
(denoted as MF).
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Fig. 1— Uplift mechanism
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2. AnalysisProcedure

The seismic performance of buildings equipped @MU mechanisms was examined by non-linear time-
history analyses. A commercial software MIDAS [8swsed for the study. As shown in Fig. 2, theglsibay,
four, six or ten-story frame represented the Y-&alion of a prototype steel building. A concertdamass of
7.33 t was placed at each beam-column node andsa ofid 4.7 t was placed in the middle of each b&dra.
steel systems were proportioned according to tlsengée code of Japan and the weak beam-strong cotulen
Concentrated plastic hinges were placed at botls eficcach beam or column. The moment versus ratatio
relationship of the plastic hinge was defined Hgilmear curve capturing the yield moment and fitasioment.
The yield strength of steel was assumed to be 28w

The CMU mechanism was modeled using (a) a contantent that can elongate but does not contracta (b)
linear shear element, and (c) a bilinear elemeattrtiodels the steel dampers (see Fig. 3). The sfeaent had
the same shear stiffness as the column over ahlefdi50 mm. In compression, the contact elemedtlifatimes
the axial stiffness of the column over the entinegith. The bilinear element was fitted to experitakedata: The
initial stiffness was 10% of the axial stiffnesstbé column, the yield strength was 30% of the ityalwad
supported by the column, and the post-yield stffnwas 3 and 1% of the initial stiffness in thesten side and
compression side, respectively. The building madglipped with such CMU mechanisms is referred tthas
CMU model. For comparison, analysis was repeatethfee other models: identical to the CMU modedept
that the bilinear elements were removed (CMU-ND eipdhe first-story columns modeled with a conting
element with no CMU mechanisms (MF model); andrimakhinges placed in the middle of the first-stoojumns
(CMP model).
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Fig. 2 — Analytical model
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Fig. 3 — Elements comprising the CMU system
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Damping was proportional to the initial stiffnedsioe MF model with a damping ratio h=0.02. Viscalasnping
coefficient of the contact element and bilineamedat were set to zero. The model was subjected tedorded
ground motions listed in Table 1, each scaledpeak ground velocity (PGV) of 1.0 and 1.25 m/s. fibgzontal
components of the ground motion were compounddtfiéndirection that maximizes the peak ground véfoci
(PGV). A previous study by the authors [7] indicatkat the vertical ground motion has minimal dffec the
lateral response of structures with CBU systems. §dme is believed to apply to CMU systems.

Table 1 — ground motion

Year Event Station

1964 Parkfield Temblor pre-1969
1964 Tokachi Hachinohe

197§ Miyagi Touhoku

1979 Imperial Valley-06 El Centro Array #7
1979 Imperial Valley-06 Aeropuerto Mexicali
1980 Mammoth Lakes-01 Convict Creek
1980 Mammoth Lakes-01 Long Valley Dam
1984 Morgan Hill Gilroy Array #2
1984 Palm Springs Morongo Valley
1987 Superstition Hills-01] Wildlife Liquefaction Aiya
1989 Loma Prieta Capitola

1994 Northridge-01 Tarzana - Cedar Hill A
1994 Northridge-01 Santa Monica City Hall
1995 Kobe, Japan JMA Kobe

1999 Chi-Chi, Taiwan-03 CHY028

2004 Tottori, Japan TTRHO02

2004 Niigata-ken Chuetsu-qki Yamakoshi

3. Analysis Results

The natural vibration period of MF, CMP, and CMU-Miwdel is shown in Table 2. The natural period bRG
ND models was estimated using models that a plasegke instead of CMU mechanism in one of the fitsiry
columns.

Figs. 4 and 5 plot the time history of roof driftcarelative roof drift, respectively, for the 1@t models for
the JMA Kobe motion scaled to a PGV of 1.0 m/ghis paper, the relative roof drift refers to tbhefrdrift minus
the drift caused by rocking, i.e., the rigid bodymponent associated with column uplift. The plottesbonses
suggest how rocking motion, or the permission diiem uplift, may reduce shear deformation and edbag
response period. The response period of the CMUxiéDel was longer than that of the CMU model bec#use
steel dampers added stiffness to the latter model.

Table 2 — natural vibration period (sec)

MF model CMP model CMU-ND model
1st modé 2nd mode 3rd mdde 1st mode 2nd hode 3rd|modeotist2nd mode 3rd mode
10story 1.358| 0.464 0.244 1.371 0.468 0.250 0.476 | 0.291
6story| 0.867| 0.271 0.145 0.881L 0.274 0.145 - 0.3p2  0.255
4story| 0.601| 0.177 0.089 0.65p 0.18P 0.107 0.3p9 0.174
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Fig. 4 — time history of roof drift (Kobe) Fig. 5 inte history of relative roof drift (Kobe)

Fig. 6 compares the maximum roof drift and maxinmetative roof drift recorded by the CMU models avid
models for all analysis cases (combination of staight and ground motions). The CMU model recoa&iger
roof drift than the MF model in 77 out of 102 ars$ycases. On the other hand, the CMU model redadenaller
relative roof drift than the MF model in 98 outXf#2 analysis cases.

Fig. 7 compares the maximum roof drift and maxinmehative roof drift recorded by the CMU-ND modealsd
MF models for all analysis cases. Similar to the (Ckhodels, the CMU-ND models benefitted from rocking
motion, i.e., column-midheight uplift. Comparisortiveen Fig. 6 and 7 indicate that the steel dampers
beneficial in reducing roof drift.

Fig. 8 compares the maximum roof acceleration by the CMU models and MF models for all analysi
cases. No significant variation in roof accelenatian be identified.
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Fig. 6 — Comparison between CMU model and MF mogeloof drift
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Fig. 7 — Comparison between CMU-ND model and MF nhbgeoof drift
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4. Discussion Based on Energy Response

The dynamic motion of a building structure subjechorizontal earthquake ground motion satisfieslthlance
of energy expressed by Eq. (1).

% [y Foxdt = (S3My? + $2M?) + 5.C [y x2dt + Mgy + X [ Fozdt + % [, Dx)yde (1)

In the above equatiow, is the horizontal displacement of the mass redativ the groundy is the vertical
displacement of the mass relative to the groupds the seismic load (#%,), Z, is the horizontal ground
accelerationM is mass( is the damping coefficieng is gravitational acceleratiofi(x) is the restoring force
of a member, anfl (x) is the restoring force of a steel damper. Summas@erformed over all masses and all
elements that comprise the structure. Eq. (2)cisnapact expression of Eq. (1).
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E; = (Epx + Eyg) + Eq + E, + (Es + Ep)  (2)

In the above equatiol; is lateral input energyg; i is kinetic energy due to horizontal vibratidfy, is kinetic
energy due to uplift motiork,; is energy dissipated by viscous dampifigjs potential energy associated with
uplift, E; is energy dissipated by the structure, Bpds energy dissipated by the steel dampers.

Figs. 9 and plots the time history of each enegyponent of the CMU and MF model, respectivelynpated
for the JIMA Kobe motion scaled to a PGV of 1.0 rififse column mid-height upliftin the CMU systemezftively
reduces the energy dissipated in the structiye (
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Fig. 9 — Energy response computed for Kobe recdfi). 10 — Energy response computed for Kobe record
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Fig. 11 compares the energy dissipated by thetsti,) in the CMU model, CMU-ND model and MF model.
In 95 out of 102 analysis cases, CMU and CMU-ND eatedecorded smalldt; compared the MF model. Even
in analysis cases where the MF model recordedlaeggE, the CMU and CMU-ND models recorded snigl
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5. Conclusions

A series of nonlinear time history analyses weradceted on models of 4, 6, and 10-story steel mgkl Three
systems were compared: A system with column midhteiplift (CMU) mechanisms and dampers in thetfirs
story columns (CMU model); a system with CMU medhars, but no dampers, in the first-story columnisl(z
ND model), and a system with continuous first-stoojumns (MF model). The models were subjected7o 1
recorded ground motions, each scaled to a maxinmoong velocity of 1.0 and 1.25 m/s. The primaryfihdings
from the analysis results are listed below:

[1] Relative roof drift (roof drift minus drift causdxy rocking motion) was significantly smaller in tGdU
system and CMU-ND system than in the MF system.

[2] Roof drift was significantly smaller in the CMU s$gm than in the CMU-ND systeraspeciallyif structure
have high aspect ratio.

[3] Little difference was observed between the CMU aystand MF system in terms of maximum roof
acceleration.

[4] Energy dissipated by the steel system was significgmaller in the CMU system than in the MF syste
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