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ABSTRACT :

A seismic rehabilitation method which involves miran-site construction work without requiring the us:
heavy equipment and disruptive noise is develofd system consists of eccentrically connectkbtic
cablesand a central energy dissipater (CED), whereallles are intended to be in tension under lateeal:
so that the system dissipates energy through iada# hysteresis curve. The CED dissipates enargugh the
cyclic bending of steel plates whieine replaceable after severe earthquake evensyltem cab be assemt
onsite and is easily connected to existing franusigg high strength bolts, turnbuckles and padeyes.
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1. INTRODUCTION

For steel structures, a large number of supplerhentrgydissipating systems and rehabilitation techni
have been proposed since the late 1990’s, motivasadly by the severe damage observed in both 99¢
Northridge and 1995 Kobearthquakes [Bertero et al. 1994, AlJ Reconnaigsaf®5, FEMA Interim 199
Nakashima et al. 1998.] The addition of seismidaison, supplemental bracing, concrete or steehishalls
and damping devices are among the techniquesakattbeen succsfully implemented into existing buildin
However, because of the high cost and disruptiaimgduwconstruction, seismic rehabilitation projeate stil
limited to critical or essential facilities such lasspitals, schools, and historical structurespide the existen:
of a huge stock of seismically vulnerable buildings

A multi-staged seismic rehabilitation strategy rebe proposed by FEMAprovides an option for buildi
owners to reduce their initial investment and d¢itian due to constructiofFEMA 2002, FEMA 2003.] Th
incremental rehabilitation divides a rehabilitatiproject into a series of discrete actions implet@grover
period of several years. These actions can be rnad®incide with regularly scheduled building rep:
maintenance or capital improvement so that botlestment and losses due to bussnederruptions al
minimized.The underling philosophy of the incremental rehitdtibn goes within the strategies of sustain
development and provides the community with dpportunity to enhance its value by having an owpd an
healthier building stock that are rehabilitatechgdihe latest building codes [ASCE-41 2006, ASCEBU5.]

Considering this status, further development oabdiiation methods which involve minor @ikte constructio
without requiring the use of heavy equipment arstugitive noise is extremely desirabletilizing elastic
cables and a central energy dissipater, an inn@vatipplemental lateral-load-resisting system blatéor a
discrete rehabilitation action is developed. Thetesy is easily connected to existing frantbsougt
conventional construction techniques such as higimgth bolts, turnbuckles and padeyes. The relseawok
consists of both analytical and experimental ta¥kés paper presents the results of pineliminary analytic:
work which has been performed to study the feasitof the devices and to optimize the damper orcstira
elements. The experimental part of study will béfgrened in Fall 2008.

2. CABLE DAMPER BRACING WITH CENTRAL ENERGY DISSIPATER

2.1. Cable Damper Bracing
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For the rehabilitation of steel structures, the tha@snmon strategies to increase the capacity désysre th
addition of supplemental bracing and shear walle© techniques, such astroduction of isolation «
damping devices, are also common to reduce seidamntands. Design criteria for these new and ex
structural members includes consideration of gldo@kling, local buckling, low cycle fatigue, an@dture i
addition b simple yielding. For supplemental systems wheffaess and strength demands are relatively ¢
compared to those in primary systems, bucklingampression is the dominant design criterion for &
elements. Since rehabilitation schemes followingent guidelines apply a strict capacity desigprapach the
does not allow strength overdesign of supplemesiéhents, elements with proper compact sectionsanad
strength are not always available. In such a @sapproach to design them as tensioly-elements becom
a rational option. Cable, tensiomly rods, and slender angles are well known exangblthese elemen
Cables with various sizes are available in the etaskith prequalified end connectors and adjust
turnbuckles. An example of a cable installatioexesting framing is illustrated in Figure 2-1.

Cable bracing systemsvhere all cables are intended to be in tensioteutateral loads, dissipate ene
through a bi-linear hysteresis curve. Figure 2-@nshseveral cablbracing systems proposed previously |
1983, Mualla and Bellev 2002, Phocas and Pocar28)8.] Pall proposed a friction device with a §tit for
cross bracing and an inverted V-bracing. Mualla Betlev conducted dynamic tests of a scaled steahe
with friction damper devices installed in invertedble Vbracing system. Phocas and Pocanschi propc
system wheraliagonals of the system are fixed at the bottorthefcolumns and are able to move at the
corners of the frame through rotatfof the connecting eccentric discs. These syssbéimsed stable hystere
analytically or in small scale experiments.
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Figure 2-2 Example cable damper bracing mechanispoged in past



th
Thel4 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

2.2. Prototype Geometry

The proposed cable cross bracing system consisgybf tensioronly elastic cables and one central en
dissipater (CED). Details of the CED design andrafpen will be given in the next section. Figur&(@®-shows
the entire assembly installed to a portal framédn\pihs at its four cornemshich represents experimental se
to be used for proof-of-concept testing. The CEDsists basically of two front and back rigid eletgen
connected by a rotational spring. When the eartkejl@ad begins to deform the frame, four cable®isior
begin to resist the deformation and rotate thetfeord back rigid elements in opposite directionslevhec
together by a rotational spring as shown in Fid#3ii). Note that the other four cables, which cortresros
the shortened diagonal, are not slack when thdrigatirection changes because of the permaneniaotal
rigid elements. As shown in Figure 2-3(iii), thehet cables sirt to resist immediately after the chang
loading direction, resulting in a system that exkibidinear load displacement behavior instead of tipéct)
slip type curve associated with tension-only diaj@ystems.

iii) Unloading phase

Figure 2-3 Concept of cable damper bracing with GiyXurata (2008)
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2.3. Prdiminary Analysisin OpenSees

Figure 2-4 shows the results from preliminary asahof this system using OpenSees d prototype of th
system. If the rotational spring can deliver a lgtdi-linear curve (Figure 2(4)), then the behavior of t
entire subassmeblage, as characterized by its f@cetory drift curve (Figure 2(d)), is also stable a
bi-linear. As seen in Figure 2-4(c), the cablesstdsad only in tension. Using this analysis moaebararatric
study was conducted to determine an approximatenapshape for the central energy dissipatdre mail
parameter studied was the aspect ratio of the elgichent to which cables are connectea. these studies, t
diagonal length of rigid element is fixed. As séerrigure 2-5 the rotation of the spring is smallest wher
aspect ratio is between 1 and 2 and gradually &se® at aspect ratios greater thahh relationship betwe
base shear and rotation of the spring is linearaitt beconcluded that the best shape for the rigid eléns
either a square or slight oblong in order to limigational demand.
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Figure 2-4 Preliminary analysis results from OpessSmodel
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Figure 2-5 Parametric study to geometry of CED

3. FINITE ELEMENT ANALYSISOF CENTRAL ENERGY DISSIPATER

The central energy dissipater (CED) for the prodos®ss cable system was developed by using a &
purpose finite element analysis program, ABAQUSguFe 3-1shows the geometry and dimensions

prototype with a performance goal intended to achi stable hysteresis curve up to 0.3 to 0.4 maditatior
with a yielding moment of approximately 33.9kN-nOQ&ip-in). In this device, the torsional momenducel
by the rotation of the top and bottom rigid steleltgs is resisted by the bending moment of tworlgeeste¢
plates of which each end is transversely connetwethe top and bottom rigid plates, respectivelg
Whittacker and Tsai reported,jlthsteel plates possess stable energy dissipatipacity under cyclic bendi
until very large deformations are reached [Whiteack991, Tsai 1993.]
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The prototype CED has dimensions of 15.2cm x 76.2chd.2cm (6” x 30” x 6”) and is compact and light
enough to be carried by two construction worketth @i small wheelbarrow or similar moving deviceslalsc
possible to assemble it on site since all the corapts are connected through higghength bolts. The plas
deformation of the device is lited only to the steel plate energy absorber (SRE#Agh is replaceable after
earthquake eventhe assembly of the CED proceeds as follows. A {88 is placed between two SPEAs

a post tensioning force is applied to the outefaser of the SPE#& by high strength bolts. This subassemt
then connected to the top and bottom cover platdshigh strength bolts; the bolts are not Fasioned. T
prevent the development of undesirable axial foinehie SPEA, these bolts are allowed to slgng a long
slotted hole. Once the top ahdttom cover plates start to rotate in oppositeations due to the coupled ce
forces, the SPEAs deform inward and outward agaash other.

15.2cm /
\/\ : 76.2cm
. . -” —
.

(a) Isometric view

| 61.0cm |
l |
5.1cm
10.2cm
Thickness = 1.9cm 3.8cm
(c) Steel plate energy absorber (SPEA) (d) Steel cover plate

Figure 3-1 Assemblage and components of CED by tdy&008)

The deformed shape and hysteresis behavior of Bi2 @btained frona finite element analysis are prese
in Figure 3-2. For illustrative purposdbe deformed shape is also shown without cowae@nd HSS. In the
analyses, a cyclic rotation is applied to the tod &ottom cover plates with the amplitude of @atB Th
relative rotation between two plates is 086 which corresponds to 3% story drift from a ipnéiary
OpenSees analysis. The SPEA deforms cyclicallyouttideveloping severe kinks in tng@ddle. The SPE/
placed in parallel do not touch, even under segefermation because of its lozenge shape.

In the hysteresis curve (Figure3&)), the CED yields approximately at 0.6% starift 0.072rad) and shov
post-yielding stiffness slightly higher in the oaindl direction than in inward direction, primarilgdause othe
bolt slip at the loading point of the SPEA. Theest contours for the SPEA (Figure 3b)) shows that stre
distributes uniformly at the center part of platithaut severe stress concentration. la fiyure, stress is al
high at the loading area around the long slottddshd-or further loading, the stress exceeds télel @tress (
36ksi (235N/mm) only at the center of the SPEA.
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Figure 3-3 Finite element analysis results

4, Conclusion

An innovative rehabilitation method suitable fordescrete rehabilitation action has been develofédw
proposed supplemental lateral-load-resisting syst@nsists of eight tensiamly elastic cables and one cer
energy dissipater (CED). The preliminary analysisults in OpenSees showed stablérigiar hysteresis of t|
system if CED can deliver stable bi-linear curveeToptimal shape of CED was determinedabyarametri
analysis using the OpenSees analysis model. Thetyppe CED was designed usingy@aneral purpose fini
element analysis program, ABAQUS and successfalyeaed the target deformation capacity as wethage
design strength with stable bi-linear hysteresige @lesigned CED is compact and lighbugh to be carried
two construction workers with a small wheelbarrowsonilar moving device and cab be assembled @n-sit

The poof-of-concept testing of the proposed systescheduled at th&eorgia Tech structural laboratory
Fall 2008.
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