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ABSTRACT: The experimental validation of theoncept of selective weakening (SW)

for seismic retrofit of existing pr&970s reinforced concrete frameshereinpresented.

The SW retrofitstrategyis to modify the brittle inelastic mechanism gomore ductile
mechanism by first weakening selected parts of the structure. Subsequently, the structure
can befurther upgraded to the desired strength/stiffness/ductility and energy dissipation
capacity Different levels of performancare achievablefrom collapse prevention to
damage control. Foa beamcolumn (bc) joint, the proposedSW retrofit involves
severing the bwom longitudinal reinforcementf the beam, and if required, adding
external postensioning tendondn this paper, thexperimentaimplementation of the

SW retrofit for poorly detailed exterior djoint subassemblies is presentéaur 2/3
scaled exterior @ joint subassembliesre used to investigate thieasibility and
effectiveness of selectiveaakening retrofitGenerally the experimental results confirm
previous numerical findings othe viability of SW retrofit to improve seismic
performanceof existing bc joints By reducing the shear demarttirough beam
weakeningand/or increasing the joint capacity bgdding horizontal axlaload from
external postensioning,the local inelastic mechanisns concentratedto a ductile
flexural beam hinge, thus achieving the desirable viegim strong column/joint global
mechanism. Complementing this paper are earlier numerical resultsneidré&EM 3D
models of the exteriordjoint and macremodel ofa multi-storey prototype structure.

1 INTRODUCTION

With the introduction of the Building\ct 2004 (DBH, 2004)extending the scope of buildings that
could be categorised as earthqupkene,the significant risks associated with sulbsitd damage and
global collapse of asting reinforced concrete (ranomeniresisting frame is legally recognised.
Designed por to the introduction of modern seismic desigades in the mid970s, these rc frames
generally haveinadequate lateral capacity, detailing fductile behaviour andcapacity design
considerationisthus theyare particularly susceptible to saftibrey collapser other brittle element
failures(NZSEE, 2006) The urgent need for economical and effective seismic reteafitniques for
rc structures is further highlighted ithe recent devastatingSichuan Earthquake China 2008
Experimentaltesing of beamcolumn (bc) jointsubassemblageéAycardi et al., 1994; Park, 2002)
and rc framegCalvi et al., 2002have shown thathe excessive damage or failurehsf joints, in
particular exterior (or corner) joints, can lead to ghabal collapseof a buildingor a large portion of
the structureThe poor joint behaviouof older constructio can be attributed tdheinadequate shear
reinforcement in jointthe poor bond properties gblain round bars reinforcementhe deficient
anchorage details into the joimd absence of capacity des{gtakuto et al., 1997; Aizhen, 2001)

Various retrofit or seismic rehabilitation sches have been previously proposed and implemented for

bc joints and rc frameffib, 2003; NZSEE, 2006; ASGE1, 2007) The majority of theestablished
methods involve either the strengthening of the joint only or both the joint and column in order to
induce plastic hinging in the beams. Alternatively, the demand onto the structure can be reduced by
supplementary damping or baselation. Whie most retrofit techniques can theoretically achieve a
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targeted structural performance, excessive costs, invasiveness and constructability taeemstiih

issuego be solved prior tavider implementation. In this contributiothe experimental validin of a

counteri Nt ui ti ve sei smi c rSelectiveWeiatk esnti rnagtof gBaipanine f er r e
2005)for rc exterio bc joint is presentedThis paper complements the numerical investigation of the

SW retrofitimplemented t@ prototype Storey framgKam and Pampanin, 2008)

2 SELECTIVE WEAKENING FORSEI SMI C 06 ST R NISGREAROFIT

2.1 Concept of Selective Weakening for Seismic Retrofit

Despite thevariety of retrofit strategies and techniques in the toolfidx 2003; NZSEE, 2006;
ASCE41, 2007)available to engineers, it is notaammon to find global or local strengthening
(Figure 1a)asthe typicalretrofit strategy While addingobstructivebraces orshear walls mageem
structurally efficient, without proper engineering judgement, strengthamilygetrofit may generate
failureselsewhere withirthe structural system such as the foundafldme use of composite materials

such as fibraeinforced polymers (FRPs) for jacketing has shown tremendous potential, though the
labour intensity and invasiness of the retrofit techniqueghinbe deterrent to its widespread
application. Alternatively, for higheend building owners, the reduction of seismic demand by the
means okupplementary damping (Figure 1b) and/or use of base isolation system (Figure 1c¢) has been
regular practice, asiese allows higher performance levels whiggngless intrusiveAgain, the issue

of cost and time/space invasiveness of these common techniques has been the reason for its
widespread application, particularly in private buildingbe effectsof variousretrofit strategieon

the structural performanaae illustrated in Figure Within an AcceleratiofDisplacement Response
Spectrum(ADRS) domain, typical of a capacity spectrum method.
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Increasingly, retrofit solutionfocussed on deformatiatemand and capacity (e.g. curvature ductility,
maximum and residual intetorey drifts) rather than force/strengtts deformationare considered
more effectivaneasures alamagegPampanin, 2005)n view of sucha paradigm shift in the statef-
the-art of seismic retrofit (and design), the proposedctieke weakening strategy aims to improve the
global inelastic mechanism (defortiman capadty) of the structure by firstveakeningthen upgrading
specific/criticalstructural (or nosstructural) elements. Conceptually, where by selectively weakening
certan elements and/or s&trengthening the structure, the structure achieves higher deformation
capacity withmore desirabldnelastic mechanissnas illustrated in Figures 1d and le. A more
illustrative example of the application of SW retrofit for rc framglding is given in Figure 2. By
inducingaflexural hinge inthebeams by cutting some (or all) longitudinal begimforcementt the
exterior bc joint face, the overall frame, whilst weakened, besonoee ductilei thus achievinga
higher deformation apacity. Further strengthening with external gilesisioning can improve the
lateralcapacity and energy dissipation whalehieving a greatateformation capacityFigure 2d & 2e
provides a comparison o the effect @ the expected hysteresiesponsebetween partial and full
selective weakening retrofit.

2.2 Existing Literature and Previous Research

The idea of reducing the joint demand forces or/and-mi@stressing in order to improve the sub
standard rc bc joint behaviobas been suggested in literat@ireiestley et al., 1996By focusing on
increasing the joint shear capacity, researchers iiSdgaran et al., 1999nd JaparfHamahara et
al., 2007)have investigated the use of joint prestressingfmrstioning, with mixed results. These
researchers were emulating the partiglfg-stressed bc joint presentedPgrk and Thmpson(1977)
which formed the basis of consideriagontribution of horizontigoint shear capacitpeing provided

by joint prestressing (Clause 15.4.4.2) in the NZ Concrete Stan@ez$3101:2006)As noted that
pre-stressing fothe retrofit of masonry/heritage structures, inadequate gra@paciy of beams and
columnswithout sufficient confinement reinforcemegate common practicampanin, 2005)n the
same publicationthe concept of SW retrofit strategy and its possible practical implementation for
structural walls, floor diaphragsrand rc framesvas describedThese concepts were subsequently
validated with experimental investigations: ftre retrofit of shear walls wit inadequate shear
capacity(lreland et al., 2007and fortheretrofit of hollowcore floor seating connectiofnsen et al.,
2007) ASCESEI 41 (2007) standard outlined the use of external pesnsioning on joint and
selective material removal (such as beam weakening)vadid rehabilitation measufer rc frames.
Hithertoo, t o t hkaowladgedihere is sa@xperimental verificatio of these retrofit techniques.

2.3 Previous Analytical Study d Selective Weakening Retrofit

The feasibility of using SW retrofior exterior rc bc joint usingetailed finite element mode(FEM),
using amicro-plane M2 concrete modeMASA ( Og b ol t ehas badn .analytialyGstudied
(Kam and Pampanin, 2008)he hysteresis behaviour of the-kaslt and retrofitted bc joints &re
extrapolated for inelastic tirdgistory analyses of a castudy 5storeypre-1970s rc frameusing
Ruaumoko2D(Carr, 2008) The cyclic forcedisplacementhysteresis, crack and damage pattern
computed in the MASA modelwere in agreement wittthe experimentatesponsdor the asbuilt
specimen (Figur8). The locatbehaviour of full beam weakeninggveringl00% bottom longitudinal
bars) retrofitwvas shown to have a positive effect on the displacensgcity of the overall bc joint
The forcedisplacement behaviour and damage pattern, whilstbeotg preiously validated by
experimentwerein agreementith a comparble retrofit solutionpresentecherein(as NSR1). Two
future refinementso the FE modeincludetheimprovedmodelling ofa variableaxial load and bond
slip cyclic behaviour.

Figure4 presents theenvelopef the maximumresponsgfrom the nonlinear time history analyses

of a pre1970 designedc frame As expected, the dsuilt frame has limited energy dissipation
capacity with shear failureccurringwithin the bc joints Joint rotatio is the predominant inelastic
mechanism.Inter-storey drift was in excesf 3.5% on average. Th8W retrofit frame with
weakeneebeans (positive flexural capacijyclearly shows a remarkable reductido theinter-storey

drift envelopes. The predominainelastic mechanism, beam flexural hinging, has more ductility and
energy dissipation capacity. When considering the individual elements -thdtafsame would have



likely collapsed as theotation andcurvature demands on the joints and colunespeately were all
exceeding the typical collapse linsitates.
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Figure3: a) As-built and weakened bc joirdtieral foce- column driftcurve$ (left) numerical result (MASA);
(right) experimental result) Predicted and observed failure mode and cracking pattern of existing bc joint.
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Figure4: Averageof peak interstorey drift envelopes responsexl average global deformation componefits
theexisting and retrofitted frames.

3 EXPERIMENTAL INVESTI GATION
3.1 Specimen Details / Test Matrix

For brevity, only brief description of the experimental program is provided Hdre.asbuilt
benchmark bc jointNS-O1 was designed to represent wotgpical case prel970s construction
practice while meeting the requirements of N#%1955) The subassembly is assumed tddmated
between points of aatraflexure, occurring at mitleight of columns and mispan ofthe beam, within
a 3bay 3storey rc frameThe joint has no transverse reinforcememtd the beam longitudinal
reinforcementare anchored using 180 deg. standard hooks, as shown iill3ac joint units have
230mm x 230mm columns and 330mm deep x 230mm wide b&aemnetry and reinforcement
details of the abuilt benchmark bc joint is shown in Figusa. Standard steel produciseused:mild
steel and prstressing #wire tendon yield stregth of 330MPa and 1560MPa respectively.

The description of the test units are given in Table 1, outlining the differences between the alternative
retrofit solutions. Test unit NB1 represents a Partial SW retrofit, where 50% of the bottom
longitudinal eam bars are cut. This is done in the lab using a metal grinder (Figure 5b) while for
larger specimens, diamond cutters are commercially available. The concrete gap isdaiateck
with SIKAE GP GrRRistta invébtgatd the weffect bfterNeb prestressing on the
poorly detailed bc joint. Test unit N3 is an example of the Full SW retrofit, where the beams were
selectively weakened in conjunction with externalgressing of the bc joint. The 20mm anchorage
plate, anchored with2 Fiser E 1 0mm FAZ |11 anchors, was designe
achieved. It is expected that commercial-gtressed anchorage (e.g. VSL, BBR ) can be used for
practical applications. Only a relatively low pgtressing force is required for sucsies joint retrofit,

and from laboratory experience, this ptatsioning operation is not very labduntensive (Figure 5c).



Table 1: Description of BeamtColumn Joint Test Units

Beam Bottom 2 P 4
Test Unit Description Reinforcemen | FOc® Conf:rete Strfngtl Mbear"‘ca'g Mocamcal Mioint-ca
s (kN) fc (MPa) Mcolumn—cal (kNm) (kNITI)
NS-O1 as-built benchmark specimen 4-R10 - 17.5 +1.79 -0.98 ° 33.+#04-155
NS-R1 retrofitted - 50% beam weakening only 2-R10 - 25.6 +0.82-0.87 +15.1-29.7 +10.4-155
NS-R2 retrofitted - 120kN PT only 4-R10 120 28.2 +2.56 -1.39 ° 47 .4#4125-212
NS-R3 retrofitted - 50% beam weakening + 40kN PT  2-R10 40 24.3 +1.26 -1.07 +23.4-36.3 +15.4-31

Abbreviation: NS=no column lap-splice; O=as-built; R=retrofitted; PT=post-tensioning; R10 = plain round bars with diameter 10mm.
LConcrete strength at the day of test'ﬁ'\@alculated nominal beam flexural capacity based on concrete compressiorestr&i§03
3 Calculated column flexural capacity at expected varying axial foi@alculated joint shear capacity based on principal tensile stresses (e.g. Priestley et al, 1996).

Positive moment corresponded to the Pull direction, in which the bottom of the beam are in tension.

Figure5: a) BC joint reinforcing details bBeam weakeningsevering beam bottohongitudinalreinforcements
¢) Applying external posstressing (inser@nchoragdor posttensioning

3.2 Experimental Test Setup, Loading Protocol and Instrumentation

To simulate earthquaKkeading, cyclic quasstatic lateral loading was applied horizontally at the top

of the column, as shown in the experimental test setup in Figure 6. The loading protocol used in this
experiment consists of two displacemenntrolled cycles at increasingnglitudes as follows: 0.1%,

0.2%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0% and 4.0% -siteey drift, as shown in Figure 6b.
Varying axial load of 120kRi4.63\, is implementedwhere \¢ is the lateral force applied at the top

of the column. The varying axial 4d ratio (4.63) is unusually high, to considbe worst case
scenario of an extremely long bay frame, in which exterior collanmdikely to be subjected txial

tenson force. All the specimens were thoroughly instrumented to measure: a) laterabfiptied b)
displacementat the top of the column c) local deformation components, and d) stiririse
reinforcement. Only selections of the data gathered are presented in this paper due to space constraint.

Figure 6: a) Experimental Test Setup b) Loading Protocol

4 RESULTS

The summary of the test results is presented in Tab#n® the hysteretic foredisplacement
responses of the four bc josrdre presented in Figure The cracking ath damage patterns at the end
of loading of 1.0% and of the final intstorey drift loading cyckeare presented in Figu& All bc
joints were tested up to 4.0% cycles exceptN&O1 which failed prematurely athe end ofthe 2™



