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ABSTRACT: The conventionalreinforced concreteand existing precast concrete
buildings are generally diter fully or partially monolithic in formBecause of this, these
buildingsare to be demolished insteaddi$mantlingand reuse of undamaged building
components either ghe endof a building life span or when the building is ian
irreparable damage state after an earthqualse, thesaypes ofbuildings which are in
reparable damage state after an earthquake require considerable downtime to repair in
addition to the repair cost fally restoretheir functionality. This will indice substantial
seismic lossscontributed by direct repair costnd more significantly by the downtime
(i.e. occupancy interruption). For these reasons, the authors are worlingeabuilding
system usingstandard precast concrete elements asgtel canections which is
industrialized, flexible, and demountable. The proposed building systam also be
considered as low loss building systerbecause of quick repair/replace of damaged
building components with new ones and thereby minimizing the selssses due to
occupancy interruptionin this paper, theeismic performancef the steelconnections
(using steel angle/tubes, steel plates and threaded rodslistiteerthe precastoncrete
beans and colums areinvestigatedinder quasstatic cyclicloadingtests The details of
the experimental testetup overall hysteresis behaviour and damage state ofeited
beamcolumnsubassembliearereported

1 INTRODUCTION

As conventional reinforcedoncrete(RC) and precastoncretebuildings areeither fully or partially
monolithicin form, they have to be demolishedherat t he end of the building
decided to construct a new buildingkarilding has sufferednirreparable damage after an earthquake
The demolition proessof a buildingis environmentally very unfriendly and causes extensive wastage
of building materials. It is reported that construction and demolition waste (CDW) amounts &ntl7%
40% of total landfill waste in New Zealanahd Australia respectivelfCrowther 2005; Storey et al.
2005) Especiallydemolition of concrete buildings requires huge amount of energyn#umes around

275 mega joule (MJ) per ton and the crushing of concrete consumes another(Beiltddrdt 2012)
Demolitionof aRC buildingis usually verytime consumingandrequires careful planning to avoid any
danger to nearby structurég.thesame timethe conventionaRCand precast concreleiildings which

are in reparable dama state after an earthquake require considerable downtime to repair in addition to
the repair cost to restore thel functionality. This will induce substantial seismic lessontributed by

direct repair costand more significantly by the downtimee(ioccupancy interruptionjComerio &
Blecher 2010)

For these reasons, the authare working othe developmenif anew building system usirgfandard
precast concretelemens and steel connections whighindustrialized, flexibleand demountabl& he
proposed building system can also be considered as a low loss building sgsemsebof quick
repair/replace of damaged building components with new ones and thereby minimizing the seismic
losses due to occupancy interruption. In this paperséimmic performancef the steel connections
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between precast concrete beam and colunmysteel angle/tubes, steel plates and threaded rods/bolts
areexperimentally investigated hefull details of the overabuilding system andetails of connections
between other precast elemefits. floor-beam, floosfloor, columncolumn, and clomn-foundation )
areoutlinedelsewhergAninthaneni & Dhakal 2014)

2 PROPOSEDSTEEL CONNECTIONS TO CONNECT PRECAST BEAM AND COLUMN

The schematic layoustof the two types ofdemountablerecast concrete beamelumn connection
reported in this paperre shown in Figurg. In Type-1 connection configuration, precast concrete beam
and columrare connectedsingstiffened steel anglesnd threaded rodlsltsas shown in Figurga In
Type-2 connection configuratigrprecast concrete beam and coluane connected using steel angles
and embeddesteel plates as shown in Figute The only difference betwediype-1 and2 connection

is thatthe Type-2 connectiorhas additional embedded steel plates to tratisé=mhear force.

The precast concrete beams and columns are provided with steel ducts encased in concrete through
which threaded rods are passed and bolfgw threaded rodon the column sidecan also be
accommodated alontpe beam sidefacesif the columnwidth is at least7’5 mm more than the beam

width, otherwise only on top and bottom beam faces. The bolts are préensionedso that the initial
resistance tohe lateral load isachieved througlthe frictional resistance developed betweeanstieel
connectionand precasttoncreteelementsandwhen the lateraload exceeds the frictional resistance
thenfurtherresistanceo lateral loads developed througbshearingof the bolts, andbearingresistance

of concrete
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(a) Type-1:Steel angle connection (b) Type-2:Steel angle and web plate connect

Figurel. Testedypes ofsteelconnectiongor a demountable precast concrete building

3 EXPERIMENTAL TEST SE TUP, PRECAST SPECIMENS AND CONNECTION DETAILS

3.1 Test setup details

The overall test setupith a specimemnd instrumentatiodetailsareschematicallyshown in Figure.

In the figure finegativé® and fipositived represent the directigrof loading, and theaotationsit L T 0
ALBO, amRIT &,R B 0 the lecptiosesge right top, left bottom etcof spring potentiometers
to record the slip between tleteel connection andhe precast concretbeam.An internal precast
concretebeamcolumn subassembly withthe proposed steel connections is subjected to egtatc
cyclic loadingas petACI loading protoco(ACI 2001) whichis shown in Figurea For a corner beam
column test assembly, tiégure 2 has to be visualized without one beam eitherdeifglot sideof the
column The details of suassemblies location (i.e. internal or corner) for different tests are mentioned
in Table 2.Three main aspects that will be asseghealigh this experimentébstprogramare; (i)to
demonstrate that emulati@f the behaviour of a monolithic reinforced concrete (R@ding system
can be achieved using precast concrete elements connected stesitiird demountablsteel
connectiongonforming tothe acceptance criteriar moment resisting frames, whichst®own in Figure
3b, (ii) to demonstrate the demotathility and replacebility aspect of the proposduiilding system

by replacing the damaged beam with a new ongmilar capacityat subassembly leveland (iii) to



demonstrate the upgradability aspettthe poposedbuilding system by replacing beaof higher
strength in place of lower strendtkamat subassembly level.
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Figure2. Experimental test setup to asspescast concreteeamcolumnsubassemblies
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Figure3. Loading protocol and parameters to assess acceptance qit€li2001)

3.2 Precastconcretebeam and columnspecimen details

The material propertiessrosssectional dimensions, reinforcement details, and nonciagécities of
precasspecimensre reported in Table. The beam length of 3.28 and column length of 2.9% is
chosersuch that they approximately represent half of the length in typical frame bui{dngfistance
between the point of contflexure). The precastpecimengrecastwith steel ducts of 56hm diameter
with 2 mm wall thickness$o accommodate the threaded rddshese testghe columnwidth hadto be
increasedo 0.7 m(which is substantially morhanthe beamwidth); this wasrequired inorderto cater
for different bolt configurationas shown in Figure 4jiven the limitation of available hydraulic
jack/torque wrenchizein the lalmratory The capacit of the column igntentionallymadehigher than
the required capacitipecaise the same columisa to be usedo demonstratéhe upgradability aspect
with use ofbeam otigher capacityin practice the columrsizecan beeduced conforming tbuilding
cock provisions

Table 1 Details of precast concrete beam and column specimed s

Details Precast concrete beam Precast concrete column
Dimensions (d) 0.35mx0.4m 0.7mx0.6m
Grade of concrete 30MPa 30MPa
Gradeoff ebar 6 s | 500 MPa 500MPa
Longitudinal rebar details | Top & bottom:4 Nos-25 mm dianeter | 16 Nos-25 mmdiameter
Stirrups details 2 Leg-10mm dial50mm c/c 5Leg-10mm dial50mm c/c
Nominal capacity 310kN-m 950KkN-m




3.3 Steelconnection configurationdetails

The details ofthe Type-1 and Type-2 connection configurationare shown in Figurd, note that
dimensions in Figure 4 are in millimetres In Type-1 connection configuration, the precast beams are
connected to precast column usstiffenedsteel angles of size 38840x25 mm and350 grade steel,
and the threaded rodef 33 mm diameterand grade 8.8 stedh Type2 connection configuration,
precast bans and column arembedded witlsteel plats, and are connected using steel angkesd in
Type-1 connection antheweb plates are connected using 16 mm diameter bolts of grad&sglé
precast specimeaginished surfacavere not perfectly level andlegs of steel angle are nekactly
perpendicularto have agood contacsurfacebetweerthe steel connection arithe precast specimens,
either D60hardnessatural rubber sheet of f@m or dental plaster or bothereused as reported in
Table 2 Anotherreason tauserubber shees to prevent damage to the colufmecause of the bearing
of steelangleunder lateral loadThe threadedolts are tigkened using torque wrencho the values
listed in Table 2As there is no direct way to measure thetpnsion in the bolts, the torque is converted
to equivalent préension using the formul&=0.2PD, whereT is torque,P is pretension in bolts, and
D is the diameteof the bolt.

o o N
smf sulf 70!
| L . | | > I-;'M 174, 174
) A FoTo
i} 3“?0’ éﬁr_jﬁa:i i} .r Y gﬁ 11 7\5— ¢§ 4} 4} 4}
® I £ * J&]: | - 100
; ) 3 _Aﬁt | 1] bt E| | 350 ey
E #1° Bl RE gii% | |$¢:" |
~ ¥ - o Rd b ~ -
| | M e | To ot
= 2227 B ” AN
N f i / . il s éy qf ¢ é\ Section B-B
5 e g Ve PARs
4 14 V| wd
P Ll
I W I N L__ b
r r r

TYPE 1-Elevation TYPE 2-Elevation TYPE 182-View A-A
Figure4. Type-1 andType-2 connection configuration details

Table 2. Sub-assembly location, connection type, préension in each bolt, and contact surface

Test Sub- Steel Threaded rods/ bolts Beam to Column to
No | assembly| connection . connection connection
location type Torque (T) | Pretension contact contact
surface surface
1 Corner Typel 2000N-m 300kN Rubbersheet+ | Rubber sheet+
dental plaster | dental plaster
Corner | Typel 2250N-m 340kN Dental plaster | Rubber sheet
Internal | Type2 1600N-m 240kN Rubber sheet | Rubber sheet
Corner Type?2 2250N-m 340kN Dental plaster | Rubber sheet
4 RESULTS AND DISCUSSIONS

The precast concretbeamcolumn subassembés aredesigned as per capacity design principtes
ensureweak beanstrong connectioandstrongercolumn Sq the nominallateral capacity of the sub
assembly is limited by the capacitytbé beamAs mentioned beforéhe nomin&capacity ofthebeam

is 310 kNm which is equivalent to nominal lateral strength of 105d&iNhecornerbeamcolumn sub

assemblyand 210 kN fothe internal bearsolumn assemblyThe experimental results of foprecast
concretebeamcolumn subassemblies are reported here, out of which three are cornasseimblies
location in a frame building



4.1 Test1: Type-1 connection with rubber and dentalplaster ascontact surface

The corner beantolumn subassembly withType-l connection and rubber and dental plastén
between the connection atte precast membeisshown in Figur&a Theoverallhysteresis behaviour

of the subassembly is shown lRigure5bb, it is clearthat the system is able to achieve its nominal lateral
capacityof 105 kNin both directions of loadingt higherlateraldrift of 2.5%. The overall hysteresis
loop carbeclassifiedasfi p i n ctype, higisbecause aherubbersheet bateenthesteel connection
andthe beam which makethe subassembly requiring less lateral load at higher drift to bring the sub
assembly taheun-deformed positionEven thougteachbolt is pretensioned to 300 kN (assuming that
there is no enr in convertingappliedtorque to equivalent prinsion) the slip betweethe connection
andthe beantannot be avided,which isevident from Figur&c. Theposition oftheconnection started

to shift from the initial position towards tltelumnsidein subsequent loadingycles after1.5% lateral
drift. The initial behaviour ofhe precast concrete sabsembly usinthe Typel connections similar

to monolithicreinforced concrete stdissembly under cyclic loadingp 1.5% lateral drift. The iniil
damage to the sudssembly is duéo the crack formatios on beam top and bottom fagegeld of
longitudinal rebars andthe spread otthe cracks along the beam lengifhereafter at higher lateral
drifts the slipbetween the connection and the bemxteeddthe clearance betwedhe bolts andthe
duct, andthe bolts stared to bear against the steel duct which indbbearing stressi.é. bursting
stress) intdhe concreteresulting bearing and direct tensile split cracks, which is shown in Figure 5d.
At larger drifts because dhe ingresof the connection either downwards or upwards atoeam,
vertical crack passing throughout the beam esession is observed.
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Figure5. Experimentalbletails and results dfest1 with Type-1 connection



4.2 Test-2: Type-1 connection with dental plasterascontact surface

The Test2 configurationwhich is shown in Figuréais the same aSestl configuration except that
there is no rubber sheietbetweerthe connection anthebeam and another difference is that eaalh

is torqued to 2250 Nin, which is equivalent to 340 kN'he lateral load versus lateral drift of the sub
assembly is shown in Figu6, it is clear that the system has reached its nortatesial strength of 105
kN at 1% lateral driftBy comparingFigures 5b and6b, it is obvious thathe overall hysteresis of the
subassembly with and without rubber sheet is quite diffefBme. subassemblywithout rubber sheet
is able reach its nominal capacityadower drift. Also at higher drifts the sudissenbly without rubber
sheet suffered significant strength degradation compared to thasseimbly withrubber sheetsThe
subassembly with rubber shediti not undergo strength degradationtopt% lateral drift whereas the
subassembly without rubber shesufferedsignificant strength degradation after 3% drifthe slip
betweerthe connection anthe beam is less than 2 mm anpto 1% drift cycleghe steebonnection
returredto initial position whenthe columnwasbrought back to then-deformed posion. After 1%
drift onwardswhenthe lateral load exceeded the frictional resistabeaveenthe connection andhe
beam,slip gradually increased and the positadrsteelconnection started to shiftwardsthe column
sidein subsequenbadingcycles which is shown in Figuréc.The damage tthe beam is due tthe
spred of flexural cracks upo 1.5%lateral drift after thathe slip exceeedthe clearance between the
bolts and ducts, and the bddtarted tdear against the dwivhich inducel bearirg stress (i.e. bursting
stress) intdhe concreteesulting spalling of concrete the connection zonewhich is shown in Figure
6d. At higher drift ratiosabig vertical crackvas observegassing throughout the beam crgsstion,
this is dudo the ngressof theconnection either downwards or upwards.
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Figure6. Experimental details an@sults ofTest2 with Type-1 connection



4.3 Test-3: Type-2 connection with rubber sheett the contactinterface

The overall test setup of internal beanlumn subassembly witiType-2 connection is shown in Figure
7a.The subassemblypehaviour under quastatic loadings shown inFigure 7bin termsof lateralload
anddrift. It is clear that the suassembly with taType-2 connectiordid notachievets nominal lateral
strength of 210 kNThe maximum lateratapacitythatthe subassemblycould reach i®nly 165kN,
which is 20% less than the nominal lateral stren8#cause of the rubber shdgat betweenthe
connection andhe precastmembersthe overall hysteresis loop is close to pinchiedpaviour The
identified reasons for thesubassemblywith Type-2 connectionnot achiewng its nominal lateral
strength are(i) asthe slip betweethe connection anthe beam ishigh at smalledateraldrifts (which

is shown in Figure J¢the bolts started to bear against the ducts which indhecdearing stress into
concrete resulting in beam edge failuiig to accommodate the weitate connectioragap of 75mm
had to beprovided betweeitthe beam end face arttie column face thereby leavingnly 65 mm of
concretds behindthefirst row o ducts which causeearlybeam edge failurevhich is shown in Figure
5d, and(iii) when thebeamlongitudinalrebais are stressed either in tension or compression, the bent
portion of the barsowardsthe beam end face aferced to move outwardbecaus there is no beam
end face protection (i.e. steel end armour) and no bursting reinforcement tothmtezam end failure
which caused earkgnd cover spallingComparingFigures 5¢ and 7déndicates thatheslip betweerthe
connection andhe beamof corner and internal stdlssembés under quasstatic loading isquite
different. Wheninternal subassemblyis unloaded tdhe initial positionthe connection also returns to
the initial position,which is not the caswith the corner sukassemblyln case ofthe internalsub
assemblythe connections beingymmetrical with respect to the colupand connected to each other
by the threaded rods on the column sidtben the column iseturned to the initial positionhé
connections on both sides of théuron have to move equalpnd have to return tiheinitial position
as well.In case of the corner stdssemblywvhen the column is drifted, becausfehe slip between the
connection and the beamasexcee@dthe clearance between the bolts and the dudteh resulsin
change of shape of the duct from circular to oblong (i.e. sivahg, andwhen the column returned to
theinitial position, the connectiowill equilibrate at another position which is ribeinitial position.

(a) Type-2: Test configuration (b) Lateral load vs displacement

(c) Slip between steel connectiandbeam (d) Damage to beam at 2.5% lateral drift

Figure7. Experimental details and test resultSTest3 with Type-2 connection



