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Abstract

This paper presentninvestigationnto afriction-slip mechanisnm bolted jointsin cold-formed steel
(CFSimomentresistingconnectiors suitablefor seismicareas The aimisto achievehigherductility

and energy dissipatiorcapacity through an appropriately designed bett connection enabling
activation ofbolt slip, acting as a fusenechanism postponingthe initiation of nonductile local
buckling inthe CFS beam®8y means ofalidatedfinite elementanalysigFEA)both monotonic and
cyclic performance of CFS connectioamprisingwo types ofsquare(SB}and circulaCBYolt group
arrangementswith four types of beam sectionare studied compaatively without and with slip at
various levels. It is shown that the connections with slip provide higher energy dissipation capacity by
up to 75% compared wh that of the connections without slipA design approach to predian
appropriate level for theeonnection slip momentto be initiated before the beam buckling moment

is introduced using the direct strength method (DS®I) comparing the bolt forces cdihed for the

B andB groups the CBconnectiors produce a more uniform bolyroup force distribution which is
closerto the idealisednethod; while theSBconnection encounter aignificantdelay of up to 30% in
activation ofbolt group slip whichcouldlead tounfavourable beam local bucklingurthermore, o
avoidanunfavourable hardening effect due to the bolts bearing action, slotted holes are used with a
recommendedength obtainedfor the cyclic movementsf the boltsin the range of the designed
connections.The instantaneous centre of rotatiaesults show that the connections with slip have

less deviation from the idealised centre of rotation than the connections without slip.
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1.Introduction

Coldformed steel(CFSkectionsare typically made of thin-walled elements withrelatively large
width-to-thickness ratiovhich makea them vulnerableto premature local bucklingbefore reaching
yielding strengthLocal huckling camot only significantlyreducestrength, but for typical widthto-
thickness ratios can also cause rapid post buckling loss of capacity, whieguwenty reduces the
stiffnessand ductility capacityof CFS structuresAs a result, this particularlimits their structural
applicatiorsin seismic areafl]. Furthemore, relatively lowstrength and stiffnessf the joints of the
conventional CFS studall frame system<2] highlights the need for improvements in CFS structures.
In anattempt to addressthese drawbacls and to facilitate wider use ofCFSstructures a CFSveb-
bolted momentresisting (MRjoint has beenrecently developedby the second authof3-6]. The
designapproachin this study was to increase local buckling resistanic€EFS beasas the primary
energy dissipatie members Thepreviouslydevelopedjoint comprisescurved flangebeamsections
connected to the column using tArough plate(TP)and transverse stiffenerg¢see Fig. 1 (a)he
developedconnectionmeetsthe requirements for full strength/rigid jointsccording toEN 19931-8:
2005[7] and high ductility class moment framas perEN 19981: 2004[8] and ANSI/AISC 3405,
2005[9].

In CFS structures, bolted connections can be designed to provide ductility and energy dissipation
capacity throughnitial slippage andearing action developed by Sato and Uang [10] which has been
recommended for singlestorey momentresisting framesDevelopmentof a bolted connectionwith

a targeted design performancdiowever,requiresaddressing variousypes ofuncertainties[11].
These include both physical and design deficiencies suéticdenal coefficient,bolt pre-tension,
positioning of bolts within their holes, instantaneous centre of rotat{d@R)and a preciseforce
distribution within a bolgroup. All of which vary through loading increments, when a kpibup
undergoes different stages of friction, slip and bearing actiatnich affect the desigand moment
rotation characteristicef a boltedconnection[12]. Thesealter the bolt force distributiorfrom that

of the designwith a rigid motion assumptiom which the centre of rotationin casesvhere shear
forceon the jointis insignificantapproximatelycoincideswith the geometrical centref the bolts[13,

14]. The variation of the centre of roten was also notediuringthe previoudy testedweb-bolted
connectiors of 2 m length cantilever beams wihear forceelatively smaltompared to the moment

on the joint[3], due towhichanon-uniform bearing elongationccurred in the bolt group (Fig(b))

This can bédentified comparingthe bearing elongation of thesland the 4" lines of the bolts, aseen

in Fig. 1 (b), indicating that the bajtroup centre of rotation was closer to tHé' line towards the

column side
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Figurel. Developed wekbolted CFS connection witton-uniform bolt-groupbearingelongation[3]
Thispaper presentsletailedFE investigationn a new configurationof CF3R-connectionsin which
the design approacksto dissipate energy mainly through bolted connections rather than yielding in
CFS beam3his incorporates fiction-slip mechanism inta slottedboltingtype of connectioraiming
to postpore local buckling ando improve ductility andseismicenergy dissipation capa@s Shu et
al. [15] have recently developed similartype of bolted connections foheaver hot-rolled steel
structures meeting Special Moment Frame seismic design requirenj@hti was shown that higher
ductility and energy dissipation capacities can be achieved through slotted connections compared

with standard bolted connections.

Furthermore, in this paper,hte boltgroup force distribution is obtained and discusdedtwo types
of bolting arrangementasing tree section shapes of fldiange, segmentdllange and curvedlange
backto-back channelsAs suchmore practical segmental flange beam sections apeoposedas
opposed to the curved flange beam sectiomkich would requiremore complex manufacturing
process The outcome of the presented work has informedthe design ofexperiments on the
developed CFS connections, fla# results of which wilbe reportedsubsequentlyThe computational
methodology adoptedherein is validated againstthese experimentsfor an example connection

developing slip behaviour

2 .Design consideration®f the CFS beamTP-column joint
A singlesided2.5 mlength web boltedbeamTRcolumn joint (shown in Fig. 2las beendesigned

representingthe mid-spaninflection point of a 5m bay momentresistingframe subjeced to lateral

loading Two types of squaréSB)and circular(CB)beamto-TP bolting arrangementshave been
considered for comparison purposes. The choice of circular bolting has been examined due to a more
uniform bending rotation predicted in the bolt group compared with the typical squzoking
arrangement Four types of leam cross sectionsith flat flange (F), segmental flange with vertical lips

(S), segmental flange with inclined lips) (@dcurved flangg(O), all illustrated inFig.2, have been



usedwith a range 0200and 300mm web depthand 2 4and 6 mmthicknessesThe 300 mndeep
beamis to accommodate a widdolt patterncomparedto the 200 mmdeepsection.The total flange
width including the lips and the segmettpars are125 or150 mmfor the 200 or 300 mnueep
beams, respectivelyihe use ofthe same amount of steel for alfpes ofthe crosssectionsfor a given
thicknessis for the purpose ofi comparative study betweethe results All the sections can be
manufactured using rolling machines or press brakes. Fig. 2 also insludesequentid stepsfrom

start to final bendsf shapinga curved flange beapwhichis deemed to be a complex CFS section,
using a press brakd o avoid touchinthe flange edge during the bending process a curved press head

was utilised
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Figure2. CFSointswith SBand CB boltingandF, S, Sand Ctypes ofbeamsectionsand manufacturing
processof a C section using a press brake

Frictionslip fusemechanism of the bolts has beassumed irdesign as the main device to provide
the joint ductility capacityTo postponéeliminate the bolts bearing actionstraightslotted holes have
beenusedwith their half-length (D/2) determinedasr x ‘ mact d/2 wherer is the radius of the bolt

group, ‘ maxis themaximumjoint rotation calculated at the centre of the bolt grogmdd is the bolt



diameter(illustrated in Fig. 3Assumingd=20 mm,‘ max=0.1 rad and= 100 mm, the total length of
the slotted holes on TRvould be D=40 mm while the beam hoéswere drilled using thestandard
dimensionswvith 2 mm tolerance Thissimplified calculatioms toaccommodag the requiredback and
forth travellingdistancefor the boltsundercyclicloading The eliminatiorof bearing inthe boltsis to
avoidthe ductility demandto be shifted into thebeamswhich can end up withraunfavourabldocal
bucklingfailure. Nine bolts(B1 to B%as numbered in Fig. 2) have bepaositioned atthe centerto-
center distancdin SB) or with radius (in C&f)r = 100mm connectngthe beam webs tdhe TR The
centre bolt (B9)s mainlyto tie the beamweb and TP plateavoiding the welbucklingfailure within
the connectionregion subjected tohigh stress concentratiori-urthermore, he centre bolt(with a
standardround hole), particularly inthe beams whee the shear force is insignificantan provide a
constraining effect between the perimeter boliswardsa more uniform bolt group rotation around
the centre This has been investigated through companion experimentgtwhvill be reported

subsequently.

Fig.3 alsaillustrates he designparameters of the proposed CFS MR jolitteprimarydesign criterion

of the joint is M¢®™ conn< I/ L Mmax beam€nsuring thebending moment corresponding to the slippage of
the bolt-group (Mq*'"® cony, is less tharthe projected bucklingnoment in the beanto the bolt-group
centre(I/LMmax, bean); Wherel andLare the distances from the freend of the beam to the connection
centre and tothe sectionjust after the connectiomegion inside the beamwhere the through plate
ends, respectivelyThisensuresachievement ofthe target designapproachof dissipating energy
through bolted connections as a fuse mechanisepiesentedby a rotational spring adllustrated in
Fig. 3) prior tdoucklingielding in CFS bean&he bolts preensioning forces can then be calculated
using the available design cod¢g] as reported in Appendix .AThe actualbolt-group force
distribution, however, will differ from the above idealised assumption, thus influencing the
performance of the jointThishas beerinvestigated in more details through FE modelling of various
connection arrangemeniss presented ithe following sectiondn calculation of the bolts pretension
forces, a slip coefficient of 0.3corresponding to Class C friction surfaces fizls been assumed.
However,a reduced slip coefficient of 0.J92] could beadoptedif the connection was exposed to
aggressive outdoor environmental conditions with galvanised coating protedimmneach the same
level of the bolts slip resistance #gat of the design with the higher slip coefficiemgreaterbolts

pretension forcevould be requiredn that case

A design method to set a lower bound for the slip moment of the bolted connections adevb®ped
by means of Direct Strength Method (DSNdyescribed in Appendix 1 of the North American
SpecificatiorAlISI S10[17]. The dastic bucklingnoments, inputting into DSMan be computed using
the constrained finite strip software CUFSM [18] through which buckBignpature curvesof the



beam sections in Fig. 2 have been calculated. Bheéained signature curvesclude local and
distortional bucklingfailure loadsversus their halvavelengths assuming the beams have been
restrained against the global buckling modafter calculation of therojectedbuckling moment of
the beam I/L Mmax, beam @S the maximum upper bau slip moment,a range of lower bound slip

moments have been examined accounting for the uncertagdiscussed in Section 4.

Theboltsfriction-slip mechanismassumed in this work, designedo slipat the Ultimate Limit Sate
(ULS, inEurocode 8 terminology [Bin order to provide the required ductility.At the Damage
Limitation State (DLS, in Eurocode 8 terminology [8]), howeter joint is designedo be rigid,
satisfying the requirement ahe joint elastic stiffness to be great¢han 25L/1 [7]. The latterrefers

to the elastic region of the momenbtation curves at service loads before slip initiates which has
beenvalidatedthrough the experiments on the CFS momeasisting connections reported by the
second author [3]Thethrough-plate was designetlavingl5 mm thicknesgo remain elasticat all
Limit States, capable ofsistingthe projected Mmax beamat the centre of theTRto-column connection.
The beanthannelsectionsareconnected backo-back using filler platest 500 mm distancesquired

to prevent lateraltorsional bucklingf each of the single channels along the length of the bebfh [
The potential bimomentffects due to eccentricity from the shear centre of the beam's single
channelsection, as reported by Lim et al9]1in local buckling failure was reduced by satisfying their

recommendation on the minimum boeliroup lengthto-height ratio of unity 19].
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Figure3. Designparametersof CFS joint

3.FE Modelling specifications and methodology

Finite element (FE) modelling of the Gie&nectionwas undertaken using the FE package ABAQUS
6.14[16]. Fig 4 showsa typical FE model of 25 m length cantilever beam bolted to th&@Pin one

end and loaded througthe web lines at the free end of the beamonlinear postbuckling analysis

was performed usinghe Riks methodavailable irABAQUSvhich issuitable to predict instabilitand



material andgeometrical nonlinearity of a structure. iBhmethod takes the load magnitude as
unknown and solves simultaneously for loads and displacenj&é}s

Columns have not beesaxplicitly included in theinitial FE models whicimainly focuses on the
monotonicperformance of thebeamto-TP web boltedonnection.TheTPhastherefore beenfixed

at the nodes where iis bolted to the column(seeFig 4, models without columns Thismethod of
modellingeliminates the contribution of thecolumnmemberand its connection to the Tito the

joint deformation This contribution, however, can be insignificant if the columns were designed to
remain elastic and the H®-column boltsvere designed as slipesistance type of connection with no
bearing action.Therefore, theslip movementsof the web bolted bearrto-TP connectiorand the
beam bendingremain the primary sources of the ductility capacity of the jointhe hysteretic
momentrotation curvesof the models with incorporation of column membease presented in
Section 6.Thecolumn sectionsre 10 mm thickness double badk-backlipped channe$ with the

web depth bange widthand lips 0800mm, 150 mnand25mm, respectively The boundary condition

of the two ends of the columns were assumed to be hinged (see Fig. 4, models with columns)
representing inflection pointassumedat the midlength of a3 m storey height momentesisting

frame. The TRo-columnslip-resistantbolts were modelledisingrigid fastenerconnections.

To prevent outof-plane instability the top flangesof the beams werdaterally restrained (in X
direction) to representthe effect ofthe floor supported by the beamd he filler plates between the
beam channel sections (see Fig. 3) have been modelled tisingnstraintsdistanced at500 mm
along the length of the beanTheloadingpoints(arrowed in Ydirection in Fig4) were at thefree end

of the beamthrough theweb lines To model the thin walls of the beam sections and the through
plate, the second ordeS8R shell typevasemployed having 8 nodes, each withrrénslational and
rotational degrees of freedonand reduced integrationA fine mesh size of 1Gtd x 10 d & was
chosenthrougha separatamesh sensitivity analyswhich is presented in Appendix 8harp corners
are assumedh modeling of all types othe beamsshown in Fig. ZTheactualradius of the corners of
the beamswhich weretested afterwardswill be incorporated ito updated FE modelling along with

the measured imperfections and the material properties which will be reported subsequently.
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Figure4. FE mode of the CFS jointvith and without columnsBoundary conditions, loading points and
connector elements

Tomodel the bearrto-TP bolting connector elements available in tARdBAQUS librafyl6] have been
adopted Fig.4 shows aDiscreteFASTENERhich isa mesh independent surface connection method
employedfor the connector elementsFasteners bond the connector elements to the shell beam
elements with the radius of influen@xuals tathe bolt dameter. The connectas constitutea bilinear
behaviour: (i)igid up to the slip resistance limit of the bolt&sp, and(ii) plastic whenslip initiates.
The S275 steel Grade has been used with yield strefgtaf(275 MPa, ultimate strengtli,j of 485
MPa, modulus of elasticitys{) of 210 GPa and Poission’'s ratio of 08Bi-linear stressstrain curve

has been usetbr the adoptedsteelwith the strain hardening ratio d&/E = 0.01



Asis common practice,esidual stresses were not included in the FE maqdmiglicitly balancingut
the beneficialcoldwork effectsof formingwhich are dependent to one anothg20]. This assumption
has beerwidely adopted innumerical modelling of colbrmed steel in which the FE models were

successfully validated against the test res{#ts21].

4 FE results and discussion on the bolting frictiorslip mechanismeffects

Fig.5 presentsthe normalised momentotation (M/M,-' ) curvesobtained from the FE analysi§the
CFS MR join{see Fig. 2lor 300 mmdeepbeans, in whichM, is the plastic bending moment of the
corresponding $ection(for consistency purposesothM and‘ have beercalculated at the centre
of the beamto-TP boltgroup. Thee includeM/M;-* curves forSB(square boltingand CHcircular
bolting) connections (drawn by solid and dashed lines, respectiwslt) F, S, S* and C cressctions
(see Fig2), each with 2, 4 and 6 mm range of thicknesdegtthermore, theprojected buckling
moments of the beamso the connection centrl/L Mmax, bear), @assumed as the maximum upper
bound slip momentshave been calculated based on DSM [17], as discussed prigviouBection 2
(shown by the horizontal dotted lines in Fig. A)yange of lower bound slip momentsyrresponding

to the bending moments of ON3,, 0.9M, and 0.M, (shown by different line thicknessea the bolt
group centre have been assumed at whithe slip force of the bolgroup has been triggeredThe
results of theSB connections without slip are also included for comparison purposes (shown by the
thickest line).The CB connections without shigsulted inM/M,-  curves which were similar to tise

of the SB connections antherefore, hasnot been addedn the graphsThe horizontal dotted lines
(the DSM desigim Fig. arereasonablyclose tothe peak moments of the curves without slithese
upper boundDSM lineqparticularly for 2 mm thickness beams@em to be moreaccuratefor F
sectionswhich fall into prequalified sectionsaccording toAppendix 1 of the North American
Specification AISI S100 [1The reason being a pure bending momstressdistribution s assumed

in DSM while thigdeal stress distributiomay not bereachedin the FEanalysisparticularly for lower
thickness beams with 2 mm thickne$sr whichthe bucklingbending moments (for all the section
shapes)occurred prior tothe yielding bending momengor higher thickness beams (4 and 6mm),
however, a very good agreement between the DSM and FE results have been achieved even for the
unqualified sections (S, S* and C). The exception being the 6 mm C section for whichptak FE
moment exceed$/, while the DSM is limited to the section yielding moment.

TheM/Mp-* curvesfor all the SB and CB jointsithout slip and withslip levelof 0.7M, (with the
exception of 6 mm thickness beams) shawharp strength degradaticater the peakM; whilstall
the joints withthe lower sliplevels 0f0.3M, and 0.9, sustain a largedeformation without strength
degradation(larger thanthe 0.04rad required for Special Moment Frames.[9]erefore, activation

of connection slip ifighly beneficialto achieve higher ductility capacity particularly for joints with



lower beam thicknessewhich would otherwise bemore prone tolocal bucklingdue to their thin
walled nature Within the range of the investigated CFS joints those WiiM, slip levelprovide
higher strength than the joints with O\, slip level, both with a high ductility capacity. Therefore,
activation of connection slip at O\, slip is moreefficientto achieve both high strength and ductility
capacity

On comparing th curves for the SB and CB connectjamsll cases, departure from the initial linear
response can be seen on the figure to occur at the moment level specified for bolt slip to begin.
However, a key difference between most of the SB and CB cases ikdteatis a greater increment

in moment capacity after the initial bolt slip in the SB cases than in the CB cases, because of the greater
non-uniformity in the bolt loads in the formerThis initial slip occurasthe bolts at the furthest
distances fromlte bolt-group centre of rotation reach the slip load limifter whichthe bolt forces

are redistributedinto the bolts initially carrying less loa@ihiscontinuesuntil all the bolts rach the

slip limit and then théolt-group undergoes slips a whole Thisredistributionis, conservativelynot
induded in the conventionallesignapproach but in this context the additional moment that results
from this redistributioncould end up withunexpected beam yielding ammtematurelocal buckling.
TheCB conactions on the other hand, areharacterised by more uniform bolt force distribution

and hence less of this additional and undesirable momleagling to a more reliable design

By comparinghe M/Mp-* results(Fig. 5),t will be seenthat the curvesobtained for the different
crosssections(F, S, S* and)@t the variousslip level§0.3M,, 0.9V, and 0.M,) are following similar
trendswith relatively close strength and ductility capacifyhis indicates that theonnection friction

slipbehaviour whenit determinesthe desigrcapacity isindependentof the choice of beam sections.

Table 1 presents thstress contour®btained from the FE analysis for the yielded arédwwnby
darker shads) at the peak momentgor the representative 300 mrdeep Sheam with both SB and
CB connectionat the variousslip levelsAs can be seerby increasing the slip resistance level from
0.3 to 0.7M;, larger yielded arealsave beerdevelopedin the beamoutsidethe connection region.
This indicates higheductility demandin the CFS beamshich can end up with unfavourablecal
buckling failureLargetryielded areasvithin the connection region of the jointsith the lower level of
slipindicatea more significantontribution of this area into thgoint ductility demand through the

bolts friction-slip mechanism

In general, given the uncertainties related to the bolt force distribution and DSM buckling moment
prediction for unqualified sectiongarticularly for lower thickness beams) slip momenof less than

one half of the upper bound DSM momefdr the equivalent F section beams would be
recommended For therange ofsectionsexamined herein for instance, the recommended slip

moments would be around 8M,, 0.4V, and 045M, for 2, 4 andé mm thickness beamsespectively
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M/lMP 6mm Fbeam
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Figure5. M- curvesand DSM desigfor SB and CB connections with 300 meepF, S, S* and C beams with
2-6 mm thicknesses, without slip and with slip load® &My, 0.5M,, 0.7 M.
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Figure5 (continued) M-* curvesand DSM desigfor SB and CB connections with 300 meepF, S, S* and C
beams with 26 mm thicknesses, without slip and with slip load9 &My, 0.5M,, 0.7M.
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Table 1Yielding stress distribution at the pelkfor SB and CB connections with 300 meepShbeam with 2

and 6 mm thickness

0.7Mp

p

.5M

0

0.3Mp

Slip
at

2mm beams

s(onoauuod 95

sUonoauu0d g

6mm beams

stonoauuod 95

stonoauu0d g
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The results obtained for the joints with 200 ndeepbeams weresimilar to those of the joints with

300 mmdeepbeansas presented above with the exception of the joints with 2 mm beam thickness.
As can be seen in Fig. 6 all MéMp-" curvesfor the 200 mm SB and CB connections with 2 mm beams
are noticeably close to each other and activation of the connectiorasljo/M, and 0.9M, has not
meaningfully improved the ductility performanc&he reason for this can be explaingttough
inspecton of Table 2 showing the yielded areas of the joints for the representativeag with slip
levelsat 0.7M, and 0.9M,. As can b&lentified, all the joints have beeaffectedby a prematureflange

local bucklingand, therefore, underwent strength degradationeven before activation ofthe
connectionslip. Activation of slip aD.3M,, however, postponed occurrence of buckling andtiea
higher ductility capacity of the connection. This also reasonably complies with the aforementioned

recommendation for the connection slip level less than one half of the DSM design for F section.

1 . a 1 200 mm S bear2mm
g ZoommFbeaanm SN NN NSNS NN NN NN EEEEEEEEEENEEEEENS
08 = DSM design 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0 (Rad.)
0 0.02 0.04 0.06 0 0.02 0.04 0.06
SB: solid line. CB: dashed linemmm Without slip = 0.7M;slip ===0.5Mpslip ——0.3Mpslip

Figure6. M-* curvesand DSM desigfor SB and CB connections with 200 mieepFand S beams with 2 mm
thicknesses, without slip and with slip load0o8M,, 0.5M,, 0.7 M.
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Table 2 Yielding distribution at peal for connections with 200 mrdeepS beam with 2 mm thickness
at:

CB connections

SB connections

5. Bolting arrangement effectsand instantaneous centre of rotation(ICR)
A more detaileccomparison betweelithe bolt-group force distribution of the CB and SB connections
is presented irFig.7 showing all the bolt forces(B1 to B9pf the representative joints with 300 mm
deep 4 mmthicknessSsection bears. The resultsvere obtained for all the jointsvithout slip and
with the different slip level®f 0.3Mp, 0.9M, and 07M,. As can beseen the bolt forces of the CB
connectionsare noticeably less deviatl from each other tharthose of the SB connectionshis
underpins theconcluding remarkf the more uniform boltgroup force distribution of CB connections
asdiscussedn Section 4 Referring to FigZ bolt B9(shown by thin dashed line$dcated at the centre

of the boltgroup, attracts arelativelysmall force as expected. BolB3 and Bfshown by solid lines)
with the furthest distances from the centre of rotatipnesistthe largestshare ofthe forcesin
connectionsboth with andwithout slip ¢ at least in the early stages of loadibgfore bolt force
redistribution due toinitiation of slip orbeamlocal bucklingThe bolt forces of the connectiongth
slipare limited to thedesignslip load level of the bolte&shown bythe plateau in the B3 and B5 lifjes
and hence all the bolt forcespart from the centre bolt B3end to approach that levelwith B3 and

B5 reaching it first As expected,ite CB connections show more unifobmlt forceswith bolt forces
faster convergingon the slip load valueHowever, this pattern of behaviour breaks down if the
moment in the beam section has bedigh enoughto cause local bucklingf the beam section
(connections with 0.Ml, slip), with its consequent loss of moment capacity the corresponding

M/Mp- curvesof Fig.5, in which case the bolt force distribution remains very unequal
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Figure7. Bolt forces B1 to B®f the SB and CB connections of the joints with 300 mm high, 4 mm thickness S
section beam without slip and with slip levels of dy/ 0.9V, and 0.3Vip.
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For the representative 300 mmeep, 4mm thickness -Section CB and SB jointsig.8 shows the
variation of tre instantaneous centre of rotatioflCR from the bolt group centroidalong the
horizontal directiomnormalised by the length of the beiroup(i.e.200 mmin all casep A standard
designmethod has been adopted fdhe ICR calculatigrassummarised in Appendi@and shown by
dotted linesat around0.5%in Fig.8 For the CBand SBconnections withthe variousslip load levek,
the normalisedlCRs reach a maximum 6% and3%, respectivelyand remain reasonably constant
after the slipinitiation. Such relatively small ICR deviations from the bolt group centroid do not have
meaningful impact on design of the bolts in practiEer theCB and SBonnections without slip,
however,a sharp increasef ICR®ccurred at around 0.6P.03 rad rotaion reachindgl1% and 15% at
0.06 rad rotation respectivelyThis can battributed to the strength degradatiordue tothe beam
local bucklingn the connections without slipréflected inFig.5), which causes significadeviations

in the bolt forces asseen inFig.7. Prior to this sharp increase, the ICR is very close to the Values

the connections with slip

S S
14 , 14 ¢

O CBconnection O SB connection
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0 & Tl

E -~ 03
8 E ~ g E
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Without Slipms 0.7Mp Slip mmmm  0.5Mp Slip === 0.3Mlp slip—— standard method ===+

Figure8. Variation oflCR for SB and CB connections of the joints with 30aieen 4 mm thickness-Section
beam without slip and with slip levels of3p, 0.59Mp and 07M,.

6.Cyclic loading and hysteretic energydissipation capacity ofthe SB and CB
connections
To determine the seismic energy dissipation capacity of the devel@FIR connectionsa cyclic
loadingprotocolhas been adopted from the AISC seismic providighas presented in Fi@, which
is specifiedhroughthe followingcycles (1) six cycles at=0.00875rad; (2) six cycles at=0.006rad;
(3) six cycles dt =0.0075rad; (4) four cycles at =0.01rad; (5) two cycles at =0.015rad; (6) two
cycles at =0.02rad; (7) two cyds at* =0.03rad; (8) two cycles dt =0.04rad; and (9) continue
loading at increments of equal to0.01lrad, with two cycles of loading at each stdjnis protocol is

used for qualifying momemntesisting joints as special and intermediate moment frames.
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Figure9. Loadingprotocolin accordance with the AlS@ismigrovisions [9]
Fig.10shows the hysteretic responses of the representajorets with SBand CBconnectionof 300
mm deep 4 mm thicknes$&sectionbeamwithout slip and with slip a0.3M, and 0.5M,. It can be
identified that the hysteretic curve without slip reaches a peak moment of\d,&d-1.06M, in the
positive and negidve sides, respectively, after which a strength degradaitiitiated due to the beam
local bucklingThis caused a slackening effect in the hysteretic curves which significantly reduces the
energy dissipation capacity of such connectio@n the other had, the hysteretic curves
corresponding to the connections with slip at various levale more stable with ncstrength
degradationand slackening effecTherefore,around 736 higher cumulativeenergy dissipatiorfas
presentedin Fig. 1) were achievedat 0.06rad for the CB and SB connectiomsth slip at 0.5V,
compared with that othe connectiorwithout slip. Thecumulativeenergy dissipation curves (in Fig.
11)were calculated at 0.01rad intervals as the areas surroundatidogyclic loops of théysteretic
curves. Inspecting thee curves eventhe connections with slip level as low asMgdissipateup to
60%higher energy than the connection without slip. Thiighlightsthe unfavourable influencef local
buckling and slackenirgffecton the hysteretic curves which can be avoided by appropriate desfign
afriction-slip mechanisnin the bolt group
Fige. 10and 1lalso include the hysteretiand the energy dissipationurves of the models with
incorporation of the column members and the-dRcolumn connectiorfshown bygreydotted lines)
with the assumptiongxplained previously in Secti@iThe resultsvere close to those of the models
without columns. The only ideified difference as expecteds the connection stiffnedseingslightly
higherin theinitial models without columns (i.e. cantilever beamshich has insignificant influence
on the overall connection behaviour, strength and tduenulativeenergy disgation (as shown in Figs.
10 and 11).
To achievehe targetedfriction-slip performanceas discussed beforéolting arrangemenis a key
design element for which an indication of the length of the slotted helasobtained through the FE

cyclicsimulaions Based on thebtainedbolts cyclianovementgpresented irFig. 12)a conservative
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8 mm clearance, at each end of the slad, predicted for the bolt holes corresponding to the
movement in themost critical bolt (i.e. bolt B3 as seen in Fig.THs agrees well with the simplified
calculation given byx*‘ maxwhich results in 10 mrolearancewith r = 100 mm an@ conservative max
=0.1rad Based on this calculatipmatotal length ofD =40 mm bolt slotis required for ad =20 mm
diameter boltfollowingthe design conceppreviously explaineéh Section 2.Given the very small
difference in the positions of thieolt group centroid and theinstantaneousentre ofrotation (Fig. 8),
the slots can be arranged as tangential to arcs about the centroid (as shown on Higis3gnsures
sufficient travelling distance for thaippingbolts within the slotted holes. Thereforthe hardening
effect of the boltsbearing ation which can potentiallyended up with the beam local bucklirg

postponed.

(B-slip at 03Mp PB-slip at 03Mp

Solidand dashedines: joints without column

-1 Grey dotted lines: joints with column -1

RB-slip at 05Mp

§  0.10

Figurel0. Hysteretic responses of SB and CB connections of the joints with 30feemn4 mm thickness-S
section beam without slipnd with slip levedat 0.3 Mp and 0.5Mp with and without columns
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Solidand dashedines: joints without column
Grey dotted lines: joints with column
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Figure 1. Cumulativeenergy dissipation curvesf SB(solid line)Jand CEdashed linefonnections of the
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Figurel2. Bolt movements for bolB3 of 300 mm high, 4 mm thicknessb®am,SBslip at 0.%p.

7 FE validation

TheFE results presented herelrave beenfed into a series of fullscale testaunder cyclic loading

(conducted at the Building and Housing Research Centre (BHRC) db lvatijlate the predicted

performance of the develope@€FS MRonnections with incorporated frictioslip mechanismand

slotted holes as per the previowsection Fig. B shows an ovell view of a test specimen with CB

connections positioned in vertical directi@onnectedto a strong flooiin one endand loaded at the

tip of the beam through horizontal actuatofixed on the test rig.For validation purposes the test and

the FE hysteetic curves using solid and dashed lines, respectivédy,the CBconnectionexample

having4 mm thickness -Section beamwith slip initiation at 0.8, are presentedin Fig. 14 On

comparing the curvegjood agreemenbetween the FE and the test results can be identifretheir
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overall trend, elastic stiffness and slip resistance |®&@&ih curvesre within the limit of the maximum
upper boundDSM moment (shown by horizontal dotted lines) and, @essired show nostrength
degradation which indicates the ductility capacity has been mainly provided through the bolts slip.
This can beisualisedhrough comparison othe deformed shape of the test and FE connectj@ss
seen in Fig. 15, in which both show similar aaetion rotation through the bolts slip with no trace of
local buckling in the beams at the very large deformatiafr0.08rad A complete report of the

conducted testswvill be reported subsequently.

Figurel3. Overall view ofa CBconnectionvertically positioned in a test rig
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