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Abstract: The catenary action associated to significant second order gff@gtsan important role in resisting the
additional loads when structural column is destroyed under unexpected [Baescapacityand ductility of
beamto-column connectioiis one of the key factors in the formation and performance of catenary adistudy
the behavior of the semigid connection uner single column removal scenaropseudsstatic test of a composite
frame with flushendplate connections under the loss of middle column was carrigelsmjtaFE model using both
3-D elements and-P elementsvasdeveloped and analyzetihe accuracyf FE analysis results are validated by
comparingwith the experimental result¥he analyical results showed thdhe progressive collapse resistance is
sensitiveto the properties of bolt$ncreasing the fracture strain of bolts, thegoessivecollapseresistance of
composite frameimproves obviously. Increasing the diameter of boltshank could also increase the
loadingcapacity and ductility of the connectiofit last, some measures aneggestedo improve thebehaviorof
connection in resistingrpgressive collapsémong thema new technique calleahglesteelreinforcemeninethod

is proved to bea good way to improve the progressiesistance of sennigid compositerame

Keywords: compositerame semirigid connectionmaterial fracturgprogressive collapseeinforcement

1. Introduction

The partial collapse of the R@an Point apartmerin UK in 1968 isa milestone of the researchtire structural
integrity of buildings But the most recent catastrophesuch as the terrorist attack of ttéorld Trade Center in
2001, haveattracted increasingterestn engineering community on this topic. According to national design codes
such asBritish Standard [1],Eurocode[2] and ACI [3], the structural integrity should be ensured through
appropriatameasires. But for different kinds of structures, it is difficult to find common guidelines teacthis

goal.
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After a vertical structural component is destroyednexceptional eventhe loads on superstructures cannot
continueto be transferred denwardsdue to the loss of the membérstead, the membrae#ectwastriggered in
the structuresystemso carry the aditional loadsandredistribute the internal forcBased on this phenomema
series of design codes, standards and guidelinestieare publishedo preventthe progresive collapse of the
structure such as GSA2003 [4], DoD2009 [5] and ASAEY[6].In these codes and standards, several methods are
proposed, including Alternate Load Path, Tie Fa@nd especially so callettatenanaction”.

The behavior of the beatn-column connections plays an important role in the formation and performance of
catenary actionThe connectionarewithstandingo a combined bending moment and tensional f@asea result of
column loss.Compared wth bare steel connections and reinforcement con€dR® connections, composite
connections consisting ofeel beams and RC slabs exhibftigher loadresistanceind better deformation ability
[7-10]. In additiony thesteel meslin the compositeslats are alsocontributing to atenary actionwhile the bare
steel connectionsannot satisfythe rotation demanfbr forming catenary action [5].

Many analytical and numerical studies on the behavistratture under column losgve been performed
corcise methodology foevaluatingthe predisposition of atructureto progressive collapseas proposed by
BuscemiandMarjanishvili[11]. The progressive collaps&suewas reducetb a conventional dynamic probldmg
using he pendulum analogsnethod Khandelwal and El-Tawil [12] performed acomputational simulation to
investigate catenary action in moment résis steel frames. Some parameters suchaadening, softening and
ductile fracture behavior of steefere consideredd new desigroriented methdology for progressive collapse
assessment of mulitorey composite buildingwas developed bizzuddinet al. [13]. Structural robustness at
various levels of structural idealizatimould be easily assessed by using this new methodology which makes
progessive collapse assessment more praclitand Wang [14] testedteel beanto-tubular column moment
connectionsinder a column removal scenario. Test results demortsthatethe bearcolumn assemblies resisted
the load applied abp the center columprimarily by flexural action in the early stage of the response, and the
resistance mechanism gradually shifted towards relying on the catenary action as the vertical displacement increased
Fu[15] developeda 3D finite element modebf 20-storey compsite building. Thenumerical results represented
the overall behavior of the 20orey bilding further toa sudden column losand provided important information
for theassessmemf high-rise buildings under column loss in practice

Some tests o$trucure under thalifferent scenaris of column loss have also been conducted. A 1/3 dcale

progressive collapse test oBa&tory reinforced concrete frarbeilding with 4baywas conducted by Y&t al.[16].



The experimental results showed that there wgyhate which RC frame under column loss would go through.
Demonceawt al.[17] conducted a test simulating the loss of a column iDacBmposite frame-orizontal brace
was usedsthe lateral restraintf the frame.The catenary action in the frame walsservedevidentlyand the
development of membrane force in the beavas confirmed by the experimental resufsng and Tan 18]
conducted seven experimental tefstsusing onthe performance of bolted steel beaolumn connectionsn
catenary actiorirheextremityof beamsn the testvas pinnedisa simplified boundary conditioihe experimental
resultsdisplayedhe behavior and failure modes of differbottedconnectionsgspeciallytheir deformatiorability

in catenary actionThe numerical anages ofthe response afteel beartolumn joints subjected to catenary action
were alsgerfamed[19]. Oosterhof and Drivei20] conducted a seried tests on steel shear connections utiger
scenariof middlecolumnremoval. Three types of shear contiwats werestudiedin a test setip which iscapable

of applying any independent combination of moment, shear and ter@enstudy indicatedhe relative
performance of threeonnection types under differesimbined load Li [ 21] finished two fultscak tests on steel
beamto-tubular column moment connections. The results showed that the-blledonnectiorprovided extra
redundany in terms ofstrengthand deformabilitythan the weldedveb connectionGuo [22] conducted al/3
scaled progressive coflae resistance test of a rigid steehcrete composite fram&he results showed th#ie
rigid composite frame exhibited good progressive collapse resistance behavior.

In the past, rost of the studies on progressive collapse are focused on numerictleanetical analysis.
Although some experimental studies were conducted recently to investigate the performance of the connection
under the scenario of column lpss these testspnly the beamto-column connections wenested withina
simplified bounday conditionand ncentireframe tests has been done so4aud also, as a result of using simplified
boundary condition, only the performance of the connections directly above the removal column wasastidied
the global behavior of the frame was notéstigated

In this papera composite frame with flusbndplate connectiongshich is a typical semiigid connection was
testedunder the loss of middle columiNo extra lateral restraint on the frarigeprovidedwhich allows the
connectiondo be testd in practical frame leveln addition, a finite element modglcorporatingthe criteria of
material fracturevas developed using ABAQUS to investigate the performanaemfrigid composite frame
under column losBased on the analytical resultsitigating measuremento prevent theprogressive collapse

resistance of composite connection are suggested.



2. Experimental program

2.1. Design and fabrication of specimen

A 4-bay onestoreysemirigid composite framevasdesigned and fabricated in 1/3 scalae dimension and
material properties are samgth the specimen in R¢22]. The main difference is that the rigid connection was
applied in Re.Z2]. In this test, he fush-endplate bolted connectipwhichis a typical semtrigid connectionwas
choserthroughout the frameévi16 high-strength boltsvith grade10.9were used in the connectiod$e height of
storey was 1.2n with aspanof 2 m. The cross sections afteel beam and column were H20000h 5.5h 8 and
H200h 200h 8 h 12 respectivelyH-overall depthd) hflange width b;) hweb thicknesst{) h flange thicknesstg].
The thickness of the endplate was 12 mm which was equal to the thickness of column flange. The depth and width of
RC slab were designed as 100 mm and 800 mm respeclivalye slab, wo layers of 12mm-diameter plane
reinforcements wenglaced inongitudinal planevith equal spacing along the width of the sBightmm-diameter
bars were used as transverse reinforcetioeptevent longitudinal splitting failure of the concrete siHfe stear
studsof 16-mm-diametemwith spacing of 100 mmwverewelded in the bearto achieve full shear interactioifhe
strength of studs is 238 Pa.Detailed dimension of the specimensiown inFig. 1 The middle column was not
supported which is to simulatiee loss of a column.

In the testgrade Q23%tructuralsteelwasused for allbeamsand columnswhereaggrade HPB235Steelwas
used forthe steel reinforcemern@rade 10.9 bo#twith a nominal ultimate tensile strength of 100Ba and nominal
yield stength of 90MPawere usedThe results of material test are listed in Tabletieref,, f,, Esare yield stress,
tensile strength and elastic modubfsstructural steelespectively The 150x150mm cubegestsfor strengthand
150x150x300 mm cylindetests  RU <R X QJTV P Ba@i¥ditt dt tAdisdrik time. Tiveere cured irsimilar

conditions as theompositeslah The average compressive strength of concrete amiitasmedis 26.4MPa The

< R X Qridpulus of concrete B65uld MPe.

2.2. Experimental setup

Thebottomof columrs A, B, D and Ewerewelded to twdase beaswhich werefixed on the groundColumn
C was not supportedndthis isto simulate the loss ablumnC. A 500kN hydraulic jackwas installedt the top of
themiddle cdumn C to apply vertical load in succession (see Fi(p). It is easy to observe and investigate the

redistribution and transferring of internal force after the logsexhiddle column in the frame by using this loading



method In elasticphasethe \ertical load was applied withlaad control methodAfter yieldingwas observed for
the steel memberslisplacementontrol methodvas adopted until the frame lost its ldaehring capacity.

One Inear variable displacement transducers (LVIVEs placedvertically underneath middle column t©
monitor its vertical displacementwhile four LVDTs were placed horizontally to measurde horizontal

displacement of colungA, B, D and E Thelocatiors of LVDTs areshownin Fig. 2 (b).

3. Experimental results and discussions

3.1. Observations

The initial behavior of the specimen was elastic without any evident change. The first cracks appeared at the top
of RC slab when the load reachedi®Das shown in Fig. 3(b)At the load of 20kN, the flange and web of steel
beans at the inner side of columB and D tended to buckle as shown in Fig. #&er the load exceeded 2RO
(corresponding to the vertical displacement ofrf), the resistance of the frame began to decrease and the vertical
displacemenof column C inceased rapidly. The gap between the endplate and flange of column C was about 10
mm as shown in Fig. 3(d).

The displacement control method was adopted subsequently. When the vertical displateptanin C was
increased to 76hm, slightcrushing of RC slbaroundthe flanges ofolumn C was observexs shown in Fig3 (e).
Whenthe vertical displacement ablumn C reache@80 mm, some debris of concrete at the bottom of slab near
column C began to peel off while the flange and web of steel beam BCianehside of columsB and D buckled
severely. After the vertical displacement of column C exceedednb®0the load began to increa¥®henthe
vertical displacementacted 338 mm, fracture of the boltsvas observedh lower row of connection at colun®
while the test was terminatdtindicates that the terigistrength and deformation ability of bolts are both important
factors need to be considelieddesign taresist progressive collapse for frame with seigid connections.

The pheomena of therme after test arghown in Fig. 4As shown in Fig. 4(b), colunsB and D were
obviously inclined inwards to column C under catenary ac8enere buckling wasbservednthe bottom flange
and web othe steel beamBC and CDas shown in Fig. 4(c)lThe weld seams between endplate and beam were
fractured on both sides of column C as shown in Fig. 4id) 4(e).Meanwhile the bolts at lower row of the
connections were fracturedtiEnsion ashown in Fig. 4(fivhich also caused the loss of ldaglaring apacity of the
frame. The crushing at the top of RC slab around column C was severe as showHd(g).Fidne cracks which

firstly occurred at the top of the slab around colsBrand D had increased to &im as shown in Fig. 4.



3.2. Results and discussions

Fig. 5 shows the relationship betwete vertical load andhe vertical displacement of columnwhich is not
supported Except the descending phase (after point F), the @ansists of six phases including: elastic phase,
elastieplastic phase, archhpse, plastic phase, transient phase and catenary phase.

The part OA in the curve represents the first ph&dasticphasé. The loaddeformation relationship of the
frame in elastic phase is linear as the specimen is almost in elastic and the deiosrstall.After the load
reaches 10KN, the curve goes into the second phadasticplastic phasé which is from point A to point B.
Within this phase, the load increases-iorarly with the increase of displacement, meanwhile the stiffness of the
curve decreases.

The third phase is from point B to point C. This phiasehich the curve presents a trend as &@aamed as
"Arch phasé. The resistance dheframe increases uniil reacheshe peak valuef 220kN which is defined as
"Peak resistang' when it starts to revers&éhe load valu®f 206 kN at startpoint B andendpoint C is defined as
"Plastic resistance This phenomenon is as a result Afch actiorf which refers to théeatureof composite joints
The"Arch phasé alsoappeared inhe test of rigid composite frame, and thechanical behavior d/Arch phasé was
introduced clearlyn Re. [2].

After the"Arch phasé, the resistance of the frame returns to the load okRD@hich is the plastic resistance.
And then he fourthphaserom pointC to point D defined as plasticphasé begins whenplastic hinges artully
formed inthejoint C and innessideof joints B and DDuringthis phasethe resistance dfieframemaintains about
206 kN while the vertical diéection increases sgessively.

Duringthe"Plasticphasé, 65mmof extravertical displacementas olservedoeforethe resistancef the frame
beginsto rise And thenthe curve entersthe "transientphasé from point D to point EDuring this phase the
loadbearing mechaism offrametransformsgrom "plastic hinge actichto "catenary actich

After a slight declination in thstiffness of framgthe curvegoes into the finalphasenamed'catenaryphasé.
During this phase, the vertical load is sustained by catenaoy attie loss of the mmentresistancén the joints of
column C and the inneaide joints of columsB and Dceasedplastic hinge actioh Theslabreinforcement and
steel beanprovidedthe tensional force caused by catenary action. The vertical loaghsas linearly with the
increase of vertical displacement.

The maximumresistancef frame beforeghe collapse happeisdefined asUItimate resistancewhich is1.1

times higher than peak resistanceand 12 times higher than plastic resistane. The verical displacement



correspondent ttheultimate resistancs 4 times bigger thathedisplacementorrespondent tthepeak resistance.
The composite frame with semigid connections exhibited good progressive resistance behavior. However,
compositeramewith flush-endplate connections under middle column remdeaiot perform as well as the rigid
composite frame in Ref2p]. A comparison ofvertical loaddisplacement of middle column is shown in Fég.
From Fig.6, it can be seethatthe rigidity and loadinegcapacity of serarigid composite frame atgothlower than
those of rigid composite fram8pecially, in the catenaphasethe ultimate displacement of sengid composite
frameis obviously smaller than that of rigid composite frame.hia following FE analysis, the reason of early
failure of semirigid composite frame is discussed.

Fig. 7 shows therelationshipbetweenthe horizontal displacemerut the top ofcolumrs and the vertical
displacement of middle colun@ The vertical linesefer to the vertical displacemesftpoint A to pointFin Fig. 5,
while thebold vertical line refers tohe vertical displacemeat the peak resistanc®isplacementnovingtowards
column C is defined as positive value. As shown in Fighe horizontedisplacemenét the top okach column is
negative value before the bold vertical line which means all the columns deform outwards from column C. This
phenomenorverified the exisénce of"arch actiori presented irig. 5. Moreover, it reveals the facthat"arch
actionl' stars as soon as the load is appliedt purely existingn the arch phase. The horizontal displacement
increases reversely after the bold vertical lphetted in Fig. 5corresponding to peak resista while all the
columns begio move towards column C. Whéarchphasé ends at point @ Fig. 5, the horizontal displacement
of all the columnsn Fig. 7 becomesero. Subsequently, the horizontal displacement of column top continues to
increase following the increase of vertical dis@ment, until the tedinishes The horizontal displacement of
columrs B and column D becomes larger than that of column A and column E during the loading process, especially
afterthe plastic phase. This is because column B and column Bvithlrstandinghogging moment and tensional

force simultaneously while column A and column E are wiitlystandingensional force caused by catenary action.

4. Numerical analysis

4.1. Finite element modéing

In addition to theforementionednalyticalstudiesafinite elememn modelusingABAQUS [23] is develogdto
simulate the teshtroduced in this papein order to investigate the behavior of flusihdplate connection in detalil,
asolid modelis employed in the middle jointvheresolid element (C3D8R) is used to sim@dhe concrete slab,

bolts, endplate and column flan@ée truss element (T3D2) is used to simulate the behavior of reinforcement. The



reinforcements ardully embeddedin the concrete slalignoring the slippage between concrete slab and
reinforcementThe remainingcomponerga of theframe are simulated by shell element (S4R)d beam element
(B31), wheresteel beams anckinforced concretslabs are coupled together using *Tie command to simulate the
composite actiorf-or concrete slab the Shellto-Solid Coupling” command is used to connect #wid element

and shell element of concrete slBbr steel beam K HCSupling” command is used to connect the shell element and
beam elementin the middle jointof the model, he preloadsn bolts arechosenas the same as the test. The
surfaceto-surface interaction contact between endplate and column flangesgleredThe finite element natel

is shown irFig. 8. Due to the symmetrical arrangement of the test, the modetapiigates 1/2 of the test spmen

with corresponding symmetrical boundary condition appliéd dimensions and properties are identical to these of
the test specimer reversedvertical load is applied on the top of middle colusutcessivelyo simulate the
scenario of column remal.

In the simulationthe material propertiesf steelmember and bddtwere the same as theaterialtest Fracture
strain of steel member and bolts were 0.3 and 0.15 respectively according to the resultsabétiadtest. The
concretedamage plagtity model from ABAQUS library is used to modile concretematerial The compressive
and tensilestressstrain relationshigurves are shown in Fi§. 10% of compressive strength of concrete is taken as

the tensile strength of concrete. The remaintrgngth after concrete cracking in tension is 0.5 MPa.

4.2. Smulation strategy
In this paper, both static arliasistatic solvers are used to conduct numerical simulatidfithiough static
solver iswidely used convergence requiresore effortsn the analyis. Specially, the material fracture is difficult to
becapturedn the static solver. In the progressoalapseresistance analysis,adeling material fracture as well as
modeling complex contact makes the convergence more challeQgiagistaticsolver which is performed by the
explicit dynamic solvecan overcome the convergence difficulties of material fractnrerder tominimize the
dynamic effectjoading durationshould be longer than 10 times of the fundamental period of the struéture
loadng period of 1.25 s was adopted in the following simulafidre material fracture criterion in ABAQU&Y] is
a phenomenological model for predicting the damage. Once the fracture strain is reached, the damaged elements

would be deleted from the model.

4.3. Model validation and result analysis

The FEmodel was validated against the experimental resuis@snin Fig. 10. Good agreement is achieviad

the simulation ofnitial stiffnessandyield strengthBoth of the numerical results c§simulate therd action this



is because the limitation of the 2iBam elements arD shell elementssed in the simulatioiDue to the dynamic
effect, the result of quastatic analysis islightly smallerthan the result of static analysithout considering
materal fracture,the result of stati@nalysiscan{ present the ultimate status of the structittewever,the
quasistatic model can predict the ultimate status of the structure accuiidtelyletailed results of the test and
simulation ardistedin Table2.

In the test, the structure failed by the fracturghafbolts in middle joint Similar result isachievedin the
simulation. As shown in Figll, the damage of the model was also caused by the fracture of the bolts in middle joint.
It is found thatthe quasistatic analysisising explicit dynamic solver could simulate the fracture initiation and
evolution until complete failure of the b®. The fracture on the bolts initiated near the endplate due tetiubriy
deformation of endplate. The failure neidsimilarto the experimental results as shown in Fig. 4Tfflere is no
fracture observed near thettom flange of the steel beam. This is because thewasldhot simulated in the model

andthe flangewasdirectly connected to the web in the simigat

5. Parametric analysis

It is seen from thexperimentatesultsand simulatiomesults thatthebehaviorof bolts in the connection plays an
importantrole in the performance of model under column removal. Hengeatlagneteswhich were chosen for the
study are thoswhich affect the behavior of bolts are adopted in the following analysis as shown irBTiaktlee

study, aly one parameter is changed at each group of analysis, the remaining factors are the same.

5.1. Effect of fracture strain of bolt

In thetest the fracture strainbservedvas 0.15In the following analysisthe fracture strain of bolt was chosen
as 0.1, 0.15 and 0.2 respectively in this stdthe analyticafresults are shown in Fig2. It can be seen that the
failure of the semrigid composite frame is caused by the fracture of bolts. With the loss of middle column, the
adjacentonnectioris subjected tsagging moment and tension. In this case, the &blbwer rowaresubjected to
high tensionthereforefail due to high stran. The failure phenomenon of bolt is shown in Higa).

The P-v relationshipcurvesfrom modeling resulareshown in Fig.12b). It is can be seethat, although the
modelwith the fracture strain of 0.1 presents good rotatiapacityafter column renoval, it did not finish the
transition of loaebearing mechanism in the transient phasel less ductility was observ8the model adopting the
fracture strain of 0.1%entthrough the transient phabat did not perform well in the catenary phase. Thedaio

adopting the fracture strain of OeXhibitsgood resistance under column remoVaindicates that the design of



preventing progressive collapse has a higher demand to the fracture strainTdfébuoltimate displacement of this

model reaches 325mwhich is still smaller than that of rig@bmpositeframe (443 mm) in Ref2p].

5.2. Effect of bolt diameters

In this study, M1Gdiameter of 16 mmand M20(diameter of 20 mmilpolts arechosen forthe analysis. As
discussed in sectidnl, increasing théracturestrain of bolt could improve the behavior of the seigid composite
frame under column removal. And yet, higinength boltwith large fracture straiare not feasiblein practice
Therefore replacing the bolts in the lower row with larger ét@mboltsvould decrease tharess (or strain) of the
bolt, which is also a practical way to avoid the ehrlitle failure of bolts.

As shown in Figl3, increasing the diameter of bolts in the lower row improves the behaviorfotheunder
columnremoval. The ultimate displacement of the model with KiZdanced t603 mm, which is larger than that of
rigid composite frame in the test of R22]. It is worthnoting that the failure mode of the model has changed when
the specimen reaches utbimate resistancef-or specimen with botif M20, when it reaches its ultimate resistance,
the maximum strain of the bolts is lower than the fracture strain. However, the strain of beam web near bottom flange
and the strain near beam web reach the fractuaim gif stee(as shown in Fig. 14which isselectechs 0.3 inFE
model. After the ultimate stageéhe fractue of steel developed rapidly, and the solution is not convergesgd on

the analytical results of baliameters, it can be found that incsizey the diameter of bolts can avoid its early faibfrthe

connection, anthothload-capacity and ductility increase obviouly, thus the progressive resistance is improved.

6. Measure tomitigate progressive collapse

Throughabove results and analysisgtholts in the lowerow of the middle jointplay an important role in
catenary phasdt indicates thathetensbn zone of the connectiashould be reinforced @nhancedo prevent the
progressive collapselowever, it is difficult to change bolts fexisting building alternativereinforcemenimethods
are proposeth this study and it is found to be an effective waymprove the progressive collapse resistance of

composite frame with semigid connection

6.1. Welding reinforcement
Welding reinforcemenis a simpé way tomitigatethe progressive collapse resistance of composite frame with
semirigid connectionAs shown in Figl5, a 8 mmleg-size welding seam is added to the bottom of the endplate.

The property of the welding seam is the same as ¢t lIsamAccording to the Chines€éode GBT5117%2012,



the fracture strain of the welding seandéfinedas 0.2.In the FE modelthe welding seam is simulated by solid
elementand ties the bottom of endplate and column flange together.

The comparisownf vertical loaddisplacement relatioship curves is shown in E&).It can be seen that there is
no obviousinfluence on the initial rigitly of connectionThe reason is that the connection is mainly subjected to
bending moment ithe elastic phasetheprdoadin the bolts make the flustndplateand column flange contact
tightly. Therefore, m the elastic phasehte weding between flustndplate and column flange is subjected to little
force. In theplastic phasethetensionof beamincreases, and éflushendplate and column flange have the trend to
separate. At this time, the weld is subjected to tension. When the vertical displacement reaches 260 mm, the vertical
load decreases 10% whiclcemusedy thematerialfailure of welding seam. Then thettom bolts continue to resist
the tension of the beam in catenary phase.

As shown in Figl7, the welding seammakethe deformation of the endpladecreaseThe welding seam carries
tensile load with the bolts in the lower row. After the welding seaits, fthe stress on the column web is
redistributed when thiegehaviorof the model is similar to thenreinforcednodel. As shown in Fidl8, the failure of
the model is caused by the fracture of the bolts in the lower row.

Based on the above analysigah be seer#t weldingreinforeement could improve the behavafrconnection
Although this method does not change the final failure mode of the model, it brings an alternative way to carry and
redistributethe tensile load However, 1 is important toensure the property of welding seam and avoid it from

premature fracture.

6.2. Haunch reinforcement

Among a variety ofetrofit methodswelding atriangle haunch beneath the beam has been shown to be very
effective forrepair, rehabilitation or new construoti [4-5]. In the appendix D of GSA guidelind]] rigid steel
connection with haunch is recommended to use in the design of preventing progressive collapse, as sh@@n in Fig.
According to SAC design criteri24], a haunch plate made froml@0 u8mm section of Q235 steel is adoptedl
added beneath the beam, as shown inZg.

As shown in Fig21, the improvemenin resistance of progressive collapse througtunch reinforcement is
remarkable. The initial stiffness and plastsistance of the model are increalsg83% and 25% respectivelyor
specimen with haunch reinforcement, the vertical load does not increase anymofeethesfailure initiates on
the bolts and the edge of haunch plate with the displacement ofr@78fter that, the force on the haunch plate

increase sharply and start to yield. The leadying capacitptart todecrease. The ultimate displacement reaches



about 390 mm. The failure of the model is caused by the fracture of bolts which is a Hritkenfimide. Based on the
analytical results,tiis worthwhile to note thathe haunch reinforcement improves the behavior of the model
remarkablyalthoughit still failed with brittle failure modeln this study, the tensile resistance of haunch plate (220
kN) is closed to that of the bolts in the lower row (191 kN). In practical design, haunch plate should possess
sufficient strength to carry and redistribute the additional load brought by the fracture of tHeidpd@#sshows the

failure mode of the amection with haunch reinforcemefithe fracturefailure of bolt appearsvhen the model

reaches itshe ultimate resistance.

6.3. Angle-steel reinforcement

As shown in the experimental test res(itisFig. 5) the flushendplate connectiostill behaved welin transit
phase, and then failed in the early stage of catenary phase. Both the welding reinforcement method and the haunch
reinforcement method not only improve the behavior of the joint in the catenary phase, but also change the initial
stiffness and p@ltic resistance of the joint. As we know, the rigidity of connection would influence the load
distribution of beams and columns. If the behavior of joint could satisfy the design demands under service loads,
there is no need to change thitial stiffnessand plastic resistance of the joint, but only improve the behavior of the
joint in transient and catenary phase.

Based on this purpose, a new argjleel reinforcement method is proposed in this research as shown28. Fig.

An angle unit is added benbatteel beam whose tips are welded to the flanges of beam and column respectively.
Under service loads, angle unit is imotolvedin loadresistanceFollowing the increase of joint rotation, angle steel

is straightened under tensiress ( the load ithe dynamic load cause by the removalid involved in
loadresisancegradually. Comparing to haunch and other reinforcing methadsetv method does not influence

the design under service loads meanwhile it improves the robustness of joint to fireviaiitire. Based on the
design guideline for haunch reinforcement, the dgségametes used for angtsteel reinforcement ithis study is

shown in Tablel. The symbol of andW represents the thickness and the width of the angle steel respectively.

Fig. 24 a) shows the influence of angdéeel reinforcement. In the early phase, two curves are almost identical to
each other. When the vertical displacement reaches 100 mm, the model reinforced with angle steel ¢ngers into
transient phaseHowever, the orignal model without reinforcementis still in the plastic phase. When the
displacement reaches 175 mm, the reinforced model entethémwatenary phase, where the vertical load increase
with the displacement linearly. The failure of the model issed by the fracture of the bolts in the lower row and

angel steel. The ultimate displacement is about 380 mm.



Fig. 24 b) shows the deformation of angle stéetepresents the distance between two tips of the angel steel.
With the increase dthe vertical displacement, the distandetween twaips increaselinearly. As soon aghe
vertical displacement reaches 172 mtime slope of the curve decreasThe distance. is about 130 mm which
equals to the sum & andb. It indicates that the angle steekHzeen stightened and involved in loadsisance
When the bolts fractured at 380 mm, the slope of the curve increasakablywhich means the angel steel do§isn
have enough strength to carry the additional load brought by the fracture of the th@tfower row.

For angle steel reinforcement, the bending angle of the section is an imhpareameter. In the following analysis,
the total length of two angle width keeps constant of 130 Titna.width and thickness of angle steel are same as
preseted in Tabled. The bending angle is changed by changing the distaheeveen the bottom flange of beam
and angle steel as shown in R§. The bending angle changes from 1@#140. The varied models are named by
the parameter &, such as AS40 whitrepresert the distancéa” being 40 mm.

Fig. 26 and Tablé show the influence of bendingg@le onthestructural performance. For those three models, the
failure mode is the samehich isthe fracture failure of bolts result in the final failure ahseigid composite frame.
In the model, the angle steel resists a little load beftakds any loadrhe angle of angle steel AS20 is the smallest,
the way to be straight is the longest. Before the angle steel becomes straight, the lower ravdrelssedlarge
tensileload. The bokin AS20 model firstly failsHence the ultimate displacement of AS20 is smallest in these three
models As shown in Fig26 b), when the angle steel of AS40 is straightened afdtiealdisplacement of 175 mm,
thecurves of AS 40 and AS60 in Fi26 a) become consistent. When the angle steel of AS20 is straightened at about
225 mm, three curves in Fig6 a) almost overlap together. It is worthy to note that after the angle steel has been
straightened, the angle beten the angel steel and beam haslmaous effecbn the behavior of the model.

Based on the above analysis, it can be seen that angle steel reinforcement is a good way to improve the progressive
resistance of sennigid composite frame. Because tabnf change the initial rigidity of the connection, thus it
wouldnfinfluence the distribution of force under service load. Only irc#r#enarnphase, after the angle steel is

fully straightened, the behavior of the saigid composite frame would bmproved remarkably.

7. Conclusions

A steelconcrete composite frammgth semirigid flush-endplateconnectionsvas testedlhe performancef the
frame under column removal different phasewas studiedBased on thanalysisresults afinite elementmodel

using both 3D and 2D elemenssdevelopedo analyze thdehaviorof the frameunder column removaicenario.



Both static solver and quastatic solverareused.Based on the experimental and numerical analysi®wing

conclusionaremade

1.

The mmposite frame witflush-endplateconnection exhibigood progressive resistandde flushendplate
connection fa# by fracture of bolts under catenary acti@omparingwith the experimental result of rigid
composite frame, the load resistance andrmedition capacityare both higher than those of seigid
composite frame.

The design of preventing progressive collapse has a higher demand to the fracture strain of bolt than
conventionaldesign. Increasing the diameter of bolts or fracture straioltd,lihe progressive resistance of
semirigid composite frame can be improved.

Welding and haunch reinforcement coalthance the resistance to collapseler column removal. While the
rigidity of the connection would be changed in the frame, which avimfluence the distribution of force for
frame under service load.

A new anglesteel reinforcement measuarentwas proposed which could improve the behavidhefframean

transient and catenary phase.
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Table1l Mechanical properties of steel

< < Es
Se. fAMPaA  fAMPaA 4 o 2 &

Beam Flange 269 401 1.96
Web 275 411 2.09
Column Flange 247 396 2.00
Web 276 415 1.98

Reinforcement 0 325 a81 -
-12 331 464 1.95
Grade 10.9 bol -16 1067.4 1186 2.00

Table2 Detailed results of test and simulation
Plastic resistanc Ultimateresistanc Initial stiffness Ultimate displacemer

(kN) (kKN) (KN/mm) (mm)
Test 203.7 250.9 15.8 286.2
Static analysis 198.0 - 14.6 -
Quasi-Static analysi 197.5 238.5 14.7 276

Table3 Parameters adopted in the analysis
Fracture strain of bc Diameter of bo Concrete sla

Test model 0.15 M16 Existing

: 0.10 M16 Existing

Models in Parb.1 0.20 M16 Existing
Modelsin Part5.2 0.15 M20 Existing

Table4 Design parameters of anegéeel reinforcement
B/mm b/mm  amm t/mm  W/mm
80 50 40 30° 8 100

Table5 Analytical resultsunderdifferent bending angte

Plastic resistanckl) Ultimate resistanckN) Initial stiffnesskN/mm) Ultimate displacementfm)
AS20 197.6 322.9 14.7 356
AS40 197.5 334.9 14.7 380
AS60 198.2 338.0 14.7 392
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(b) Flushendplatebeamto-column connection
Fig. 1 Details and layout of frame

(c) Cross section afomposite beam

(a) Experimental saip
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(b) Distribution of LVDTs
Fig. 2 Experimental setup
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(b) First crack athe top surface (c) Slightly buckling (d)Gap in te connection (e) Crushof concrete
Fig. 3 Phenomena of franduringexperiment
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Fig. 5 Vertical loadv.s. displacemenbf middle columrrelationshipcurve
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(a) Overall model

(b) Middle joint (c) Flushedplate connection
Fig. 8 Finite elemenmodel
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Fig. 9 Stressstrain relationship of comete

Fig. 10 Vertical load vs. displacement of middle column relationship «

(a) Fracture initiated in bolt (b) Fractureprogressed (c) Bolt fractured
Fig. 11 Fracture of boltsit thelower row



a) Position of fractured bolts

b) P-v relationship cuwves
Fig. 12 Effect of fracture strain of badt
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Fig. 13 Effect of bolt diameters
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Fig. 14 Fracture of steel corresponding to the ultimate resistanc



Fig. 15 Welding reinforcement

Fig. 16 Analysisresult of velding reinforcement

a) Before welding seam failed b) After welding seam failed
Fig. 17 Mises stress contour before and aftentiedding seanfailed



a) Before bolts fractured

b) After bolts fractured
Fig. 18 Mises stress contour before and after bolts fractured

Fig. 19 Rigid steel connection with haunch Fig. 20 Semirigid composite joint with haunch

Fig. 21 Analysis result ohaunchreinforcement
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a) Failure of the haunched model

b) Before the fracture of the bolts

c) After the fracture of the bolts
Fig. 22 Failure of tende components

Fig. 23 Angle steel reinforcement

Haunch

Haunch



a) Vertical loaddisplacement curves b) Deformation curve of angle steel
Fig. 24 Analysis result obngle steel reinforcement

a) AS20 b) As40 c) AS60
Fig. 25 Local dimension of AS20AS40 and AS60

a) Vertical loaddisplacement curves b) Deformation curve ofregle steel
Fig. 26 Influence of bending angle on structural performance





