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1. Introduction

ASCE/SE}10 (2010) [1] defines progressive collapse as the spread of an initial local failure from
element to element, eventually resultimgthe collapse of the entire structure or a large part of it
disproportionately. Progressive collapse first attracted public attention after the partial collapse of Rona
Point apartment in London. The research topic became popular after the collapsedPAMurrah
Federal Building in Oklahoma City and World Trade Center in New York. To date, several codes anc
design guidelines (ASCE/SHD 2010 [1]; General Services Administration (GSA) 2003 [2];
Department of Defense (DoD) 2009 [3]) had been issuedrfatical engineers to design buildings in
mitigating progressive collapse. There are two main methods commonly suggested by design guideline
direct and indirect design methods. Due to the uncertainty of extreme events, the alternate load pa
(ALP) mehod, one of the direct design methods, has been considered as a major technique as it is eve
independent.

In the past decades, numerous experimental studie8] [@nd numerical simulations [4%5] have
been conducted to investigate the progressiMamst behavior of reinforced concrete (RC) and precast
concrete (PC) structures based on the ALP method. Remarkable efforts have been made towards dee
understanding of load transfer mechanisms, such as compressive arch action (G\Alep&ile
catenay action (TCA) [7-9] developed in beams, and compressive membrane action (CMA)],
tensile membrane action (TMA) in slabs [20,21]. Zhou et al. [4] conducted a series of static tests on-
onethird scalel RC specimen and two PC specimens using dowel bars and corbel to investigate the loa
transfer mechanisms of these specimens under a middle column loss. Feng et al. [5] investigated tl

progressive collapse behavior of four beslat substructures subjedt® a corner column loss. It was
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found that the development of TCA was limited due to weak horizontal constraints from the surrounding
elements. Sasani [6] investigated the dynamic response stioayoRC framesubjected t@imultaneous
removal of a corer column and an adjacent exterior column. They concluded that thelthrelesional
Vierendeelaction plays a key rolen load redistribution. It should be noted that the maximum vertical
displacement was slow that no CAA and TCA were developed. Luakt[9] and Ren et al[10]
conductedseveralseriesof laboratory tests on RC specimens with or without slabs. In téss both

the middle and edge column removal scenarios weestigated It was found that the effexdf beam
height, slab thicknesand seismic reinfomag detailsdominde the progressiveollapse resistance of

RC frames.

It should be noted that the majority of existing tests relieth@concentrated loading (CL) method,
which applied a concentrated load on the removed columwet#zr,in reality, the load was uniformly
distributed on the slab or beam. Thilguniformly distributed loading (UDL) methahould be applied
to represent real load patterkwever, folUDL method the weights were increassibwly to simulate
the increment of UDL. which should be very dangerous when reached the ultimate load capacity
addition the softenindgoranch of the loadisplacement curveould not be captured.o overcome this
drawback as an alternative method, the myddints loadingmethod (equivalent UDL )which wasa
displacementontrolled methodwas widely adopted in previous investigations-]2521]. Qian et al.

[15] carried out a series of RC beaab substructures under different column missing scenarios. The
UDL method wasquivalently applied on the slab by a specially designed loading frame. Pham et al.
[17] also adopted the loading tree to equivdjeapply UDL on progressive collapse performance of

beamslab substructures under the loss of an exterior column scenaneoér, flat slab or flat plate
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substructures were tested under the equivalent UDL method to investigate the effects of loading metho
subjected to an interior column removal scenario [16,19].

The effecs of loading methods operformance of RGubstrutures favebeen explored [181].
The influence of loading methods tive behaviorof buildings subjected to the loss of a corner column
is still unclear due to insufficient investigatiohdoreover, previousvestigation was focused on single
story subsuctures [5,13], which has to ignore the Vierengegbn, one otheimportant load resisting
mechanisms for RC frames subjected to the loss of a corner column sc€hasioin this study, high
fidelity finite element (FE) models were developed tordifiathe effects of different loading methods
on the performance of RC frames to resist progressive collapse caused by the loss of a corner colur
scenario. Furthermore, muktory frames were built to investigate the efficiency of Vierendetsbn
andquantify the mobilization of load transfer mechanisms among different statiesariousloading

methods.

2. Experimental program and numerical validation

2.1. Brief of the experimental program

Before conducting this numerical study, the FE modedwalidated bythe experimental results of
Feng et al. [5]The experimental progrand][will be introduced briefly for readers easy to understand
the validation and FE modelA seismially designed &tory RC prototype building was designed
following Chinese codes26,27], with a height of 3900 mm in the first story and 3600 mm in upper
stories. The span length in both directions was 5000 mm. The dead load (DL) and live load (LL) were
5.5 and 2.0 kPa, respectiveRour 1/2 scaled Rheamslabsubstructurewere testedubjected to the

loss of a corner columscenario. However, only the results of Specimenfid® Feng et al[5] were
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used for validation in this studyhe dimensiors and reinforcement details 8pecimen U&re shown
in Fig. 1. The overalldimensionwas3200 mm x 3200 mm. The crosssection of the beamnd column
was 100 mmx 250 mmand 300 mnmx 300 mm, respectivelyThe slab thickness wag0 mm. The
transverse reinforcementas bent up 135° and was also installed in the beagolumn jointsin
accordance with seismRC detailing The typical experimental setup amgtrumentatioa areshown
in Fig. 2. Three column suppartwere fixed tdhe RC blocks, which were fixed to the strong floor by
bolts To simulate the additional constresfrom the surrounding slabs,uniformly distributed load of
12.0kN/m? was applied on the extending part of the siHte loadcombination of(2DL+0.5LL) is
selectedas suggested by GSA 20[23. It should benotedthata oneway pin was installed betweéme
hydraulicjack andthetop of the corner column stub to allow the corner column gstulpotateand to
ensureno extra bending will be introduced in the loading proceisss, Vierendeel actioof the frames
can beneglected in this experimental prografndisplacementontrolledCL manner was adopted
The averageubic compressive strength of the concrete of Specimen US was 26.6vitih
corresponded tde cylinder compressive strength21.3 MPaThe measuretkinforcemenproperties

are tabulated iffable 1.For detailof test results, please refer to Feng efHl.

2.2. Numerical model setup

Commercial software L®YNA was adopted in this numerical studixplicit solver was adopted
to avoid divergence problesnThe ggometricmodel of Specimen USs shown inFig. 3. Smilar
geometric dimensia) reinforcement detail@ndboundary conditionto the experimental teg6] were

usedin thisnumericalmodel.
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2.2.1. Element types

As shown inFig. 3 bothconcrete and steel plateeresimulated by &ode solidelements witha
redudng integration scheme. HEne wasone integration point in eacbkolid element, whichcan
considerablysave computational time on the premise of accuracy when hourglass control is
appropriately definedlo ensure the hourglass enevggs less than 10% of the total internal energy, the
hourglass coefficient was @emned as 0.001FlanagarBelytschko stiffness form with exact volume
integration was usedloreover reinforcementsvere modeled using2ode Hughed.iu beam elements
with 2x2 Gauss quadrature integration. This beam formulatoid effectively simulate the mechanical
propertyof reinforcementssuch asxial force, biaxial bending, and transverse shear strain.

In this study, ensitivity analysisvith threedifferentmeshsizesof 25 mm 20 mm and 15 mnare
conductedastabulatedn Table2. As shown in Fig4, mesh size of 20 mm is adequate, as further mesh
refinementwill not further enhance the accuracy significantls a result, the mesh size of concrete
elements chosen a20 mmx 20 mmx 17.5 mmfor RC slals and20 mmx 20 mmx 20 mmfor other
components. The size of beam elems20 mm.

2.2.2. Material model

Severalconstitutive modelsare availablein the material library of LDYNA. In this study,
continuous surface cap model (CSCM) used for concreteas it could effectively simulate the
mechanical property of concretacludingdamagebased softeningnodulus reduction, shediation,
shear compaction, confinement effect, and strain rate €88t The failure of CSCM modelis
controlled bytheshear failure surface and hardening cap surf2@eds shown in Figs. And the yield
surface is formedbased orthree stress invariants, I, and %. Previous stuges [19-23] found that

erosion criterion based on the maximum principal strain is a suitable way to simulate conistatey

6



128 or spallingunder bothguaststatic and dynamic conditiondowever, itcould not simulate shear failure
%29 well when only the maximum principatrain was adopted fohe definition of erosion criterionThus
%30 Weng et al[19] suggested that the maximum principal strain and shear strain critshond be
;31 considered simultanedysby using keyword *Mat_Add_ErosiorSince the appropriate values are
11(1)32 dependent othemesh size, the value nfaximumprincipal strain and shear strairsist to 0.08 and 0.3
133 based on multiple trial Once the maximum principal strain or shear straneashedthesolid element
1&4 is deletel. Furthermore, the strain rate effect was ignored since only-qtad&i behavior was discussed
;&,5 in this study.

21536 LS-DYNA provides a simplifiedvay to defineCSCM (*Mat_ CSCM_CONCRETE) for concrete
2637  properties which only needghree input parameters (uncardd compressive strength’, maximum
ZB38 aggregate sizeA,, and units) Then the remaining material properties are calculated automatically
F139 according to equations proposed by CER concrete model cod80]. But the simplified CSCMis
40 suited for f' between 28 MPa and 58 MPS8incethe unconfined compressive strengtll of
341 Specimens US was 21.3 MPthe original CSCM (*Mat_CSCM) is usedhich requires a series of
?642 input parameters to define concrete matgniaperties, ashown in Tables.

g43 However, the default concrete material properties wamdrestimatethe initial stiffnessand
2’@44 structural resistangceas shown in Fig6. Therefore, dew adjustments on thelasticity modulus and
415  fracture energyf concrete were made improve the numerical resultBrevious studies §£21,23
46 suggestdthat the tensile fracture ener@y¢ couldbe reduced t80% of the default one when it is over
47  prediced. If shear or compressibased damage is significattte shear fracture energysGhould be
55?48 setasGss = 0.5G; andGt. = 50Gt. However the default is = 100G:. In this study, mice severélexural

69  and torsional failure@ccurredin the bem endsn Specimen USboth Gr and Gs were adjustedherein

62 7
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The detailed parameters of CSCM kstedin Table3. The unconfined uniaxial stressrain relationship
of concrete after adjustments is shown in Fig.he initial stiffness is lower than that of the default,one
and the compressive stress reduces faster in the softening stage. As show8) thé-agljusted material
property could improve the numerical results significantly.

The symmetric bilinearelastic-plastic material model (*Mat_Plastic_Kinematic) is used for
reinforcementswhich assumes the tensile behavior is identical to that of compreBsa&/@arameters
of material properties, including elastic modulus, yield strength, tangential modwdudgtienate strain
aredetermined based on the material tedlben the strain exceeds the ultimate elongation ratio, the
corresponding reinforcement elemenalsodeletedThe strain rate effect was ignored since only quasi
static behavior was discuski this studyAs suggested by previougorks [19,23], a perfect bonding
between concrete and reinforcement was assinased orfConstrained_Lagrange_In_Salid
2.2.3. Boundary conditions

In the numericamodeling,similar totheexperimental progranthe uniformly distributed load was
appliedonthe extending area of the specimiéor simplicity,three concretblocksweremodeledusing
three rigid plates with zero translations and rotations, as indicatéd.i8. Furthermore, a rigid plate
was generatedat the top of the columstubto prevent stress concentration when concentrated loads
wereapplied Single surface (*Contact_Automatic_Single_Surfara} defined betwedherigid plate
and RC column. Besides, static and dynamic coefficients of friateva set as 1.8t the contact surface
to prevent anyliding of the rigid plateSimilar to experimental work, a owveay pin wasgenerated

betweertheloading plate and corner column by usoapstraint typéConstrained_Joint_Revolute.
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2.3. Validation of the numerical model

Fig. 8 shows the comparison of lo@isplacement cungbetwveenthe testresultsand FE model.
At a large deformation, th& CA in beamsand tensile membrane action slabsis not efficiently
mobilizeddue tothe weak tie forcérom thesurroundingstructuralmembersThus, thesource of load
resistance is mainly attributed to flexural action or beam action. As shown ir8,Fige load
displacement curve from FE model is quite similar to test resotisiding initial stiffness, yield load,
ultimate load, and ultimate deformation capacitye error of key results between #ie modelndtest
oneis less tharr %, aslistedin Table4.

It is noted thathecrack pattern othe RC beamslabsubstruatirecannot be directidemonstrated
because concrete model CSCM is unable to track cratdwever, the cracks can teguivalently
demonstratedby effective plasticstrains. Generally, wider crackspressedanore significaneffective
plasticstrains.The concrete damage wasantifiedthroughthe damage index. Damage index of 0 and
1 represents no damage and complete failure, respectively. As shown @&dnd40, FE model could
effectivelysimulateconcrete crushing or spallirf thebeamand crackpatterns otheslah

As a result the agreement of theaddisplacementurves andthe failure mods between the
numerical and test resulitsdicated the validity of the numerical moderhus the modelwasusedto
investigatethe load transfemechanisms of the RC fraswith different loadingmethod andstory

numbers

3. Effect of loading methods

Due to the limitation of cost anestconditions only an experimental study under €tndition

was conducted by Fergg al.[5]. However,UDL shouldbe appliedas gravity loacand live loadare
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uniformly distributed alonghe structureThus, it is necessary to study the difference between tivese
loading approache#\s a result, the validated FE model was utilizeavaluatethe behaviorof RC

beamslab substructurasnder both CL and UDmethods

3.1. Details of UDL model

Previousstudes[15-19,2] hadprovedthe effectivenes®f the 12point loading treeto simulate
the UDL scheme equivalentlivloreover,Wengetal. [19] modeledtheload distribution rig with high
fidelity, and thereliability of the numerical modeWwasproved Thus,in this studythe samemodeling
method wasdoptedo simulate the behavior of substructures undetytbe method As shown in Fig.
11, the load disthution rig[19] consisted o& series of rigid beams and plas@sulatedoy 8-nodesolid
elements The connection between the top and the secondary rigid heasdefined by keyword
*Constrained_Joint_Revolutgl9,21. The connection between the secondary rigid beam and the
triangle rigid plate waalsomodeled by keyword *Constrained_Joint_Revoldiee bottom steel plate
was connected with theangle steel platby revolutejoints to ensure thieottomplatescouldrotate In
addition a contactfunction was used between the load distribution rig and R&me by
*Contact_Automatic_Single_Surfa¢&9]. A oneway pin was also defined between the loading plate
and thetoprigid beam so that thteprigid beamwasable to rotate around the emay pin.In this study,
each loading pointoincided with theentroids of 12 sulareasas indicated in Fig.2l

As shown in Fig. 3, a bearrslab substructurenderthe UDL methodnamed USUDL-1F was
built based on thealidated model oUS-CL-1F. It should be noted thtte dimensios reinforcement

detaik, and boundary conditieof US-UDL-1F areidenticalto thoseof US-CL-1F.

10



3.2. Structural resistance

Fig. 14 shows the comparison of the ledidplacement cungfrom different loading scherseAs
shown in the figure, the peak load of 43.7 kN and 250.6 kN was measuredCit-UFSand USUDL-
1F, respectively. The initial stiffness, which is defined as the ratio of peak |dad ¢orresponding
displacement, of UEL-1F and USUDL-1F is0.52 kN/mm and 5.2 kN/mprespectively. Thusthe
UDL method increass the peak load and initial stiffness BY3% and 897%respectively. However, it
should be noted that the load capacity fromW3L-1F should be divided by folnefore comparingt
with US-CL-1F based ora simple load distribution analysis. Thus, as shown in FH.the load
displacement curve of orguarter of USUDL-1F is generdy more significanthan that of USCL-1F
as the slab deformation of ISDL-1F is moe uniform.No majordiagonal crack is formed, and more

negative yield lines arebservedt the top slabas shown in Fig.2

3.3. Load redistribution of beam-slab substructures

To reveal the differencen load transfer mechanismaf the RC beamslab substructures with
different loading methods the results of thenternal forces obeans and columnsvere extractedit
should be noted th#tte beam sections are at a distance of 200 mm away from thecb&arm interface
to avoidelement erosionral fail to provide the interndbrces
3.3.1. Development obxial force in beams

Fig. 16 showsthe development adixial force at the crossections near the column stubue to
symmetry,similar characteristics of axial force developmargobservedat crosssections Xbeaml

andY-beaml. The axialforce initially is compressiveindicating the mobilization of CAA~or CLand

11
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UDL methods when the displacement excaee8l/O mm and 2% mm, respectively,the axial force
transfes into tension, reflecting theéevelopment o CA.

The comparison between Fig (a) and (bjndicaesthat theUDL methodsignificantly weakes
the CAA of beams €.g.,the maximum axial compressive force reesfcom 198.3 kN to 151.2 kN) but
startsthe TCA earlier and greateFor CL andUDL methods, thenaximum axial tension force £8.1
kN and 8.1 kN, respectively, which indicasethat TCA is not efficiently mobilized due tdewer
constraints from surroundirgructural menbers
3.3.2. Reactions ofupporting columns

Figs. 17 (a) and (b) demonstrate the proportion of reaction fatadifferent columnso the total
reaction forcainder CL and UDL, respectivellfor USCL-1F,atthedisplacement of 50 mm4% and
44% of the loads distributed into columns B and D, respectively. Similarly, at this displacement stage,
42% and42% of the loadaredistributed into columns B and D of U$DL-1F. For USCL-1F, after
displacement 082 mm, the proportion of columns B and D decesasith further increasing the
displacement due to concrete crushing occurred at the beam AB and AD. Conversely, the proportion ¢
column C kepsgrowing as column Gemairs almost intact during the test. However, for-USL-1F,
after dsplacement 020 mm, the prportion of columns B, C, and Bearly maintaie constanbecause
the deformation of the slab and beismmore uniform. In other words, column C suffarore significant

damage when increasing the displacement.

3.4. Dynamic response

It is worth noting thaprogressive collapse rmormallya dynamic event. Thus, it is necessary to

evaluate the dynamic load capacity of the substructures under different loading methods. Based c¢

12
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previous studies81415,24, an energybased modelwhich wasproposed by Izzuddiet al. B1], was

adopted in this dynamic evaluatiorhe dynamic resistance of the specimens could be determined by

Eq.(2).

Uy

P(W) = 3R (Y (1)

d o

where Py(U) and P (u) represent thdynamic load resisting function and nonlinear static load
resisting function, respectively.

Fig. 18 illustrates thdynamic behavioof the beanslab substructures. Tlynamic peak loadsf
US-CL-1F and USUDL-1F are 36.9 and 24.4 kN, respectively. Similar to the conclusions from
nonlinear quasstatic resultsthe UDL methodcouldincrease the dynamic peak load by 50&en,
the load resistance of UIDL-1Fis divided by four, the UDL method could increase the dynamic load

capacity of Ckcase byb2 %.
4. Analysis of multi-story frame structures

Progressive collapse is a global behavmra multi-story building However, onlya singlestory
beamslab substructarwas tested in the test program [Bius,it is imperative to understand whether
the loadtransfer mechanissnin the singlestory substructurare the same as tisein a multi-story
building. As shown in Figl19, US-CL-2F andUS-UDL-2F were established, whiatepresena two-
story frame substructuraunder CL and UDLmethod, respectivelylt should be noted thahe load

distributiontree, similar to USJDL-1F,was generated in each stafyUS-UDL-2F.

13
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4.1. The role of Vierendeel action

As cancluded by Sasafi6], in moment framesyierendeel actions the major mechanism for the
loadredistributionof RC framessubjected to the loss of a corner column scenaéhie Vierendeel action
could resist theollapse of the buildingg-orsimplicity, due to the Vierendeel action, bending moment
may develop in the beam end near the corner cotorhelp the resistance of collapse.

Fig. 20demonstrates the comparisaiiioadresistancéetweersinge-story andwo-storymoment
frames under both CL and UD methods.The peak load of UEL-1F, USCL-2F, USUDL-1F, and
US-UDL-2F are43.7kN, 250.6kN, 1419 kN, and 525.2&N, respectively. Thusor CL method, the
peak load of USCL-2F is 321 % of that of USCL-1F, which is nuch greater than the theoretivalue
of 200%. The relativelylarge discrepancy could be attributed to Vierendeel action developed-in US
CL-2F. For USCL-1F, no Vierendeel action could be developed as the constraints from structural
components irthe upper storyareignored.However, tle peak load of URDL-2F is 210% of that of
US-UDL-1F. Thus, comparing to CL method, the effects of Vierendeel aat®guite limited As
mentioned above, the effects of Vierendeel action are expressed by developing positive moment at tl
beam end neathe corner column. Thus, the mobilization of Vierendeel acti@y be reflected
indirectly by the magnitude of shear force developed in the corner column. As shdvig. &1, much

greater shear force devekip the corner column of UEL-2F, comparing t&JS-UDL-2F.

4.2. Structural resistancefrom each story

Fig. 22 shows the comparismf theloadresistance from different storiefatwo-story frame with
that from asinglestory substructuréds shown in the figure, the load resistance of each story is different

afterthe elastic stagef-or CL method, compared with the singl®ery frame, the pedkad of thefirst

14
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andsecondstoriesincreass by 79% and 58%, respectivelyHowever, undethe UDL condition, the
peakload of the first and second stesonly increassby 7% and 3%, respectivelyFor both loading
approachesthe bottom story achieves tlggeaterload resisting capacity, which indicates thia¢
Vierendeel actioms moreefficient in the bottomstory, as the structural components in the second story

could providemore significantonstraints to the corngint in the bottom story

4.3. Load transfer mechanisms of multistory RC frames

As aforementioned, tHead transfer mechénmsin each story ofhetwo-story framearedifferent.
Thus, it is necessary to investigate ldemhsfermechanisma developing in each story of mukiory
frames. Note thatUS-CL-3F, US-CL-4F, andUS-CL-5Frepresent threstory, fourstory, and fivestory
frame substructuseunder CL case, respectivel@imilarly, US-UDL-3F and US-UDL-4F represent
threestory and fowstory frame substructus@einderthe UDL case.

4.3.1. Structural resistance of multstory frames

For US-CL-3F AUS-CL-4F, and US-CL-5F, as shown in Fig23 (a), (b), and (c) the structural
resistance developing in each story is different. The maxitoachresistance is observed in the first
story, which is the same as thfaundin US-CL-2F.By increasing the number of storigs;an be found
that theinitial stiffness,peakload, and residuaload resistancef the middle stay are pretty similar,
which indicates that thdevelopment ofoad transfer mechanisof the middle stories is almost
identical Moreover the peak load othe middle storesis the least compared with the top and bottom
ones.Like the CL case, folUS-UDL-3F andUS-UDL-4F, as shown in Fig.£(a) and(b), the bottom
storyalsoachieves thenost significaninitial stiffness angeak load However the difference of load

resistance between the top story and the middle story is lquited dueto less Vierendeel action

15



312 developed in UDL casefn addition,due to the weak tie fordeom the surrounding elementessTCA
213 andTMA could be nobilizedto resist progressive collapse under both CL and UDL metAsdshown
314 in Fig. 23, comparing the loadisplacement curve of the first story in model&J&CL-3F, US-CL-4F,
815 and USCL-5F shows that increasing the story number will not affedbtresistance and load transfer
1316 mechanism of the first story. In other words, the constraints to the corner joint in the firstatry

]1’,%17 similar whatever the story number is three, four, or five.

15

518 4.3.2. Axial force of beamsin multi-story frames

18

]2‘819 Similar towhatwasdiscussedh section 3.3, the results axkial force inbeans were also extracted
21

220 to illustratethe load transfer mechanisnfor simplicity, only the crossections of beam AB were

221 discussed herein. Note that the label ehéaml to X-beam5 represents thieeams in thdirst to the

Zp2 fifth story, respectively.

23 As shownin Fig. 25, for CL case, the beams in each story are mpoession before the

P24 displacement of 300 mm. After that, the axial force starts to decrease and changes into tensic
3325 successively. Moreover, the beams in the first story begin to develop the CAA initially and achieve the
2%26 maximum compressive force of 20N at the displacement of 112 mm. By contrast, beams in the top
2527 story achieve the maximum compressive force of 128.7 kN at the displacement of 214 mm, whict
2?8 indicatedower CAA developedn top storyMoreover, the compressive force is the leéashe midile

499  storycompared witlthe top and first stogs. Similarly, for UDL case, as shown in Fig. 26, tlaegest

H30 compressivdorce of 106.3 kN is measured in the first stokjoreover,the compressive foraa the

831 beams irthe top storys slightly larger than thah the middlestory

5533(?32 For both loading methods, it is observed thatttial force obeansin the middle stories is similar,

633  which agrees well with the resultslofd resistance
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5. Conclusions

Basedonthenumerical angharametricstudy conducted in this study, the following conclusions are
drawn:
1.Compaedwith experimental results,ig found thathehigh-fidelity numerical modelsansimulate
the globalbehaviorof the RC beanslab substructure subjectedagornercolumn loss scenariwell.
However, theshear fracture energy should be adjd$d well simulae the stiffness of the concrete in

CSCM.

2.For singlestory models under either UDL or CL methods:-UBL-1F and USCL-1F, thepeak
load of US-UDL-1F is 537 % of that US-CL-1F, which is greater thathe theoretical value of 400%.
Thus, it indicatethatthe simplified CL method may underestimate the load resistance of thedlabm
substructures subjected to the loss of a corner column scenario. It could beeexataldDL method
may achieve more uniform deformation of the beam and stabthus, more materials could be fully

mobilized

3.For multistory models, it was found that Vierendeel action could not be ignored to resist
progressive collapse of RC frames saa by the loss of a corner column scenario. Comparing to- multi
story frames subjected to UDL method, the Vierendeel actiombees significaneffects on the frames
underCL method As the building was subjected to UDL lqadreality, the commonly usedlL method
may overestimate the contribution of Vierendeel action. MoreowerVierendeel actions more
efficientin lower storieghanthat inthe upperstories.Therefore, in practical design, it was suggested

to apply UDL load and generating mudtory frames to obtain more accurate results.

4. The numerical results indicated that thad transfer mechanisms developedifferentstories are

17
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not identicalfor a multistory frame subjected to the loss of a corner column sceMireover,it was
found thatincreasing the story number will not affect the load resistance and load transfer mechanisn

of the first story.
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Table 1-Reinforcement properties

tems Diameter Yield strength  Ultimate strength ~ Elongation  Yield strain
(mm) (MPa) (MPa) (%) (0
R6 6 324 525 23 1543
T12 12 427 530 18 2135

Note: R6 represents plain bar with diameter of 6 mm; T12 repsxefiormed rebar with diameter of 12 mm.

Table 2-Studyon different mesh sizes

Type Mesh size 1 Mesh size 2 Mesh size 3
Mesh size of slabs (mm)

25 ™5 3.3 20 ™0 ™7.5 20 ™0 ™4
Mesh size obeamsand columns (mm)

25 ™5 ™5 20 ™0 ™0 15 5 ™5
Mesh size oReinforcements (mm) 25 20 15
Total number of soligclements 76672 152325 367990
Total number of beam elements 23330 29210 38708
Time consuming (s) 36241 43717 144940

Table 3-Model parameters of CSCNbr FE models (Unit: Nmm and ms)

MID RO NPLOT INCRE |IRATE ERODE RECOV ITRETRE
1 0.00232 1 0.0 0 1.10 0.0 0

PRED

0.0

G K ALPHA THETA LAMDA BETA HN CH
5000 5476 13.408 0.2751 105 0.01929 0.0 0.0
ALPHA1 THETA1 LAMDAl1 BETA1 ALPHA2 THETA2 LAMDA2 BETA2
0.74735 0.001315 0.17 0.07639 0.66 0.001581 0.16 0.07639
R XD w D1 D2

5.0 87.8 0.05 2.5e4 3.492e7

B GFC D GFT GFS PWRC PWRT PMOD
100.0 3.308 01 0.06616 0.03308 5.0 1.0 0.0
ETAOC NC ETAOT NT OVERC OVERT SRATE REPOW
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 4Comparison of key results between test and FE model

Results  Critical Displacement (mm) Critical Load (kN)

Source YL PL YL PL UL
Test 50 85.2 35 43.5 14.1
FEM 46.8 83.6 37.1 43.7 13.6

FEM/T est 0.936 0.981 1.06 1.005 0.965

Note: YL, PL, and UL represent yielbad, peak loadand ultimate load, respectively.
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(a) (b)
Fig. 15 Failure modes atheslab in model USUDL-1F: (a) Top surface of the slab; (b) Bottom

surface of the slab

(@)

(b)

Fig. 16 Development obeamaxial force (a) US-CL-1F, (b) US-UDL-1F
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8 Abstract: In this paper high-fidelity finite element FE) models weredevelopedto investigatethe

9 behavior of reinforced concrete (RC) bealab substructures to resist progressive collapse under a
10 corner column removal scenaribhe numerical modsl werevalidated by test resultShen the
11 validated FE modek were employed to investigate th&ructual behaviorunder differentloading
12 methods including concentrated loadingCL) and uniformly distributed loading(lUDL) methods
13 Moreover multi-story frames were built to capture the load redistribution behaviosudistructures at
14  different floorsunder different loading method§he resultdndicated thatthe loading methods affect
15 overall structurafesponsedoad transfer mechanigrandfailure modeslt was demonstrated that the
16 Vierendeekction could rot be ignoredfor multi-story frames to resist progressive collapse caused by
17 the loss of a corner column scenahtore significantVierendeel action was developed in Hteictue
18 subjected to CL method than that subjected to UDL method. It was also founidethaad transfer
19 mechanisms developed in the top story and bottom story for astaryi frameareprettydifferentfrom
20 thosein the middle storiesThebottom story hathe most remarkabl®ad resisting capacity.

21 Keywords: Progressive collapse; Loadingethod Load trasfer mechanismGCornercolumn removal
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1. Introduction

ASCE/SE}10 (2010) [1] defines progressive collapse as the spread of an initial local failure from
element to element, eventually resultimgthe collapse of the entire structure afarge part of it
disproportionately. Progressive collapse first attracted public attention after the partial collapse of Rona
Point apartment in London. The research topic became popular after the collapse of Alfred P. Murra
Federal Building in Oklahma City and World Trade Center in New York. To date, several codes and
design guidelines (ASCE/SHD 2010 [1]; General Services Administration (GSA) 2003 [2];
Department of Defense (DoD) 2009 [3]) had been issued for practical engineers to designsbinilding
mitigating progressive collapse. There are two main methods commonly suggested by design guideline
direct and indirect design methods. Due to the uncertainty of extreme events, the alternate load pa
(ALP) method, one of the direct design methdds been considered as a major technique as it is event
independent.

In the past decades, numerous experimental studie] [@nd numerical simulations [4%] have
been conducted to investigate the progressiltaps®e behavior of reinforced concretedRand precast
concrete (PC) structures based on the ALP mefRerharkable efforts have been made towards deeper
understanding of load transfer mechanisms, such as compressive arch action (GA\Aleile
catenary action (TCA)7F9] developed in beamsand compressive membrane action (CMA&), 17,
tensile membrane action (TMA) in slabs [20,Z2fouet al. [4] conducted a series of static tests on a
onethird scalel RC specimen and two PC specimens using dowel bars and corbel to investigate the loa
transfer mechanisms of these specimens under a middle column loss. Feng et al. [5] investigated tl

progressive collapse behavior of four beslab substructures subjected to a corner column loss. It was
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found that the development of TCA was limited dua/éak horizontal constraints from the surrounding
elements. Sasani [6] investigated the dynamic response stioayoRC framesubjected t@imultaneous
removal of a corner columand an adjacent exterior column. They concluded that thedhmemsional
Vierendeebction plays a key rolen load redistribution. It should be noted that the maximum vertical
displacement was slow that ro CAA and TCA were deveped. Lu etal. [9] and Ren et al[10]
conductedseveralseriesof laboratory tests on RC specimens with or without slabs. In ténss both

the middle and edge column removal scenarios weestigated It was found that the effedf beam
height, slab thicknessind seismic reinfomg detailsdominae the progresve collapse resistance of
RC frames.

It should be noted that the majority ofsting tests relied otheconcentrated loading (CL) method,
which applied a concentrated load on the removed column. Howvireveslity, the load was uniformly
distributed on the slab or bealhus,theuniformly distributed loading (UDL) methahould be applied
to represent reddad patterndHowever, folUDL method the weights were increasslbwly to simulate
the increment of UDLwhich should be very dangerous when reached the ultimate load capacity
addition the softeningoranch of the loadisplacement curveould notbe capturedTo overcome this
drawback as an alternative method, the mygaints loading method (equivalent UDLyhich wasa
displacementontrolled methodwas widely adopted in previous investigations-1F521]. Qian et al.

[15] carried out a seriesf RC bearrslab substructures under different column missing scenarios. The

UDL method was equivalently applied on the slab by a specially designed loading frame. Pham et a

[17] also adopted the loading tree to equivdyeapply UDL on progressive coffae performance of

beamslab substructures under the loss of an exterior column scenario. Moreover, flat slab or flat plat
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substructures were tested under the equivalent UDL method to investigate the effects of loading metho
subjected to an interior aghn removal scenario [16,19].

The effecs of loading methods operformance of RGubstructuresdvebeen explored [1,81].
The influence of loading methods tive behaviorof buildings subjected to the loss of a corner column
is still unclear due tmsufficient investigationdMoreover, previoumvestigation was focused on single
story substructures [5,13], which has to ignore the Viererad&eh, one otheimportant load resisting
mechanisms for RC frames subjected to the loss of a corner cettanarioThus, in this study, high
fidelity finite element (FE) models were developed to quantify the effects of different loading methods
on the performance of RC frames to resist progressive collapse caused by the loss of a corner colur
scenario. Fuhtermore, multistory frames were built to investigate the efficiency of Vierendetgn
and quantify the mobilization of load transfer mechanisms among different stahegriousloading

methods.

2. Experimental program and numerical validation

2.1. Brief of the experimental program

Before conducting this numerical study, the FE modedwalidated bytheexperimental results of
Feng et al. [5]The experimentalmpgram p] will be introduced briefly for readers easy to understand
the validation and FEnodek. A seismially designed &tory RC prototype building was designed
following Chinese codes2p,27], with a height of 3900 mm in the first story and 3600 mm in upper
stories. The span length in both directions was 5000 mm. The dead load (DL) doddiyeL) were
5.5 and 2.0 kPa, respectivelour1/2 scaled Rheamslabsubstructuresvere testegubjected to the

loss of a corner columscenario. However, only the results of Specird&irom Feng et al[5] were
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used for validation in thistudy.Thedimensiors and reinforcement details 8pecimen U&re shown
in Fig. 1. The overall dimensiowas3200 mm x 3200 mm. The crosssection of the beamnd column
was 100 mmx 250 mmand 300 mm x 300 mm, respectivelyThe slab thickness wag0 mm. The
transverse reinforcementas bent up 135° and was also installed in the beagolumn jointsin
accordance with seismRC detailing The typical experimental setup amgtrumentatioa areshown
in Fig. 2. Three columrsuppors were fixed tdhe RC blocks, which were fixed to the strong floor by
bolts To simulate the additional constrtsifrom the surrounding slabs,uniformly distributed load of
12.0kN/m? was applied on the extending part of the slHte loadcombnation of (2DL+0.5LL) is
selectedas suggested by GSA 20[23. It should benotedthata oneway pin was installed betwedme
hydraulicjack andthetop of the corner colum stub to allow the corner columstubto rotateand to
ensureno extrabending will be introduced in the loading procédsus, Vieradeel actiorof the frames
can beneglected in this experimental prografndisplacementontrolledCL manner was adopted
The averageubic compressive strength of the concrete of Specimen 8BS 26.6 MPawhich
corresponded tde cylinder compressive strength21.3 MPaThe measuretkeinforcemenproperties

are tabulated in Table Eor detailof test results, please refer to Feng ef4l.

2.2. Numerical model setup

Commercial software L®YNA was adopted in this numerical studixplicit solver was adopted
to avoid divergence problesnThe gometricmodel of Specimen USs shown inFig. 3. Smilar
geometric dimensia) reinforcement detailsndboundary conditiont theexperimental ted6] were

usedin thisnumericalmodel.
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2.2.1. Element types

As shown inFig. 3 bothconcrete and steel plataeresimulated by &ode solid elements with
redugng integration scheme. Hne wasone integration poit in eachsolid element, whichcan
corsiderably save computationatime on the premise of accuracy when hourglass control is
appropriately definedlo ensure the hourglass energy was less than 10% of the total internal energy, the
hourglassoefficient was dermined as 0.00. FlanagarBelytschko stiffness form with exact volume
integration was usedloreover reinforcematswere modeled using2ode Hughe4.iu beam elements
with 2x2 Gauss quadrature integration. This beam formulatowid dfectively simulate the mechanical
propertyof reinforcementssuch asxial force, biaxial bending, and transverse shear strain.

In this study, ensitivity analysisvith threedifferentmesh sizesf 25 mm 20 mm and 15 mnare
conductedastabulatedn Table2. As shown in Fig4, mesh size of 20 mm is adequate, as further mesh
refinementwill not further enhance the accuracy significantls a result, the mesh size of concrete
elements chosen a0 mmx 20 mmx 17.5 mmfor RC slals and20 mmx 20 mmx 20 mmfor other
components. The size of beam elems20 mm.

2.2.2. Material model

Severalconstitutive modelsare availablein the material library of LYNA. In this study,
continuous surface cap model (CSCM) used for concreteas it could effectively simulate the
mechanical property of concretacludingdamagebased softeningnodulus reduction, shediation,
shear compaction, confinement effect, and strain effiect [28]. The failure of CSCM modelis
controlled bytheshear failure surface and hardening cap surf2@eds shown in Figs. And the yield
surface is formedbased orthree stress invariants, J2, and %. Previous stuges [19-23] found that

erosion criterion based on the maximum principal strain is a suitable way totsicuhareterushing

6
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or spallingunder bothguaststatic and dynamic conditiondowever, itcould not simulate shear failure
well when only the maximum principal strain wadopted fothe definition of erosion criterionThus
Weng et al [19] suggested that the maximum principal strain and shear strain critshon&l be
considered simultanedysby using keyword *Mat_Add_Erosion. Since the appropriate values are
dependat onthemesh &e, the value ofmaximumprincipal strain and shear strairsest to 0.08 and 0.3
based on multiple trial Once the maximum principal strain or shear strane@&hedthesolid element

is deleted Furthermore, the strain ratéfect was ignored since only quasatic behavior was discussed

in this study.

LS-DYNA provides a simplifiedvay to defineCSCM (*Mat_CSCM_CONCRETE) for concrete
properties which only needghree input parameters (unconfined compressive strengtimaximum
aggregate size , and units) Then the remaining material properties are calculated automatically
according to equations proposed by CEIR concrete model cod80]. But the simplified CSCMis
suited for between 28 MPa and 58 MP8&incethe unconfined compressive strength of
Specimens US was 21.3 MPthe original CSCM (*Mat_CSCM) issed which requires a series of
input parameters to define concrete matgmaperties, ashown in Table.

However, the default concrete material properties wavedrestimatethe initial stiffnessand
structural resistan¢ceas showrin Fig. 6. Therefore, a few adjustments on #lasticity modulus and
fracture energyf concrete were made improve the numerical result8revious studies pt21,23
suggestdthat the tensile fracture ener@y couldbe reduced t80% of the default one whenist over
prediced. If shear or compressimased damage is significatite shear fracture energysGhould be
setasGrs = 0.5G: andGtc = 50G. However the default is = 100G:. In this study, mice severélexural

and torsional failur@ccurredin the beam endi& Specimen USboth Gt and Gs were adjustedierein

7
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The detailed parameters of CSGkélistedin Table3. The unconfined uniaxial stressrain relationship
of concrete after adjustments is shown in Fig.he initial stiffness is lower than that of the default,one
and the compressive stress reduces faster in the softening stage. As show8) thé-gglisted material
property could improve the numerical results significantly.

The symmetric bilinearelastieplastic material model (*Mat_Plastic_Kinematic) is used for
reinforcementswhich assumes the tensile behavior is identical to that of compreBse/@arameters
of material properties, including elastic modulus, yield strength, tangential modulus, and ultimate strain
aredetermined based on the material tedthen the strain exceeds the ultimate elongation ratio, the
corresponding reinforcement glentis alsodeletedThe strain rate effect was ignored since only quasi
static behavior was discussed in this studly suggested by previougorks [19,23], a perfect bonding
between concrete and reinforcement was assinagsed orfConstrained_Lagrangen | Sold.
2.2.3. Boundary conditions

In the numericamodeling,similar tothe experimental progranthe uniformly distributed load was
appliedonthe extending area of the specimiéor simplicity,three concretblocksweremodeledusing
three rigid plates with zero translations and rotations, as indicatéd.i8. Furthermore, a rigid plate
was generatedat the top of the columstubto prevent stress concentration when concentrated loads
wereapplied Single surface (*ContacfAutomatc_Single_Surfaceyas defined betweeherigid plate
and RC colummBesides, static and dynamic coefficients of fricticgre set as 1.& the contact surface
to prevent anysliding of the rigid plateSimilar to experimental work, a ongay pin wasgenerated

betweertheloading plate and corner colurbly usingconstraint typéConstrained_Joint_Revolute.
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2.3. Validation of the numerical model

Fig. 8 shows the comparison of lo@isplacement cungbetveenthe testresultsand FE model.
At a large deformigon, the TCA in beamsand tensile membrane action slabsis not efficiently
mobilizeddue tothe weak tie forcérom the surroundingtructuralmembersThus, thesource of load
resistance is mainly attributed to flexural action or beam action. As shown ir8,Fige load
displacement curve from FE model is quite similar to test resutisiding initial stiffness, yield load,
ultimate load, and ultimate deformati capacityThe error of key results between #ie modekndtest
oneis less tharY %, aslistedin Table4.

It is noted thathecrack pattern othe RC beamslabsubstructureannot be directigemonstrated
because concrete model CSCM is unablérack cracksHowever, tle cracks can bequivalently
demonstratedby effective plasticstrains. Generally, wider crackspressednore significaneffective
plasticstrains.The concrete damage wagantifiedthroughthe damage index. Damagelex of 0 ad
1 represents no damage and complete failure, respectively. As shown @&dnd40, FE model could
effectively simulateconcrete crushing or spallird thebeamand crack patterns dfieslah

As a result the agreement of thead-displacementurves and the failure mods between the
numerical and test resulitsdicatel the validity of the numerical moderhus, the modelwasusedto
investigatethe load transfer mechanisms of the RC framih different loadingmethod andstory

numbers

3. Effect of loading methods

Due to the limitation of cost artéstconditions only an experimental study under €bndition

was conducted by Ferg al.[5]. However,UDL should be applieds gravity loacand live loadare



191 uniformly distributed alonghe structureThus, it is necessary to study the difference between tivese
192 loading approache#\s a result, the validated FE model was utilizecvaluatethe behaviorof RC

193 beamslab substructurasnder both CL and UDmethods

194 3.1. Details of UDL model

195 Previousstudes[15-19,2] hadprovedthe effectivenes®f the 12point loading treeto simulate
196 the UDL scheme equalently. Moreover,Wenget al. [19] modeledthe load distribution rig with high
197 fidelity, and thereliability of the numerical modelasproved Thus,in this studythe samemodeling
198 method wasidoptedo simulate the behavior of substructures undetibe method As shown in Fig.
199 11, the loaddistribution rig[19] consisted o& series of rigid beams and plasgaulatedoy 8-nodesolid
200 elements The connection between the top and the secondary rigid heasrdefined by keyword
201 *Constrained_Joint_Revolutgl9,2]. The connection between the sewary rigid beam and the
202 triangle rigid plate waalsomodeled by keyword *Constrained_Joint_Revoliiee bottom steel plate
203 was connected with theangle steel platby revolutejoints to ensure thieottomplatescouldrotate.ln
204 addition a contactfunction was used between the load distribution rig and R&ne by
205 *Contact_Automatic_Single_Surfa¢®9]. A oneway pin was also defined between the loading plate
206 and theoprigid beam so that theprigid beamwasable to rotate around the@@way pin.In this study,
207 each loading pointoincided with theentroids of 12 sulareasas indicated in Fig.2l

208 As shown in Fig. 3, a beamslab substructureanderthe UDL methodnamed USUDL-1F was
209  Dbuilt based on thealidated model oUS-CL-1F. It should be noted thdte dimensiosg reinforcement

210 detaik, and boundary conditieof US-UDL-1F areidenticalto thoseof US-CL-1F.

10
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3.2. Structural resistance

Fig. 14 shows the comparisorf the loaddisplacement cungfrom different loading scherseAs
shown in the figure, the peak load of 43.7 kN and 250.6 kN was measuredCii-UfSand USUDL -
1F, respectively. The initial stiffness, which is defined as the ratio of peak Idhad ¢orresponding
displacement, of UEL-1F and USUDL-1F is0.52 kN/mm and 5.2 kN/mprespectively. Thushe
UDL method increass the peak load and initial stiffness BY3% and 897%respectively. However, it
should be noted that the load capacity fromW3L-1F should be divided by fourefore comparing
with US-CL-1F based ora simple load distribution analysis. Thus, as shown in Hy.the load
displacement curve of orguarte of USSUDL-1F is gaeraly more significanthan that of USCL-1F
as the slab deformation of UIDL-1F is more uniformNo majordiagonal crack is formed, and more

negative yield lines arebservedat the top slapas shown in Fig.82

3.3. Load redistribution of beamslab substructures

To reveal the differencen load transfer mechanismesf the RC beamslab substructures with
differentloading methods the results of thenternal forces obeans and columnsvere extractedit
should be noted th#lte beam sections are at a distance of 200 mm away from thecb&armm interface
to avoidelement erosion and fail to provide the inteffioates
3.3.1. Development obxial force in beams

Fig. 16 showsthe development adixial force atthe crosssections near the column stubue to
symmetry,similar characteristics of axial force developmardobservedat crosssections Xbeaml

andY-beaml. The axialforce initially is compressiveindicating the mobilization of CAA~or CLand

11
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UDL methods when the displacement excae8l’0 mm and 2% mm, respectively,the axial force
transfesinto tension, reflecting theevelopment oT CA.

The comparison between Fig (a) and (b)ndicaesthat theUDL methodsignificantly weakesa
theCAA of beams €.g.,the maximum axial aopressive force redaesfrom 198.3 kN to 151.2 kN) but
startsthe TCA earlier and greatdfor CL andUDL methods, thenaximum axial tension force 88.1
kN and 8.1 kN, respectively, which indicasethat TCA is not efficiently mobilized due tdewer
constraints from surroundirgiyuctural menbers
3.3.2. Reactions of supporting columns

Figs. 17 (a) and (b) demonstrate the proportion of reaction fatagifferent columnso the total
reaction forcainder CL and UDL, respectivelifor USCL-1F, atthedisplacement of 50 mm4% and
44% of the loads distributed into columns B and D, respectively. Similarly, at this displacement stage,
42% and42% of the loadaredistributed nto columns B and D of USDL-1F. For USCL-1F, after
displacement o082 mm, the proportion of columns B and D decesawith further increasing the
displacementlue to concrete crushing occurred at the beam AB and AD. Conversely, the proportion of
columnC keepsgrowing as column Gemairs almost ntact during the test. However, for WL -1F,
after dsplacement 020 mm, the propdion of columns B, C, and DBearly maintais constanbecause
the deformation of the slab and beammmore uniform. In other words, column C sufferore significant

damage when increang the displacement.

3.4. Dynamic response

It is worth noting that progressive collapsen@mally a dynamic event. Thus, it is necessary to

evaluate the dynamic load capacity of the substructures under different loading methods. Based c

12



252  previous studiesd[1415,27, an energybased modewhich wasproposed by 1zzuddin et aB]], was

253 adopted in tls dynamic evaluationThe dynamic resistance of the specimens could be determined by

254 Eq.(1).
255 Q)
256 where and represent theynamic load resisting function and nonlinear static load

257  resisting function, respectively.

258 Fig. 18 illustrates thdynamic behavioof the bearrslab substructures. Thigynamic peak loadsf

259 US-CL-1F and USUDL-1F are 36.9 and 24.4 kN, respectively. Similar to the conclusions from
260 nonlinear quasstatic resultsthe UDL methodcouldincrease the dynamic peak load by 50&en,

261 the load resistance of U3DL-1Fis divided by four, the UDL method could increase the dynamic load

262 capacityof CL-case byb2 %.

263 4. Analysis of multi-story frame structures

264 Progressive collapse is a global behavmra multi-story building However, onlya singlestory
265 beamslab substructure was tested in the test progranT [&js,it is imperative to understarnghether
266 the loadtransfer mechanissin the singlestory substructurarethe same as tisein a multi-story
267  building. As shown in Fig19, US-CL-2F and US-UDL-2F were established, whiatepresent two-
268 story frame substructuraunder CL and UDLmethod, respectivelylt should be noted thahe load

269 distributiontree, similar to USJDL-1F,was generated in each stafyUS-UDL-2F.
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4.1. The role of Vierendeel action

As concluded by Sasaf@], in moment framesyierendeel actiors the major mechanism for the
loadredistributionof RC framesubjected to the loss of a corner column scenaéhie Vierendeel action
could resist theollapse of the buildingg-orsimplicity, due to the Vierendeel action, bending neot
may develop in the beam end near the corner cotorhelp the resistance of collapse.

Fig. 20demonstrates the comparisaiioadresistancéetweersinge-story andwo-storymoment
frames under both CL and UDL method§he peak load o)S-CL-1F, USCL-2F, USUDL-1F, and
US-UDL-2F are43.7kN, 250.6kN, 1419 kN, and 525.2kN, respectively. Thusor CL method, the
peak load of USCL-2F is 32 % of that of USCL-1F, which is nuch greater tlan the theoretical value
of 200%. The relativelylarge discrepancy could be attributed to Vierendeel action developed-in US
CL-2F. For USCL-1F, no Vierendeel action could be developed as the constraints from structural
components irthe upper storyareignored.However, the peak load of UIDL-2F is 210% of that of
US-UDL-1F. Thus, comparing to CL method, the effects of Vierendeel aat®guite limited As
mentioned above, the effects of Vierendeel action are expressed by developing positive mtmaent at
beam end near the corner column. Thus, the mobilization of Vierendeel atprbe reflected
indirectly by the magnitude of shear force developed in the corner column. As shdvig. &1, much

greater shear force devetip the corner column of USL-2F, comparing to USJDL-2F.

4.2. Structural resistancefrom each story

Fig. 22 shows the comparisasf theloadresistance from different storiefatwo-story frame with
that from asingle story substructuréds shown in theifure, the load resistance of each story is different

afterthe elastic stagel-or CL method, compared with the singkery frame, the pedkad of thefirst
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andsecondstoriesincreass by 79% and 58%, respectivelyHowever, undethe UDL condition, the
peakload of the first and second stesonly increaseby 7% and 3%, respectivelyFor both loading
approachesthe bottom story achieves tlggeaterload resisting capacity, which indicates thia¢
Vierendeehlctionis more eficient in thebottomstory, as the structural components in the second story

could providemore significantongraints to the corngoint in the bottom story

4.3. Load transfer mechanisms of multistory RC frames

As aforementioned, tHead transfemechanismin each story othetwo-story framearedifferent.
Thus, it is necessary to investigate ldeghsfermechanism developing in each story of muliory
frames. Note thatUS-CL-3F, US-CL-4F, andUS-CL-5Frepresent threstory, fourstory, and fve-story
frame substructuseunder CL case, respectivel@imilarly, US-UDL-3F and US-UDL-4F represent
threestory and foustory frame substructuseinderthe UDL case.

4.3.1. Structural resistance of multstory frames

For US-CL-3F AUS-CL-4F, and US-CL-5F, as shown in Fig23 (a), (b), and (c) the structural
resistance developing in each story is different. The maxithoachresistance is observed in the first
story, which is the same as thaundin US-CL-2F.By increasing the number of stories, it can be found
that theinitial stiffness,peakload, and residuaload resistancef the middle stay are pretty similar,
which indicates that thdevelopment ofoad transfer mechanisyof the middle stories is almbs
identical Moreover the peak load othe middle stoiesis the least compared with the top and bottom
ones.Like theCL case, folUS-UDL-3F andUS-UDL-4F, as shown in Fig.4£2(a) and(b), the bottom
storyalsoachieves thenost significaninitial stiffness angeak load However the difference of load

resistance between the top story and the middle story is lquited dueto less Vierendeel action
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developed in UDL case# additiondue to the weak tie fordeom thesurrounding elementkessTCA
andTMA could be mobilizedo resist progressive collapse under both CL and UDL metisdshown
in Fig. 23, comparing the loadisplacement curve of the first story in model&J&CL-3F, US-CL-4F,
and USCL-5F shows thatncreasing the story number will not affect the load resistance and load transfer
mechanisra of the first story. In other words, the constraints to the corner joint in the firstatery
similar whatever the story number is three, four, or five.
4.3.2. Axial forceof beamsin multi-story frames

GLPLODKIMWURELVFAVNVMBFWLRQ DYRIOHI R EMEBYR YWHRD OV R H[W
WROOXWHKHDORDG WUDQ®VIRU PHEKOIQALIWP\V RBW L RAMQKWH RA URHW/IVP
GLVFXVVHG KHUHLQ 1RB\HD RWKREW DAPK H SQUHEVHEIED IRAW: VIL QBIW W HW R
ILIWK VWRU\ UHVSHFWLYHO\

$VVKRZA@ )LJ IRU &/ FDVH WKH EHDPV LQ HDFK VWR
GLVSODFHPHQW RI PP $IWHU WKDW WKH D[LDO IRUFH
VXFFHVVLYHO\ ORUHRYHU WKH EHDPV LQ W RNH. DLOJOAWD @ W ROUR\k
PD[LPXP FRPSUHVVLYH IRUFH RI N1 DW WKH GLVSODFHPH
VWRU\ DFKLHYH WKH PD[LPXP FRPSUHVVLYH IRUFH RI N
LQGLPRYEHNMS GHY HIOQR SHREO R WHRRYHU WKH FRPSUHWWQLWH HRRLFG
VWRBPSDUHWKAHALWR S DRINVLPUDWRUWOX'RIFDVH DV VKRZQ DWQI KLV
FRPSUHNRWIRMH NY PHDVXUHG LQOWHWHRMHKNW R/PASRIUH\MOWLKYHH |
EHDPWKB WRS WWRIUKWO\ OOWKH WP WHEROQMW K D W

JRU ERWK ORDGLQJ PHWKRIGVY DOW EWBRERW WM HGE GQ/EDO M WWKRH

ZKLPKUHHYV ZHOO ZLW R D/GKY HYH VXV HR |
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5. Conclusions

Basedonthenumerical and parametrstudy conducted in this study, the following conclusions are
drawn:
1.Compaedwith experimental results, it found thathehigh-fidelity numerical modelsansimulate
the globalbehaviorof the RC beanslab substructure subjectedaaorner column loss scenarnell.
However, theshear fracture emgy should be adjustito well simulae the stiffness of the concrete in

CSCM.

2.For gngle-story models under either UDL or CL methods:-UBL-1F and USCL-1F, thepeak
load of US-UDL-1F is 537 % of that US-CL-1F, which is greater thathe theoretical value of 400%.
Thus, it indicatethatthe simplified CLmethod may underestimate the load resistance of the-Slaém
substructures subjected to the loss of a corner column scenario. It could be explained as UDL methc
may achieve more uniform deformation of the beam and atabthus, more materials could fodly

mobilized.

3.For multistory models, it was found that Vierendeel action could not be ignored to resist
progressive collapse of RC frames caused by the loss of a corner column scenario. Comparing to mul
story frames subjected to UDL meth the Vieendeel actiommasmore significaneffects on the frames
underCL method As the building was subjected to UDL lo&dreality, the commonly used CL method
may overestimatehe contribution of Vierendeel action. Moreovehng tVierendeel actions more
efficientin lower storieghanthat inthe upperstories.Therefore, in practical design, it was suggested

to apply UDL load and generating mestiory frameto obtain more accurate results.

4.The numerical results indicated thila¢ load transfer mechanisms developedifferentstories are
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not identicalfor a multistory frame subjected to the loss of a corner column sceMuoreover,it was
found thatincreasing the story number will not affect the load resistance andrévesder mechanism

of the first story.

References

[1] ASCE/SEI 7, Recommendations for Designing CollaRssistant Structures, Structural
Engineering Institutmerican Society of Civil Engineers, Reston, VA, 2010.

[2] GSA, Progressive Collapse Analysis and Desgidelines for New Federal Office Buildings and
Major Modernization Projects, U.S. General Service Administration, Washington, DC, 2003.

[3] Department of Defense (DoD), Design of Building to Resist Progressive Collapse. Unified Facility
Criteria, UFC 4023-03, US Department of Defense, Washington (DC), 2009.

[4] Y. Zhou, T.P. Chen, Y.L. Pei, H.J. Hwang, X. Hu, W.J. Yi, L. Deng, Static load test on progressive
collapse resistance of fully assembled precast concrete frame strciyr&truct200 (2019) 109719.

[5] P. Feng, H.L. Qiang, X. Ou, W.H Qin, J.X Yang, Progressive collapse resistance of- GFRP
strengthened RC beasslab subassemblages in a corner coltt@mmoval scenaria]. Compos. Constr.

23 (2018) 04018076.

[6] M. Sasani Response of a reinforced concrete infilfeine structure to removal of two adjacent
columns,Eng. Struct30(9) (2008) 2472491.

[7] K. Qian, S.L. Liang, F. Fu, Y Li, Progressive collapse resistance of emulative precast concrete
frames with various reinforcing detailk, Struct. Engl47(8) (2021) 04021107.

[8] X.F. Deng, S.L. Liang, F. Fu, K. Qian, Effects of higihength concrete on mressive collapse
resistance of reinforced concrete fragheStruct. Engl46(6) (2020) 04020078.

[9] X.Z. Lu, K.Q Lin, Y. Li, H. Guan, P.Q. Ren, Y.L. Zhou, Experimental investigation of RC beam
18



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

slab substructures against progressive collapse subject tgaoataimnremoval scenaridgng. Struct.

149 (2017) 94103.

[10]P.Q. Ren, Y. Li, X.Z. Lu, H. Guan, Y.L. Zhou, Experimental investigation of progressive collapse
resistance of onway reinforced concrete beastab substructures under a midd@umnremoval
scenario,Eng. Struct118 (2016) 2810.

[11]N.S. Lim, K.H. Tan, C.K. Lee, Experimental studies of 3D RC substructures under exterior and
corner column removal scenari@s)g. Struct150 (2017) 40¥427.

[12]A.T. Pham, N.S. Lim, K.H. Tan, Investigations of tensilentbeane action in beasiab systems
under progressive collapse subject to different loading configurations and boundary conitgpns,
Struct.150 (2017) 52@536.

[13]K. Qian, B. Li, Slab effects on response of reinforced concrete substructures after tusaaf
column ACI Struct. J.109 (6) (2012) 84m55.

[14]K. Qian, B. Li, J.X. Ma, Loagtarrying mechanism to resist progressive collapse of RC buildings,
J. Struct. Engl41(2) (2015) 04014107.

[15]K. Qian, B. Li, Z. Zhang, Influence of multicolumn removal onlte@avior of RC floors]. Struct.

Eng 142 (5) (2016), 04016006.

[16]K. Qian, B. Li, Loadresisting mechanism to mitigate progressive collapse of flat slab structures,
Mag. Concr. Res. 67 (7) (2015) 34863.

[17]1P.X. Pham, K.H. Tan, Experimental response of bekn substructures subject to penultirnate
external column removal, Struct. Eng141(7) (2015) 04014107.

[18]X.D. Pham, K.H. Tan, Experimental study of besiab substructures subjected to a penultimate

internal column losg€:ng. Struct55 (2013) 24.5.

19



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

[19]Y.H. Weng, K. Qian, F. Fu, Q. Fang, Numerical investigation on load redistribution capacity of flat
slab substructures to resist progressive collapggild. Eng29 (2020) 1011089.

[20]K. Qian, Y.H. Weng, F. Fu, X.F. Deng, Numerical evaluation of the relwlfitsing singlestory
substructures to study progressive collapse behaviour ofstoifyi RC frames]. Build. Eng 33 (2021)
101636.

[21]J. Yu, L. Luo, Y. Li, Numerical study of progressive collapse resistance of RC-dabm
substructures under perimet&umn removal scenarioBng. Struct159 (2018) 147.

[22]A.T. Pham, K.H. Tan, J. Yu, Numerical investigations on static and dynamic responses of reinforcec
concrete suassemblages under progressive collaihsg, Struct149 (2017) 220.

[23]J. Yu, Y.P. Gan)J. Wu, H. Wu, Effect of concrete masonry infill walls on progressive collapse
performance of reinforced concrete infilled framesg. Struct191 (2019) 179.93.

[24]Y. Li, X.Z. Lu, H. Guan, L.P. Ye, An improved tie force method for progressive collapstaress
design of reinforced concrete frame structubkesy. Struct33(10) (2011) 2938942.

[25]D.C. Feng, S.C. Xie, J. Xu, K. Qian, Robustness quantification of reinforced concrete structures
subjected to progressive collapse via the probability density temolnethod Eng. Struct202 (2020)
109877.

[26]Ministry of Housing and UrbaRural Development of the People's Republic of China (MOHURD).
Code for design of concrete structures. GB562AMD0. Beijing, China; 2010.

[27]Ministry of Housing and UrbaRural Develoment of the People's Republic of China (MOHURD).
Code for seismic design of buildings, GB50&110. Beijing, China; 2010.

[28]Y. Wu, J.E. Crawford, J.M. Magallanes, Performance ofDYSNA concrete constitutive models,

12th Int. LSDYNA Users Conf, Livermore &tware Technology Corporation, Livermore, CA, 2012.

20



421

422

423

424

425

426
427
428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

[29]J. Hallquist, LS'<1$ .H\ZRUG 8VHUYfV 0DQXDO 9HUVLRQ /ILYHL
Corp., Livermore, CA, 2007.

[30]CEB. CEBFIP model code 1990. Thomas Telford; 1991.

[31]B.A lzzuddin, A.G Vlassis, A.Y Elgizouli, D.A Nethercot, Progressive collapsaroflti-storey
buildings due to sudden column lo8s Part I: Simplified assessmeftamework,Eng. Struct.30(5)

(2008)130948.

Captions of tables

Table 1-Reinforcement properties

Table 2-Study ondifferent mesh sizes

Table 3-Model parameters of CSCM for FE models (Unit: N, mm and ms)

Table 4Comparison of key results between test and FE model

Captions of figures

Fig. 1 Dimensions of specimen US (unitsmm[5]

Fig. 2 Hest setup and instrumentatimeation in the referenceckgeriment [5]
Fig. 3 !Numerical model oUS-CL-1F

Fig. 4 £omparison of different mesh sizes

Fig. 5%5eneral shape of concrete model yield surface

Fig. 6 £omparison of different concrete input parameters

Fig. 7 *Jnconfineduniaxial stressstrain curve of concte based on CSCM

Fig. 8 £omparison of loadlisplacement curvdsetween test and FBodel

21



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462
463

Fig. 9 £omparison of failure modes between test andnedel (a) US[5]; (b) USCL-1F

Fig. 10 omparison of the crack distributions between test anché@el (a) US[5]; (b) USCL-1F
Fig. 11 Details of numerical model for load distribution rig

Fig. 12 4 ayoutof theloading systenfunit: mm)

Fig. 13 Numerical model oUS-UDL-1F

Fig. 14 £omparison bload-displacement curvasetweenJS-CL-1FandUS-UDL-1F

Fig. 15 #ailure modes ahesdlab in model USUDL-1F: (a) Top surface of the slab; (b) Bottom surface

of the slab

Fig. 16 lbevelopment obeamaxial force: (a)US-CL-1F; (b) US-UDL-1F

Fig. 17 £ontribution of each suppang column (a) US-CL-1F; (b) US-UDL-1F

Fig. 18:Dynamicresistance of beaislab substructures

Fig. 19 sNumerical modet (a) US-CL-2F; (b) USUDL-2F

Fig. 20 omparison of loadliisplacement curvesetween CL ant)DL conditions

Fig. 21 Development of shear force of corner column

Fig. 22 £omparison ofoadresistance from different stories with singl®ery substructure: (&)S-CL-
2F; (b) USUDL-2F

Fig. 23 4 oad resistance of each story under. G1) US-CL-3F; (b) US-CL-4F; (c) US-CL-5F
Fig. 24 4 oad resistance of each story under Ufd) US-UDL-3F; (b) US-UDL-4F

Fig. 258Beam axial force of each story under CL: (a)OIS3F; (b) USCL-4F; (c) USCL-5F

Fig. 26:Beam axial force of each story under UDL: ((§-UDL-3F; (b) USUDL-4F

22



464 Table 1-Reinforcement properties

Diameter Yield strength  Ultimate strength  Elongation  Yield strain

Iltems
(mm) (MPa) (MPa) (%) (0
R6 6 324 525 23 1543
T12 12 427 530 18 2135
465 Note: R6 represents plain bar widtameter of 6 mm; T12 represeteformed rebar with diameter of 12 mm.
466 Table 2-Study on different mesh sizes
Type Mesh size 1 Mesh size 2 Mesh size 3
Mesh size of slabs (mm) 25p@5p@3.3 20p@0pd 7.5 20p@0pd4
Mesh size obeamsand columns (mm) 25p@5p@5 20p@0pao0 15pd5pd5
Mesh size oReinforcements (mm) 25 20 15
Total number of solid elements 76672 152325 367990
Total number of beam elements 23330 29210 38708
Time consuming (s) 36241 43717 144940
467 Table 3-Model parameters of CSCNbr FE models (Unit: Nmm and ms)
MID RO NPLOT INCRE [IRATE ERODE RECOV ITRETRE
1 0.00232 1 0.0 0 1.10 0.0 0
PRED
0.0
G K ALPHA THETA LAMDA BETA HN CH
5000 5476 13.408 0.2751 105 0.01929 0.0 0.0
ALPHA1 THETAl1 LAMDAl1 BETAl1 ALPHA2 THETA2 LAMDA2 BETA2
0.74735 0.001315 0.17 0.07639 0.66 0.001581 0.16 0.07639
R XD W D1 D2
5.0 87.8 0.05 2.5e4 3.492e7
B GFC D GFT GFS PWRC PWRT PMOD
100.0 3.308 0.1 0.06616 0.03308 5.0 1.0 0.0
ETAOC NC ETAOT NT OVERC OVERT SRATE REPOW
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
468 Table 4Comparison of key results between test and FE model
Results  Critical Displacement (mm) Critical Load (kN)
Source YL PL YL PL UL
Test 50 85.2 35 43.5 14.1
FEM 46.8 83.6 37.1 43.7 13.6
FEM/T est 0.936 0.981 1.06 1.005 0.965
469 Note: YL, PL, and UL represent yielthad, peak loadand ultimate load, respectively.

470
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Fig. 1 Dimensions oBSpecimen & (units: nm) [5]

Fig. 2 Test setu@nd instrumentation locatian the referencedxperiment[5]
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Fig. 15 Failure modes atheslab in model USUDL-1F. (a) Top surface of the slab; (b) Bottom

surface of the slab
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Fig. 16 Development obeamaxial force (a) US-CL-1F, (b) US-UDL-1F
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Fig. 18 Dynamic resistance of beastab substructures
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Fig. 23 Load resistance of each story under. &) US-CL-3F; (b) US-CL-4F; (c) US-CL-5F
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Fig. 24 Load resistance of eastory under UDL (a) US-UDL-3F; (b) US-UDL-4F
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