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e CompressivebehaviorofCFRP-confinedCFSTcolumnwithlightweightconcreteasinfill.
e Numericalpredictionof compressivestrength basedonPrabhuetal.(2015).
¢ FiniteElementModellingof Lightweight CFSTcolumnanditsvalidation.
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Nomenclature
Ac Cross-sectionalareaoffilledconcrete ficon  Lateralconfinementpressure
As Cross-sectionalareaofastainless-
steeltube
D Diameter (External)of circular cross- funcon
section Unconfinedcompressivestrengt
v . hofi
fecon  Compressive strength  of CESTeolumn
CFRPconfinedCFST fy Yieldstressofsteeltube
circularcolumn I
fo Effectiveconfinementcoefficient
Cylindercompressivestrengthof cetivecontinementeoetiicien
concrete n Numberof CFRP layers
fhp TensilestrengthofFRP NpLraAxial loadcarryingcapacity
tep ThicknessoftheFRPconfinement
ABSTRACT

Recently,theuseofConcreteFilledSteel Tubular(CFST)columnsispopularbecauseoftheloadresistanc
e of both the steel and the concrete. The use of lightweight concrete as an infill in CFSTcolumns
can reduce its self-weight without much more reduction in its capacity and hence
moreconvenientinthecaseofmulti-

storiedbuildingscomparedtonormalreinforcedconcretecolumns.By confining with Carbon Fiber
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Reinforced Polymer (CFRP) the strength of Light-Weight
CFST(LWCEFST)columnscanbefurtherimproved. Thispaperconsistsofanexperimentalprogram,
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FiniteElementAnalysis,andnumericalpredictionforthedeterminationofthebehaviorof CFRP-
confinedcircularLWCFSTcolumns. ThestrengthoftheLWCFSTcolumnincreasedconsiderablywitht
heuseoftheCFRP confinementandit alsodependson thethicknessof theconfinement.

1. INTRODUCTION

Overtime,theconstructionindustryhaswitnessedvariouscompositestructuresforhigh-
performancecolumnsdesignedfarbetterregardingstrengthandserviceability. CFSTcolumnsaresucha
structurethatoutstandsconventionalcolumnsinvariousstructuralpropertiessuchasbetterbearing
capacity, good ductility, fire resistance, etc. A steel tube filled with concrete as its core istermed
as CFST column. It uses the benefits of both concrete and steel, which brings down
therequirementof concretebyasignificantamount andthus economizesthe structure[1][2][3]

Experimentalstudiesshowthatwiththeincreaseinload, CFSTusuallybucklesoutward,andleadsto
damage to the structure by the reduction of confinement effect [4]. This is more common
inCFST columns with high-strength steel because of its smaller cross-section and the larger
width-to-thickness ratio [5][6][7]. To counteract this, the effective method is to strengthen it
againstbuckling[8].

ThemainadvantageoftheCFSTcolumnisthebondinginteractionbetweentheconcreteandsteeltube,
i.e., the restriction created by concrete delays the local buckling of the steel tube, and
theconfinement created by the steel tube enhances the strength of concrete, thus the
compressivestrength and ductility of the concrete and axial capacity of columns are enhanced.
Since noformwork is required and no longitudinal or lateral concrete reinforcement is used, the
speed ofconstructionhasincreased alot[9].1t rapidlyincreasesthe popularityof CFST columns.

Even though the interaction between concrete and steel increases the ductility of concrete
andpreventstheinwardbucklingofsteeltubes, therestillexistthefailuremechanismsofacolumnbytheou
twardbucklingofsteeltubes. Anotherproblemencounteredduringtheserviceperiodisthecorrosionofst
eeltubeinsevereclimaticconditionssinceitisdirectlyexposedtotheatmosphere. These problems give
rise to the idea of providing CFRP confinement on the surface of the CFSTcolumn[10].

Due to the lightweight, high tensile strength, corrosion resistance, etc. the use of CFRP
increased[11][12][13][14][15]. The buckling of the steel tube in the CFST column can be
restrainedconsiderably by CFRP confinement over it [16]. The CFRP consists of carbon fibers
with highelastic strength embedded in the epoxy resin matrix. It provides sufficient confining
effect tocolumns, thus preventing outward bulging of the steel tube and also protecting it from
severeexposuresto theenvironment[17].

PreviousstudiesalsoshowthatconfinementbyFiberReinforcedPolymer(FRP)canimprovethecapacit
yofthecolumn.Theimprovementinloadcapacityisusuallymoreobservedinrectangularsections.
Confined columns exhibit better ductility; hence failure 1is associated with shear
[18].Sincethethicknessofthetubeinfluencesthecapacityofthecolumn;thethicknessandnumberof
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FRPlayerscanalsoplay animportanteffectonitsperformance[19].Thefailureofthecolumnisgenerally
by wrap rupture of FRP, which occurred at corners in square columns whereas at mid-heightin
circularcolumns[20].

CFST columns are divided into three based on slenderness ratio — stub column, moderate
slendercolumn, and slender column. Commonly, the failure of the stub column is strength failure
and

fortheslendercolumn,itisduetooverallbuckling. Moderatecolumnfailsinbetweenstrengthfailureand
instability failure. Research shows that the performance of CFRP-confined CFST
columnsunderaxial loadingis mainlyconcentrated in stubcolumns[21][22][23].

Lightweightconcrete(LW C)wasanotherrevolutionaryinventioninthecivilengineeringfield.Itbrings
downtheself-weightofthestructurebyamarginalamountbut,itprovideslessstrengthascompared with
generally used concrete. Lightweight concrete consists of  lightweight
aggregatesuchaspumice,scoria,etc.[24].MultistorybuildingsconstructedwithLWCFSTcolumnsare
waymuch better and serviceable as compared with normal steel or RCC column. The
lightweightconcretealsohasimportanceincolumnbehavior;sinceitcanreduceabout25-30%ofself-
weightwithnot much reduction in its strength[25].

Partial CFRP wrapping with CFRP strip spacing over CFST columns are effective in
strengthincrement and the economical strip spacing is 20 mm [26].Strain hardening effect
became
morebetterforstainlesssteelwiththeincreaseinCFRPconfinementlayeronCFSTcolumn[27].Effectof
CFRPonCFSTcolumnimprovedwithincreaseinCFRPlayers,butdecreasedwithincreaseinconcrete
strength [28]. Numerical prediction is done and verified with the experimental data[26][27][28].
Finite Element Model (FEM) of CFST column was developed and validated
withexperimentalresults[27].

There are only a limited number of studies related to the compressive behavior of
LWCFSTcolumnsconfinedwithCFRP.So,thispaperincludesthecompressionbehaviorof CFRP-
confinedcircular LWCFST columns under axial loading. The experimental parameters included
concretestrength and CFRP confinement. The failure mode was analyzed and the axial load-
displacementcurveswerepresented.

2. EXPERIMENTALSTUDY
2.1 MaterialProperties

The main components of CFRP-confined LWCFST columns are steel, lightweight concrete,
andCFRPcomposite.

2.1.1 Steel

Thesizeandpropertiesofsteeltubesusedconsistedofatubethicknessof2mm,anouterdiameterof76.2
mm,alengthof600mm,young's modulusof 1.9x10° MPa, and Poisson’sratio 0f0.3.
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2.1.2 Concrete

Lightweight concrete M30 (1:1.45:1.4 with w/c ratio of 0.38) was adopted. It was prepared
usingthematerialssuchas;53-
gradeOPCcementconfirmingtolS12269:1987.LWCwaspreparedbyusingM-sandconfirmingtolS-
383:1970belongingtozonell,light-weightPumicestoneaggregate, the admixture of
superplasticizer, and  water. Three cubes of 150 mm x 150 mm
x 1 50mmweretestedtogetthecompressivestrength. Thepreparedmixshowsasatisfactorydensityof170
2.42kg/m? and exhibits an average28-day strength of 32.3 MPa.

2.1.3 CFRPand EpoxyGlue

The confinement on the column was provided using CFRP composite sheet. The
compositeconsisted of carbon fibers winded in a biaxial direction embedded in an epoxy resin
matrix. Thefibersexhibit an ultimate strength of 690MPaaxially witha tangent modulus 0f230
GPa.

2.2 PreparationofSpecimens

For the study of compressive behavior, a total of 9 LWCFST columns were prepared, of
which,threecolumnsarewithoutFRPconfinement,threecolumnsarewith1layerofFRPwrapping,andt
hree columns are with 2 layers of FRP wrapping. The carbon fabric was wrapped by cutting it
attherequiredsizeandapplyingasufficientquantityofepoxyresin.24hourswereprovided
forthecuringoftheresin. Fig. 1shows the prepared specimens.

(b)
Fig.1.PreparationofSpecimens:(a)castingofcolumnspecimenand(b)
specimenwrappedwithCFRP

2.3 InstrumentationandTestSetup

All the columns were tested under compression axial loads with a high degree of
accuracyuniversaltestingmachine

withacapacityof100TonnesandthetestsetupisshowninFig.2. Thecolumn specimen was centered
within the UTM to make sure that the axial compressive load isacting through the centroid of the
specimen with no eccentricity as shown in Fig. 3. The ends ofthe specimen are ground for
smoothened and leveled surfaces to get rid of any kind of surfaceirregularitiesandforuniform

loading on the specimensurface.
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The vertical displacement of the lower movable head of the testing machine was measured
aboutthe upper head of the testing machine using an LVDT of accuracy up to 0.01 mm. Readings
ofapplied load from UTM and displacement from LVDT were recorded at regular intervals
duringthe tests. The axial load was applied at a rate of 10 Tonnes/min. This implementation of
the
loadcontinueduptothefailureofthecolumn. Whiletesting, LVDTwasconnectedtoallspecimenstothe
bottom face of the specimen by a steel plate to measure the displacement of the column
undercompression.

__—Upper cross head

. VE\ VE\ I/"/'
. r
__—Movable cross head
-
LvDT
Specimen . Load indicator
- Tl

LN )

> End plate N4

—Table
| = |

Fig.2.ExperimentalSetup

_—Speed control

(a) (b)
Fig. 3. Axial Compression Test on the Column: (a) unconfined LWCFST column and (b) CFRP-
confinedLWCFST column
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3. RESULTSANDDISCUSSION
3.1. ExperimentalResults
3.1.1 FailureModes

ThetailuremodesofthetestedLWCFSTcolumnsareshowninFig.4.Intheinitialstage,thecolum
nswerecompressedaxiallyundertheactionofload.Forthesteeltube, failurestartswiththe inward
buckling of the tube. But the in-filled concrete prevents this inward buckling andincreasedthe
ductility of the column.

For the columns unconfined by FRP, the failure starts with local ring-shaped
outwardbuckling of steel tube and was first formed near the ends and then near one-third height
of thecolumn from the base. The final failure was due to the global buckling about mid-height of
thecolumn.

In the case of CFRP-confined LWCFST columns, the FRP prevents the outward
bucklingof the steel tube by applying confining pressure on the steel surface. This delays the
failure of thespecimen and thus increases the ductility of the column. The specimen mainly fails
by globalbucklingabout mid-height of thecolumn and localbuckling at the ends ofthecolumn.

L

(b)

(c)
Fig.4 Failuremodesof LW CFSTcolumns:(a)unconfinedcolumn,(b)confinedwith 1layerof CFRP,an
d (c) confinedwith2 layers of CFRP
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3.1.2 UltimateLoad

Table 1 shows the average load-carrying capacity of the tested columns.The load-

carryingcapacity of the LWCFST column increased with the increase in thickness of the CFRP
layer andisshown in Fig. 5.

Tablel.Load-carryingcapacityofcolumns

S1.No. Numberof CFRP Load-carrying Percentageofincrease
layers capacity(kN) (%)
1 0 176.60 -
2 1 220.70 25.00
3 2 274.70 55.50

300
250

= 200
150
100
50

Load(kN

® Load(kN)

0 1 2
NumberofCFRPlayer

Fig.5.Load-carryingcapacityofcolumns

3.1.3 Load-DisplacementCurves

Load-
displacementcurvesofconfinedandunconfinedLWCFSTcolumnisshowninFig.6.Thegraphshows
thatthe ductility ofthecolumn-inereaseswith-theeffectof confinement.

300

250 / ™\

N = withoutFRP
= 200 - confinement
= I N\
§ 150 I onelayerFRP
2 100 l confinement

50

= twolayer FRP
0 confinement

0 2 4 6 8 10 12 14
Displacement(mm)

Fig.6.Force-displacementcurvesofcolumnspecimens
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3.2. FiniteElementModel(FEM)

By using ANSYS 2021 R2, the finite element model of both unconfined and confined
LWCFSTcolumns was modeled and validated with the experimental results. The finite element
type usedfor concrete was solid 186 and steel and CFRP was shell 181. At the top, all degrees of
freedom(DOF) except longitudinal displacement were arrested. All DOF was arrested at the
bottom. Themodelwas analyzed under axial compression conditions.

3.2.1 FailureModes

TheresultsareshowninFig.7. ThefailuremodesfromFiniteElementAnalysisarewellmatchedwiththef
ailuremodes from experimental results.

(b) (c)
Fig. 7. FEM Results of LWCFST columns: (a) unconfined, (b) confined with 1 layer of
CFRP,and(c)confinedwith 2 layers of CFRP

3.2.2 UltimateLoad

Table2showstheload-carryingcapacityofthemodelledLWCFSTcolumn. TheFEMresultsshowsthe
same behaviorof experimentalresults andis shown in Fig.8.

Table2.Load-carryingcapacityofcolumnsfromFEM

S1.No. Numberof CFRP Load-carryingcapacity
layers fromFEMresults(kN)
1 0 172.50
2 1 234.40
3 2 286.45
8
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100
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® Experimental

@ ResultsFEMResults

Fig.8.Load-carryingcapacityofcolumnsfromFEM

3.2.3 Load-displacementCurve

Load-

displacementcurvesofconfinedandunconfinedLWCFSTcolumnisshowninFig.9.Also,thecurvematc
h with theexperimental results.
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Fig. 9. Load-displacement curve of LWCFST columns: (a) from FEM modelling, (b)
validationof unconfined columns, (c) validation of confined column with one layer of CFRP,
and (d)validationofconfinedcolumn with two layers of CFRP
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3.3. NumericalPrediction ofLoadCapacity

AsperEurocode4,theaxialloadcarryingcapacity(Npi,ra)oftheunconfined CFSTcolumncanbecalculate

d from,

Npl,Rd:Asfy+Acfck ( 1 )

Prabhuetal.(2015)proposedanewmodeltodeterminethecompressivestrengthof CFRPconfined CFST

circularcolumn(f ccon) based on theirstudy and research and isgiven by;

f =[1+kfleon]f (2)
ccon funcon uncon

where ficonand  funconare the lateral confinement pressure exerted by CFRP and

compressivestrengthoftheunconfinedCFSTcolumnrespectively.Here, kisaneffectiveconfinementco
efficient.

fieon= 7" P[1+(0.3(n-1)] 3)
D
funcon:Asfy+Acfck (4)

The same numerical model is adopted for the current experimental study and the results are
listedin Table3.

Table3.Predicted resultsof LWCFSTcolumns

S1.No. NumberofCFRP Predictedresults
layers (kN)
1 0 183.85
2 1 224.60
2 279.20

6. COMPARISONS

Both the FEM results and predicted results well match the experimental results and are listed
inTable 4. Also, the percentage variation of FEM and numerically predicted results are listed
inTables.

Table4.Comparisonofresults

Sl.  Number Experimental FEMresults  Predictedresults
No. ofCFRPlaye  results(kN) (kN) (kN)
1S
1 0 176.60 172.50 183.85
2 1 220.70 234.40 224.60
3 2 274.70 286.45 279.20
10
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Table5.Validation ofresults

Sl.  Number Experimental Percentagevariatio Percentage variation
No. ofCFRP  results(kN) n of FEMresults ofnumerically
layers withexperimentalre predictedresults with
sults experimentalresults(%o)
(%)
1 0 176.60 2.32 4.11
2 1 220.70 6.21 1.77
3 2 274.70 4.28 1.64

7. CONCLUSION
Thefollowing conclusionswereobtained fromtheexperimental study;

e CFRP confinement improves the compressive behavior and ductility of the
LWCFSTcolumn.Theconfinementdelaysthebucklingofsteeltubesandpreventstheinitialfail
uremodes.

e Thenumberofconfininglayersisfoundtobeproportionaltothecompressivestrengthandductilit
yof the column.

e The ductility of the column is enhanced to a greater extent by the FRP confinement
byrestraining the local buckling. It increases with the number of confining layers by
theapplication of more restraining force. The specimens exhibit large deflections
withoutfailure by the confining effects. Failure of columns without confinement starts
with
localbucklingwhichwasabsentinconfinedcolumns;henceincreasingthestrengthandductility.

e The compressive strength of the unconfined CFST column is increased up to 55.5%
byusing two layers of CFRP confinement. Even, a single layer of CFRP confinement
canincrease the strength of the LWCFST column up to 25%. Hence, it is clear that the
CFRPconfinementcaneffectively improvethe compressivestrength of LWCFST columns.

e Finite element analysis and a numerical prediction of the experimental study were
doneandthe resultsfrom bothstudies arevalidatedwiththeexperimentalresults.
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