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Abstract

The local and post-local buckling behaviour of ktabes in thin-walled circular
concrete-filled steel tubular columns under axaald is presented. Geometric and
material nonlinear finite element analysis is cantdd on steel tubes under
uniform edge compression to determine critical lo@ad post-local buckling

strengths.

The local and post-local buckling of steel tubeduces the ultimate loads of thin-
walled circular CFST columns under axial comprassioimited experimental

research on CFST columns has been conducted. Téwetsebf local and post-
local buckling on the behaviour of thin-walled citlar CFST columns have not

been adequately researched.

Three-dimensional finite element models are dewopsing the finite element
technique. Initial geometric imperfections, residsteesses, material yielding and
strain hardening are considered in the analysise8an the results obtained from
the nonlinear finite element analysis, a set ofigte$ormulas is proposed for
determining the critical local buckling loads antdmiate strengths of steel tubes
in thin-walled circular CFST columns. The proposedign formulas are verified

by comparisons with existing experimental results.
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Nomenclature

B = width of steel plate

D = diameter of steel tube

E = elastic modulus of steel

fy = yield strength for steel

f, = failure stress

f, = yield stress

fro2 = yield proof stress

h = height of steel tube

J', = Second invariant of the deviatoric stress tenso
k = local buckling coefficient

K (k) = material parameter, function of the hardeningpeeter
L = length

n = knee factor (25)

vV = Poisson’s ratio of steel

t = thickness of steel tube

W = lateral deflection at the tube centre

o) = geometrical imperfection

Ae = modified cross-section slenderness limit

£ = uniaxial strain

o = uniaxial stress

X1l



NOMENCLATURE

Oy, = elastic buckling stress
Oz = stress corresponding g 7

0,,,0,,,05 = principal stresses

o, = maximum edge stress

o, = critical elastic buckling stress of tubes withpienfections
o, = post-local buckling reserve of strength of a Isteiee

o, = ultimate stress of steel tube

Oum = von Mises stress

X1V



Chapter1 INTRODUCTION

1.1 Background

Concrete-filled steel tubular (CFST) columns areduss primary axial load
carrying members in many structural applicationduding high-rise buildings,

bridges, piles and offshore structures. The stratforoperties of CFST columns
include high strength, high ductility and high emerabsorption capacity. The
load carrying capacity and behaviour in compressimmnding and shear are all

superior to reinforced concrete (Zhong & Goode 2001

Currently, there is no comprehensive design stahtlzat can be used for the
design of thin-walled CFST columns. Extensive reded&as been conducted on
steel-concrete composite columns in which strutttesel is encased in concrete.
However, minimal research has been directed at-waited circular CFST

columns (O’'Shea & Bridge 2000). Therefore, extemgigsearch is required on
the local and post-local buckling behaviour of tialled circular CFST columns

and that is the topic of this dissertation.
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Thin-walled CFST columns are those which are desigo take account of the
beneficial effect of the concrete restraint agalasal buckling of the steel tube.
The concrete core effectively prevents the stdat tinom inward local buckling
resulting in a higher buckling mode (Bridge et &#095). The local buckling
restraint provided by the concrete core therefeegl$ to an increase in the local
buckling strength of the steel tube. Furthermohe local buckling restraint
combined with the confinement of the concrete doyrehe steel tube leads to an

increase in the ultimate strength of the CFST colum

The reduction of the steel tube thickness in thatled CFST columns has the
potential to significantly reduce construction sostowever, thin-wall CFST
columns are susceptible to the local instabilitylppem of thin-walled steel plates
under compression and in-plane bending. The logeklmg of steel tubes with
geometric imperfections and residual stressesteesul reduction in the strength

and ductility of members (Liang et al. 2006).

1.2 Application of CFST Columns

The use of CFST columns in contemporary constrnagancreasing throughout
the world (Uy 2000). Thin-walled CFST columns haveen used in many
Australian high-rise buildings including Casseld@lace and the Commonwealth
Centre in Melbourne, the Riverside and Myer Ceninesdelaide and Market

Plaza in Sydney (Watson & O’Brien 1990).
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CFST columns are constructed using circular holgieel sections filled with
either normal or high strength concrete. In a CESIUmMn the concrete is fully
encased by the steel tube. A typical cross sedsiotustrated in Figure 1. The
concrete core has the advantages of high compeessength and stiffness while
the steel tube has the advantages of high streargihductility. CFST columns
combine steel and concrete, resulting in a mentiarias the beneficial qualities

of both materials.

Concrete
core

Thin-walled
steel tube

Figure 1.1: Cross section of CFST column.

Thin-walled CFST columns offer an economical solutfor members subjected
to primary axial loads due to the current incregsprice of steel and the
advantages offered during the construction procelss. steel tube provides the

necessary formwork and has the ability to supporistruction loads prior to
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placement of the concrete allowing for rapid camdion. Furthermore, the
increased compressive strength of CFST columnswsallfor smaller cross-
sections resulting in lower material costs andranease in lettable floor area and

floor space flexibility.

1.3 Project Aims and Obijectives

This project aims to investigate the local and posal buckling behaviour of
thin-walled circular CFST columns using the finidement method. The
objectives of this project in accordance with thmedfication, as included in

Appendix A, are as follows:

1. Research existing information relating to local gust-local buckling of

concrete-filled thin-walled steel tubular columns.

2. Study the nonlinear finite element analysis metlaod develop three-
dimensional finite element models for the nonlinaaalysis of concrete-

filled thin-walled steel tubular columns.

3. Conduct geometric and material nonlinear finitevedat analysis on steel
tubes under uniform/non-uniform edge compressiodet@rmine critical
load and post-local buckling strengths. Initial gedric imperfections,
residual stresses, material yielding and straiddrang will be considered

in the analysis.
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4. Furthermore, investigate the effects of stressigrasl and tube width-to-
thickness ratios on the load-deflection curves tedpost-local buckling

strengths.

5. Based on the results obtained, propose a set afgrddsrmulas for
determining the critical local buckling loads antinuate strengths of

concrete-filled thin-walled steel tubular columns.

6. Verify the proposed design formulas by comparisoith wexisting

experimental results and those developed by odsearchers.

1.4 Structure of Dissertation

The investigation of the local and post-local buaklof steel tubes in thin-walled
circular CFST columns involved reviews of relatégrature, nonlinear finite
element modelling and analysis of results. Thidigemutlines the structure of

the dissertation.

Chapter 2 discusses the main findings of the literatureeevihat was conducted
on the local and post-local buckling behaviour 88T columns. It includes both
theoretical and experimental studies. A review eohparison of current design

codes is also included.
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Chapter 3 outlines the methodology used to analyse the lacal post-local
buckling of steel tubes in circular CFST columnkisTincludes the method used

to propose the effective strength and ultimatengtite formulas.

Chapter 4 provides a technical explanation of the finitengdat analysis phase,
including the procedure undertaken to create thieefelement model and conduct
the analysis. An outline of the loading conditiomsterial properties, and model

dimensions is also discussed.

Chapter 5 presents and discusses the results obtained thwatghe analysis
phase. The effects of geometric imperfections,d#emess rations, and height-to-
diameter ratios on the local and post-local buckloehaviour of steel tubes in
CFST columns were investigated. Effective strengtid ultimate strength

formulas were also proposed and verified.

Chapter 6 contains the final conclusion on the project asialyand results. This
chapter also concludes on the aims and objectiVgbheoproject and provides

recommendations for further study.
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1.5 Summary

This dissertation aims to investigate the local post-local buckling behaviour of
thin-walled circular CFST columns using the fingeement method. Effective
strength and ultimate strength formulas for theigie®f steel tubes in CFST
columns are also proposed. This investigation ises&ary due to the lack of
research directed at thin-walled circular CFST gols in the past and the

increasing use of these members in contemporarstrwation.




Chapter 2  LITERATURE REVIEW

2.1 Introduction

This chapter will discuss published research tlastihvestigated the behaviour of
CFST columns. Extensive research has been conduatedsteel-concrete
composite columns in which structural steel is sadain concrete. However,
CFEST columns have received relatively little ati@mt in comparison

(Shanmugam & Lakshmi 2001).

Substantial effort has been aimed at developingtéetb understanding of the
behaviour of CFST columns over the last 40 yeaiSI{@a and Bridge 2000). In
this chapter, a review of the research conducte€B8T columns is presented
with an emphasis on theoretical and experimentatiss. A review and
comparison of current design codes is also includredthermore, the review
includes research work that has investigated thectsf of various loading
conditions, diameter-to-thickness ratioB/t], length-to-diameter ratiosL/D),

geometric imperfections and residual stresses @mottal and post-local buckling
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characteristics, ultimate strengths, ductility atefyree of confinement of CFST

columns.

2.2 Theoretical Studies

2.2.1 Finite Element Analysis Studies

Hu et al. (2003) investigated the behaviour of CE®Iumns subjected to axial
loads using the nonlinear finite element progr&BAQUS. The cross-sections in
the numerical analysis were categorised into tgreaps; circular section, square
section, and square section stiffened by reinfomsgnties. Based on the results
for circular CFST columns, the steel tube can mte\a large confining effect due
to the concrete core, especially when Dre ratio are small @/t < 40), which
indicated that local bucking of the steel tubenikely to occur. The results for
square CFST columns suggested that the steel tabe kot provide a large
confining effect particularly when the width-to-tkness ratio is largeB(t >30).
The results indicate that local buckling of theetteibe is very likely to occur.
Based on the analysis results for square CFST cwwstiffened by reinforcement
ties, the confinement effect is enhanced especidiign the tie spacing is small
and the tie number or diameter is large. The reshlow that local buckling of the
steel tube is prevented by the reinforcement tietheérmore, the results from the
nonlinear finite element analysis indicate that tateral confining pressure
decreases with an increase in Bieratio due to the decrease in the lateral support

for the steel tube.
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Johansson and Gylitoft (41 2002) conducted an @éxjgetal and analytical study
on the behaviour of CFST columns subjected to drmdling. The experiments
included loading of the steel tube only, loadinghed concrete only, simultaneous
loading of the concrete and steel, and loading olfotv steel tubes. Test
specimens had &/D ratio of 4 and a D/t ratio of 33. Concrete strésgised in
the test specimens achieved a mean compressivaytstref 65 MPa. Nonlinear
finite element models were created usiABAQUS and verified with the
experimental results. The models were used to examw the behaviour of the
column was influenced by the bond strength betwbersteel tube and concrete
core, and by the confinement effect offered bydteel tube. It was suggested by
Johansson and Gylitoft (2002) that the followinghdasions be drawn for the
results. The load resistance of the short stubnwotuwas determined by yielding
of the steel tube. All of the columns sustainedjdadisplacements with almost
completely maintained load resistance. The typbuakling mode at failure was
greatly influenced by the method used to applyltizel to the column section.
Whether the load was applied to the entire searoonly to the concrete section,
the stability of the column was lost by a combioatiof local buckling and
crushing. A pattern of inward and outward local Kles developed for hollow
steel tubes, while ring buckles developed outwamdy for the CFST column
with the load applied to the steel. The bond stilerigad no influence on the
behaviour when the steel and concrete sections Vea@ed simultaneously.
However, it was noted that for columns with thedl@gplied only to the concrete

core, the bond strength highly affected the comfieet effects and therefore the

10
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behaviour and ultimate strength of the CFST colulire degree of confinement
effect is most pronounced for columns with no betr@ngth between the steel
tube and concrete core when the load is appli¢de@oncrete only. The stiffness
was also influenced by the changed bond strengthihis loading condition.

Increased bond strength resulted in a greater ibatiobn from the steel tube,

meaning the stiffness increased. However, chantiiegbond strength had no
effect for the columns with the load applied to @dire section or only to the

steel section. Johansson and Gylitoft (2002) sugdethat even though the
efficiency of the steel tube in confining the catercore is greater when the load
is applied only to the concrete section, it seemgliable to trust the natural bond
strength to get full composite action. Therefotas irecommended by Johansson

and Gylitoft (2002) that the load be applied to ¢iméire section.

Liang and Uy (2000) studied the post-local bucklbehaviour of steel plates in
thin-walled CFST welded box columns using the éndlement method. The
effects of various geometric imperfections, residiteesses an8/t ratios on the
post-local buckling characteristic were investigateA new method was
developed for evaluating the initial local bucklifmads and post-local buckling
reserve strength of steel plates with imperfectibased on the load-transverse
deflection relations associated with the theorétgelysis. The accuracy of the
design models were verified by a classical soluiod experimental results. The
results indicated that the theoretical predictiforsthe ultimate strength of steel
plates and CFST box columns using the proposedjesodels agree very well

with the experimental data. Therefore, Liang and [@900) propose that the

11
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effective width formulas be used in the ultimatesgth calculation of short thin-

walled CFST box columns subjected to an axial load.

Liang et al. (2006a) performed geometric and malten-linear analysis, using
the finite element analysis method, to investighte critical local and post-local
buckling strengths of steel plates in thin-walle#ST beam-columns under
compression and in-plane bending. Clamped squatesplith various/t ratios,
geometric imperfections and residual stresses steidied. Material yielding and
strain hardening were also taken into account. Aumaerical results obtained by
Liang et al. (2006a) indicated that increasing Blfteratio of a steel plate under a
predefined stress gradient reduces its laterdihets, critical local buckling stress
and ultimate strength. The results also showed tti@tlateral stiffness, critical
local buckling stress and ultimate strength undigeecompression decreases with
an increase in the stress gradient coefficiente8am the results, a set of design
formulas were developed for determining the critloaal buckling and ultimate
strength design of steel plates in CFST beam-codunAaditionally, effective
width formulas were developed for the ultimate ragite design of clamped steel
plates under non-uniform compression. The propdssiyn formulas can be used
directly in the design of CFST beam-columns andpgeth in the advanced

analysis to account for local buckling effects (igeet al. 2006a).

Liang et al. (2006b) used the nonlinear fiber eletmanalysis method to
investigate the ultimate strength and behavioushadrt thin-walled CFST box

columns with local buckling effects. The confinemeffect on the ductility of the

12



Chapter 2 LITERERATURE REVIEW

encased concrete in CFST columns is included inatiedysis. Effective width
formulas proposed for steel plates in CFST box rools with geometric
imperfections and residual stresses were incorpdriatthe fiber element analysis
to account for local buckling. The effects B ratios and compressive concrete
strengths on the ultimate load and ductility of TF$%ox columns were
investigated. Comparisons with existing experimernggults indicated that the
proposed fiber element analysis program predicteldittve ultimate strengths and
behaviour of CFST box columns with local bucklirfeets. Based on the results,
increasing theB/t ratio reduces the ultimate strength, axial stéBjesection
performance and ductility. Furthermore, increasthg compressive concrete
strength increases the ultimate strength and astifhess of the CFST box
column but reduces the section performance andlithu¢tiang et al. 2006b).
The procedure proposed by Liang et al. (2006b)sforulating the progressive
local and post-local buckling of steel plates caradopted in the nonlinear fiber
element analysis of CFST columns under axial bepdimd biaxial bending. The
fiber element program can also be used directhdesign for predicting the

ultimate strength and ductility of CFST box columns

Liang et al. (2004) investigated the local and posal buckling strength of steel
plates in double skinned composite (DSC) paneleubdxial compression and
in-plane shear by using the finite element meth@ditical local buckling

interaction relationships were shown for steel gdatvith various boundary
conditions that included the shear stiffness effexit stud shear connectors. A

geometric and material nonlinear analysis was usedtudy the post-local

13
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buckling interaction strength of steel plates. Btrength interaction curves were
generated using the proportional load incrementathod in the nonlinear
analysis for square plates with varioB& ratios. The finite element models
developed incorporated initial imperfections ofestelates, material yielding, and
nonlinear shear-slip behaviour of stud connectéh® results obtained by Liang
et al. (2004) indicated that the ultimate strengftistocky plates is governed by
the shear capacity of stud shear connectors o lmeekling of steel plates.
Furthermore, based on the results, slender stagdpkan attain their full post-
local buckling reserve of strength without the patwme fracture of stud shear
connectors. Design models for critical buckling attimate strength interactions
were developed for determining the maximum studtisggaand ultimate strength
in DSC panels. The maximum stud spacing prediatedres that the critical local
buckling of steel plates between stud shear coorgeds prevented before the
yielding of steel plates. The proposed design nsodah be used for the design of

DSC panels with similar design situations.

2.2.2 Analytical Studies

Bradford et al. (2002) investigated the issue @flcand post-local buckling of
circular steel tubes with ridged infill, with thenphasis being on the strength of
CFST sections used as composite columns. By usifiRpyeigh-Ritz based
method, a closed form solution for the local bunglstress of a thin-walled CFST

column was derived, see Equation (1), and it wanasestrated that the elastic

local buckling stress is/3 times that of its unfilled counterpart. The vonrikan
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model of effective widths was interpreted in aneefive width framework to

determine the post-local buckling strength of a TESlumn. The model showed
that there is no post-local buckling reserve otrggth, and that the critical
buckling stress governs the strength of slendessesections. The use of this
approach resulted in a prescriptive equation ferctoss-section buckling strength

of slender column; see Equations (2), (3) and (4).

2E 1

Tor = 1-v? W @
A, =(D/t)(f, [ fy) (2)
When A, <125 f, =1, 3)
When A, >125 f, =125f, /[(D/t)(f,/ f,)] (4)

The cross-section modified slenderness limit of, J#bposed by Bradford et al.
(2002), is greater than the value of 100 proposedbllow circular steel tubes.
On the basis of this model, the cross-section issickered to be fully effective

when A, <125 and slender whet, >125. It should be noted that the calibration

technique adopted by Bradford et al. (2002) ladledidble test data.

Lakshmi and Shanmugan (2002) used a semi-analytietiod to investigate the

inelastic and ultimate load behaviour of CFST calgnsubjected to uniaxial or
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biaxial loading in order to determine the ultimateength of square, rectangular,
and circular cross-sections. Moment-curvature-threistionships were generated
for column cross-sections by an iterative proceNen-linear equilibrium
equations resulting from geometric and materiallinearities were solved by an
incremental-iterative numerical scheme based onQ@éeeralised Displacement
Control method. The approach eliminated the litiata of the conventional
analysis in which a deflected shape or patterrsssimed. However, the effects of
local buckling of steel tube, residual stressegajrshardening of steel, shear strain
and tensile strength of concrete are neglected. adoairacy of the model was
proven by comparison with existing experimentalless The results indicate that
the moment capacity of columns decreases with erease in applied axial load.
Furthermore, columns loaded eccentrically displagedignificant decrease in
moment capacity with an increase in eccentricitas&®l on the results, the
proposed analytical model could predict accuratedystrength of CFST square,
rectangular, and circular columns for a varietycolumn slenderness ratios.
Therefore, Lakshmi and Shanmugan (2002) propossdtike method be used for
direct analysis of short and slender composite moki subjected to uniaxial or

biaxial bending.

Shanmugam and Lakshmi (2002) investigated the teffielocal buckling on the
axial compressive strength of thin-walled CFST boXumns. A nonlinear
analysis technique was used to formulate an inanéaheequilibrium equation
based on the updated Lagrangian notation. The @Glsert Displacement Control

method was then applied to solve the equilibriummagign. The analytical method
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was extended in the study to thin-walled CFST colsmThe model was
calibrated using available experiment data andag shown to be fairly accurate
at predicting the behaviour and ultimate loadshai-tvalled CFST box columns.
However, the results from the analytical model appge be conservative when
compared with the experimental results. The resultscated that CFST box
columns have greater strength than hollow steel dmumns. Furthermore, the

effect of local-bucking was found to be significamthin-walled CFST columns.

2.3 Experimental Studies

2.3.1 Circular CFST Columns

O’Shea and Bridge (1997) conducted a comprehersgiries of tests to examine
the behaviour of short thin-wall circular steel égbwith or without internal
restraint. The tubes hadlAdt ratio ranging from 55-200 andladD ratio of 3.5.
The experiments included bare steel loaded bothallpxiand at small
eccentricities, and axially loaded steel tubes vaithinternal restraint medium.
The material properties were measured, includisglual stresses and geometric
imperfections. The test strengths were comparedtrength models in design
standards and design recommendations were propodkedesults indicated that
local buckling significantly decreases the strengthcircular thin-walled bare
steel tubes and that concrete infill for circultged tubes has little effect on the
local buckling strength of steel tubes in axial poession. It was therefore

suggested by O’'Shea and Bridge (1997) that thegttneof steel tubes in CFST
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columns be determined by using the design rulesuiment steel codes for bare
steel tubes. However, it was noted by O’Shea andgBr(1997) that concrete
infill can improve the local buckling strength ofctangular and square steel
tubes. The results also suggested that the progisib current steel codes, which
include the effects of local buckling on the settgirength, are conservative for
thin-walled bare steel tubes with small eccentonads. This was especially
evident when a linear interaction between the acaplacity and moment capacity

was used.

O’Shea and Bridge (2000) performed a series o§ tesistudy the behaviour of
thin-wall circular CFST columns. The loading comatis included axial loading
of the steel tube and simultaneous loading of thweciete and steel tube both
axially and at small eccentricities. The test smeeis had &/D ratio of 3.5 and a
D/t ratio ranging from 60 to 220. The internal conerbad nominal unconfined
cylinder strengths of 50, 80, and 120 MPa. The ltesmdicated that local
buckling significantly affects the strength of diefd steel tubes. Although the
buckling strength of square steel tubes can beawgal by providing internal
lateral restraint, this was not observed in theutar test tubes examined by
O’Shea and Bridge (2000). Instead, the predomiypamitward buckling mode
remained unaffected by the concrete core. The lbataeen the steel tube and
the concrete core was found to be critical in deieing the formation of a local
buckle. O’Shea and Bridge (2000) state that locekling of the steel tube will
not occur for axially loaded thin-walled steel tabié there is sufficient bond

between the steel tube and concrete core. Furtmerriee degree of confinement
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offered by a thin-walled circular steel tube waspetedent on the loading
condition. The largest concrete confinement oceuth only the concrete core
loaded axially and the steel tube used as pureuroigrential restraint.
Conservative design methods were developed thamast the strength of thin-
walled circular CFST columns subjected to differémdding conditions. The
design methods were calibrated and validated upim@yious test results on
circular CFST columns and compared to EurocodeEZN(@992). The simplified
methods used in Eurocode 4 (CEN 1992) can give uecpnservative estimates
if used outside their calibration range. Therefargjas recommended by O’Shea
and Bridge (2000) that Eurocode 4 (CEN 1992) ordyuled for the design of

thin-walled steel tubes filled with very high stgh concrete.

Giakoumelis and Lam (2004) investigated the behaviof circular CFST

columns subjected to axially compression with wasi@oncrete strengths. The
effects of tube thickness, bond strength betweenrstbel tube and concrete, and
confinement of the concrete were studied. Testispats had ah/D ratio of 3.5

and D/t ratios ranging from 22.9 to 20.5. The concretelliniied nominal

unconfined cylinder strengths of 30, 60, and 100aMPhe results show that the
peak load was achieved with small displacemenhigih strength CFST columns
and with large displacement for normal strength TESlumns. Based on the
results, the effect of the bond between the stebé tand the concrete core
becomes more critical as the concrete strengtreases. For normal strength
concrete, the reduction in the axial capacity & dolumn due to bonding was

negligible. The results were compared with valusSneated by Eurocode 4,
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Australian Standards, and American Codes. Whenettperimental results of
Giakoumelis and Lam (2004) were compared to EureehdL7% was the largest
variation between the experimental and calculat@des for the axial capacity.
The predicted axial strengths using AS4100 and ABMere 35% lower than the
experimental results. Giakoumelis and Lam (2004jgssted that Eurocode 4 be
used for the design of CFST columns with both ndriamad high strength

concrete.

Fam et al. (2004) conducted experimental testqwestigate the behaviour of
circular CFST beam-columns subjected to concemixial compression loading
and combined axial compression and lateral cyatiading. The effects of
different bond and end conditions on the strengtti ductility of short CFST
beam-columns were studied. Test specimens h#D eatio of 3 and &/t ratio of
49. The concrete infill had an unconfined cylind#rength of 60 MPa. Both
bonded and unbonded specimens were tested, inglutan application of the
axial load to the CFST section and to the conarete only. The results indicate
that the bond and end loading conditions of a CH&&m-column do not
significantly affect its flexural strength. Howeydhe axially strengths of the
unbonded columns were slightly greater than thddeeobonded specimens due
to the confinement effect. While the stiffness bé tunbonded columns was
slightly lower due to the absence of contributidntiee steel tube in the axial
direction. The behaviour of CFST columns under doexdb constant axial
compression and lateral cyclic loads was very thicBonded CFST columns

exhibited better ductile behaviour than unbondecii@es. Fam et al. (2004)
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stated that current design standards significantigerestimate the maximum
axial capacity of short CFST columns, including flexural strength of CFST
beam-columns subjected to axial compression andlibhgn Furthermore, an
analytical model capable of predicting the flexussld axial load strength of

CFST columns was presented.

2.3.2 Square CFST Columns

Uy (1998) conducted an extensive set of experimentthe local and post-local
buckling of CFST box columns. TH&'t ratios ranged from 40 to 100 and the
concrete infill had nominal unconfined cylinderestgths ranging from 32 to 50
MPa. A semi-analytical finite strip method that lumbed the beneficial effect of
concrete was augmented to incorporate the truessssteain behaviour and
residual compressive and tensile stresses prodogegelding. The model was
then calibrated with the experiments conductede 3lenderness limits derived
from the analysis were compared with Australian d@ritish standards to
illustrate the advantages obtained from a ratidoeal buckling analysis. The
effect of geometric imperfections was not includedhe analysis, although the
experimental results suggested they influenced libbaviour. A post-local
buckling model based on the effective width priteigvas then established to
determine the strength of CFST box columns. Uy&uggested use of the
AS4100 method, based on the effective width priecifor determining the post-
local buckling behaviour of a column under pure pogssion for use in an

ultimate strength analysis. However, Uy (1998) sstied that the results obtained
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provided further confirmation of the conservatison flesign using the AS 4100

model.

Uy (2000) performed an extensive set of experimémtexamine the effect of
plate slenderness limits on the behaviour of sholtimns under the combined
actions of axial compression and bending momerg. mhjority of test specimens
had anL/D ratio of 3 and @/t ratio between 40 and 100. Concrete strengths used
in the test specimens achieved mean compressigagstis between 32 to 50
MPa. The results suggested that local bucklinggsificant in thin-walled CFST
columns. Furthermore, the results indicated tha tise of mean concrete
compressive strength for maximum compressive cta@ength was found to
be valid when the plate slenderness was compac{2Q30) noted that this may
be due to the good quality of concrete caused byrétention moisture. It was
further suggested that since the columns wereulgested to long term loads the
value of the full compressive strength may havenkeggpropriate. However, Uy
(2000) then suggested that since researchers lwawvel fboth final creep and
shrinkage to be lower in CFST columns, the usé®itean compressive strength
may have been suitable. A numerical model develasewhere is augmented
and calibrated with these results. A simple modelthe determination of the
strength-interaction diagram was also verified agfaboth the test results and the
numerical model. The model, based on the rigidtglasethod of analysis, is
present in international design codes but doesacocbunt for the effects of local
buckling. These effects were found to be significaith large plate slenderness

values, particularly for members subjected to laagéal load, and should be
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included in the modified rigid plastic analysis. efbfore, some suggested
modifications were proposed to allow for the inaumsof thin-walled columns in

design.

Uy (2001) investigated the local and post-localkling behaviour of welded box
sections. An extensive set of experiments was adeduon both hollow and
CFST box sections. ThB/t ratios ranged from 120 to 180. The tests for the
hollow sections are significantly greater than thield slenderness limits
designated in international design codes. The nalmdancrete strength was 20
MPa. However, the material properties of the camcmere unimportant as the
concrete was merely used a restraint against lezkling and the concrete itself
was not loaded. The residual stresses were meaandedere very influential in
the local buckling of the steel sections in thesitarange. Initial imperfections
were not measured in the specimens as it was Hatt they would be highly
variable. The local buckling stresses were detezthinom the load-strain curves
by noting changes in the stiffness. The resultsithted the potential increase in
both the initial local buckling load and ultimateat, which can be derived from
the inclusion of the concrete infill. A numericalodel based on the finite strip
method was used to determine the initial local bogkstress incorporating
residual stresses. The model was shown to compellewith the experimental
results. Furthermore, an effective width model dayed elsewhere and presented
in existing international design codes was augnteatel calibrated with the test
results. This method was found to be useful inrd@tang the axial compressive

strength of welded box sections (Uy 2001).
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Bridge and O’'Shea (1995) conducted a preliminary a&fe experiments to
determine the effects of local buckling on the bkad behaviour of square thin-
walled steel tubes with concrete infill. The stess not bonded to the concrete
infill which only provided restraint to inward loicuckling. TheB/t ratios ranged
from 37.4 to 130.7 and tHeB ratio was 3.45. The nominal concrete strength was
20 MPa. The results indicated that the local bucklstrength and ultimate
strength of square steel tubes can be improvedrtwidging unbonded concrete
infill, especially for steel tubes with slendertellements. Furthermore, the axial
stress-strain behaviour of the steel plates restdaiby concrete infill was
established for square tubes. Bridge and O’She@5(18uggested that by using
the strain compatibility in conjunction with theialxstress-strain behaviour of the
concrete, the axial load behaviour of tubes withccete bonded to the steel and
loaded compositely could therefore be determindtk €xperimental strengths
were compared with the design standard AS4100 (19%@ experimental results
suggested that the approach used by AS4100 is rvatise for tubes with and
without restraint. Additionally, it is suggestedatithe enhancement in strength
due to confinement of the concrete core in squdf&TCcolumns can be taken

into account by using an appropriate elastic bugktioefficient in AS4100.

Bridge and O’Shea (1998) conducted a comprehessgivef tests to examine the
behaviour of short thin-walled steel tubes subpkdte axial load. Two series of
test were preformed. In series 1, the effect oingireg the buckling mode by

forcing the formation of outward buckling was exaed for a wide range @/t
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ratios. In series 2, the influence of specimen tleran the formation of local
buckling was examined by using thin-walled stebetiwith and without internal
restraint. TheB/t ratios ranged from 37.3 to 130.7 and LB ratios ranged from
0.77 to 2.91. The nominal concrete strength was1P@. The material properties,
residual stresses and geometric imperfections waeasured. The results
indicated that the buckling mode was essentialey game for the range &fB
ratios and therefore the specimen length had kffiect on the formation of local
buckling. Furthermore, the results showed thatltoal buckling strength and
ultimate strength of square steel tubes can beowegr by providing internal
lateral restraint, especially for thin-walled stéebes. Importantly, Bridge and
O’Shea (1998) stated that a buckling coefficien®.®O is appropriate when using
the design provisions in AS 4100 for the designsqgfiare thin-walled CFST
columns. The tests strengths were compared wigngtin models in design

standards and recommendations for improved desgéya also made.

2.4 Design Codes

Currently there is no comprehensive design stanttetican be utilised for the
design of thin-walled CFST columns. Compact limits most international

design codes limit the slenderness values to lems 40 (Uy 2000). However,
some guidance for the design of CFST columns iwviged by the European
Committee for Standardisation, the American Comctastitute, and the Chinese
Code. The design codes are based on several diffiieories, which can produce

different results, and the assistance providedeirms¢ of application varies
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significantly. A number of design standards takealobuckling into account
through the use of an effective diameter or ancéffe area method (O’'Shea &

Bridge 2000).

2.4.1 European Committee for Standardisation (Eurocode 4)

Eurocode 4 is the most recently completed inteonati standard in composite
construction (Giakoumelis and Lam 2004). The cadeased on the rigid plastic
method of analysis which assumes fully crushed mtacand fully yielded steel.
The approach allows the full mean compressive gtreof the cylinder to be
utilised. The code uses a column curve, similantst modern steel design codes,
to determine the influence of slenderness in CF8Ilinens. Local buckling is
ignored by limiting the plate slenderness to withtompact plate limits
(Shanmugam & Lakshmi 2002). The enhancement of dbecrete due to
confinement is included for some specific cases @nd the only code that
separately treats the effects of long-term loadfythermore, Eurocode 4 uses
limit state concepts to achieve the aims of seabdity and safety by applying
partial safety factors to load and material prapsrtThe code is appropriate for
the design of thick-walled steel tubes filled witbrmal strength concrete (O’Shea

& Bridge 2000).
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2.4.2 American Concrete Institute (ACI 318)

The code ACI318 uses the traditional reinforcedccete approach, with a
minimum load eccentricity used to determine thaicol strength under nominal
axial load. The American Standard excludes theuanite of concrete
confinement by the steel tube and accounts fomaolslenderness by a minimum
load eccentricity. The limiting thickness of thébéuto prevent local buckling is
based on achieving yield stress in a hollow std®t subjected to monotonic axial
loading, which is not a necessary requirement fQF&T column (Giakoumelis
and Lam 2004). The code ACI 318 is appropriatether design of thick-walled
steel tubes filled with normal strength concretbee Tode ACI318 is different in
concept to the Eurocode 4 (O’'Shea & Bridge 200Q)weler, the Australian

Standard (AS3600) uses a similar approach to tde &&1318.

2.4.3 Chinese Code (DL/T5085-1999)

The code DL/T5085-1999 is based on the unified héwat considers the CFST
member as a composite member, as apposed to theategomponents. The
properties of CFST columns depend on the propediighe steel and concrete,
and their dimensions. The composite indices andngéac properties are then
used directly to obtain the ultimate strength. Tienese code differs from both
the Eurocode 4 and the code ACI318. The code alsludes for shear and

torsion, in addition to bending and axial load. iDegy the code DL/T5085-1999
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and Eurocode 4 give similar results for a columbjetted to a high axial load

and a small moment (Zhong & Goode 2001).

2.5 Summary

Considerable progress over the last 40 years hastnade in the investigation of
CFST columns. Fundamental knowledge on compositstaaction systems, such
as ultimate strength, has already been obtaingtidoyesearch conducted thus far
(Shanmugam & Lakshmi 2001). However, intensive asde is required,
particularly for circular CFST members, on the iatdion between the steel tube
and concrete core, the effect of concrete restrgitocal buckling of steel plate

elements, and the effect of concrete confinement.

While much of the current available research drawslar conclusions on the
behaviour of CFST columns, there are a number offlicing views being
documented. The evidence of this is additional pithat further research is
required into the behaviour of CFST columns. Cufyenthere is no
comprehensive design standard that can be usethdodesign of thin-walled
circular CFST columns and further investigatiomaquired before a new design

standard can be introduced.

Methods of analysis, similar to some of those nogwed in this chapter, will be
utilised in this dissertation to investigate thedband post-local buckling of steel

tubes in thin-walled circular CFST columns.
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3.1 Introduction

This chapter will outline the technical details addvelopment of the finite
models used in this investigation. Three dimendidimate element models,
created using the finite element code STRAND7 (2002re used in this
investigation to examine the critical local andtgosal buckling of steel tubes in
thin-walled circular CFST columns. A comprehensset of design models was

created for this investigation based on a stanoerdel.

Geometric and material nonlinear analysis of theelsttubes with initial
imperfections was undertaken. The initial impelitats of steel tubes consisted of
geometrical imperfections and residual stressdatékal pressure was applied to
the surface of the tube to induce the initial oluplane deflections in the finite
element model. The material stress-strain curvestetl tubes with residual

stresses was modelled by using the Ramberg-Osgoodia.
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To treat the material plasticity of steel tubeg tlon Mises yield criterion was
adopted and integrated through the thickness oplae. The mesh used in the
analysis was found to provide an acceptable degfeaccuracy based on a
sensitivity analysis. The finite element analysistimod was used to determine the
minimum elastic local buckling coefficient of claegp steel tubes in CFST
columns. Furthermore, two possible failure modes tlte steel tube were

identified; outward local buckling and yield faigur

3.2 Finite Element Model

3.2.1 Specifications of Standard Model

The finite element code STRAND7 (2002) was useddéwelop the models
required to examine the critical local and postldmuckling of steel tubes in thin-

walled circular CFST columns.

An eight-node quadratic plate element, based onMvimellin plate theory, was

employed in all analyses to describe the bucklingpldcements and stress
distributions of the tubes. The buckling displacateenere required to examine
the local buckling behaviour of the steel tubes #red stress distributions were

used to investigate the development of post-loaakling.

An approximate 24x24 mm mesh was used in all aralynd was found to

provide an acceptable degree of accuracy based sengitivity analysis. The
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material properties of the models included a, Ydsimgodulus of 200 GPa,
Poisson’s ratio was 0.3 and yield strength of 30BaM The three dimensional
nonlinear finite element models had a diameter@ff Bm and the diameter-to-
thickness ratios ranged from 50 to 200. One edgkeo€ircular tube was assumed
to be clamped owing to the inward buckling restrgarovided by the concrete
core. The other edge of the circular tube was aeduto be fixed. All nodes

within the tube had 6 degrees of freedom.

3.2.2 Standard Model Procedure

The procedure outlined below was followed in STRAN[R2002) to create a

standard model.

Create Nodes:
1. Select: Tools / Points and Lines / Ellipse (i.e dif¢le)
2. Unclick the Create Beams Box, Steps = 8
3. P2 (Y direction) = 250, P3 (X direction) = 250 (ickameter = 500)
4. Select: Edit / Select / All / Tools / Copy / by tement
5. Increments (Z) = 25, Repeat =1
6. Selectnodes 1, 3,5, 7, and 9/ Tools / Copylhbgement

7. Increments (Z) =12.5, Repeat = 1

31



Chapter 3 FINE ELEMENT ANALYSIS

Create Elements:

1.

Select: Create / Element

Type = Quad 8, create elements by joining nodes

Select: Edit / Select / by Group / select plateadl / Copy / by Increment
Increments (Z) = 25, Repeat = variable (assigngthgn

Select: Edit / Select / by Group / Tools / Mirror

YZ Plane (N2) select node 9, ZY Plane (N3) selectenl

Select: Edit / Select / by Group / Tools / Subdavid

All Elements (A) = 4, Targets (Plate) = Quad8

Assign Restraints and Loading Conditions:

1.

2.

8.

9.

Select all nodes around the bottom of the tube
Select: Attributes / Nodes / Restraint / Fix

Select all nodes around the top of the tube

. Select: Attributes / Nodes / Restraint / Z sym

Select: Attributes / Plate / Edge Pressure (i.mypressive load)

Value = 300 (i.e. yield strength of steel)

. Select all edges around the top of the plate

Select: Global / Load and Freedom Cases / New Clasad Case 2

Select: Edit / Select / by Group

10. Select: Attributes / Plate / Face Pressure / No(h&allateral pressure)

11.Value = variable
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Assign Material Properties:
1. Select: Property / Plate
2. Modulus = 200,000
3. Poisson’s Ratio = 0.3
4. Select: Geometry / Membrane Thickness = variable

5. Select: Tables / Stress vs Strain / Ramberg-Osgood

The steps in the procedure that required variablees were modified until a
comprehensive set of design models was created.
Figure 3.1 illustrates a finite element model satgd to axial edge pressure. The

models developed were checked for accuracy by cosgmawith existing results.

ERE

Figure 3.1: Finite element model subjected to axiadge pressure.
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3.3 Sensitivity Analysis

A sensitivity analysis was conducted using STRAN@®D02) to examine the
degree of sensitivity of a model to changes in megle. The results from
nonlinear static analysis of models with mesh safe&4x24 and 12x12 mm were
compared. All dimensions and properties of the nwdgamined, excluding the
mesh size, were identical. The differences in m&gh are visibly evident by
comparing

Figure 3.1 to Figure 3.2, the later having a meéah af 12x12 mm.

A decrease in mesh size increases the total nuofilmedes and elements within a
model and therefore increases the overall accuohdiie model. However, the
size of the mesh is the governing factor behindttital time taken to complete
analyses. It was necessary to conduct a sengitwialysis to ensure that the
results of the finite element investigation weresafficient accuracy for use in

engineering practise.
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Figure 3.2: Finite element model with a mesh size€f @2x12 mm.

3.4 Minimum Buckling Coefficient

The finite element analysis method, based on thedaition buckling theory, was
used to determine the minimum elastic local buckboefficient k) of clamped
steel tubes in CFST columns. The coefficient isedelent on the aspect ratio of

the tube and on the boundary condition at its edge.

By using a Rayleigh-Ritz based method, Bradforale{2002) derived a closed
form solution for the elastic buckling stress ofcaiar hollow sections, see
Equation (5). The value of the local buckling caséint is absent from Equation
(5) because it has already been assigned a valydication of the formula is

restricted by the slenderness ratio of the column.
2E t
- g

The buckling coefficient, in the present study, whkdermined by conducting
linear buckling analyses on tubes with various-afelengthsh{/D). The linear
buckling solver calculated the buckling coefficieahd corresponding mode
shapes for the steel tubes under the specifiedngambnditions. The minimum
coefficients corresponding to mode shapes with #ega of outward ring

buckling, representative of the restraint offeregl the concrete core, were
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recorded. When the aspect rati® was equal to unity, the analysis produced a

minimum buckling coefficient for the steel tubes.

The linear buckling analyses is based on the assongpthat there exists a
bifurcation point where the primary and secondading paths intersect, and
before this point is reached, all element stresbasge proportionally with the

elastic local buckling coefficient (STRAND7 2002).

3.5 Initial Imperfections

The initial imperfections of steel tubes consistgefometric imperfections and
residual stresses, which are usually induced dupraresses of fabrication,
transport, construction, and welding. Depending tbheir magnitude, initial

imperfections have the potential to considerabtduoe the strength and stiffness

of steel tubes.

3.5.1 Geometric Imperfections

The effect of geometric imperfections on the laad post-local buckling of steel
tubes in CFST columns was investigated using neatiriinite element analysis.
The STRAND7 (2002) nonlinear static solver usesadgorithm based on a
modified Newton-Raphson method to predict the mmar behaviour of
structures. A lateral pressure was applied to tiréase of the tube to induce

initial out-of-plane deflections in the finite elemt model.

36



Chapter 3 FINE ELEMENT ANALYSIS

Figure 3.3 illustrates a finite element model sotgd to lateral face pressure. The
magnitude of the lateral pressure was determinedumgertaking nonlinear
analysis of the model under trial loading. The mades subjected to only lateral
pressure, no axial load. The lateral pressuredhased the maximum deflection
at the centre of the tube equal to the specifidicteon was recorded. A range of

deflections from 0.05 to 0.25 mm were specified.

Figure 3.3: Finite element model subjected to lated face pressure.

37



Chapter 3 FINE ELEMENT ANALYSIS

Previous research on CFST box columns by Lianglynd2000) specified the
initial geometric imperfection as a linear functiohthe plate thickness. However,
initial analysis of the standard model indicatedttthis method would not be

suitable for use in the present study.

3.5.2 Residual Stresses

It was intended that the effect of residual stresse the local and post-local
buckling of steel tubes in CFST columns be inveséd using the nonlinear finite

element analysis method.

In previous research conducted by Liang and Uy @20the residual stresses in
CFST box columns were treated by prestressing. pécified pre-load was
combined with the applied edge stresses in theysisalThe results of the
investigation indicated that residual stresses hawansiderable effect on the

stress—strain curve of a welded steel plate.

However, the incorporation of residual stresses fihé modelling of circular steel
tubes was deemed an issue too complex to addreélse present study. This was
largely due to the lack of existing finite eleméaised research on circular CFST

columns incorporating residual stresses.
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3.6 Material Stress-Strain Curve

The material stress-strain curve of steel tube<iraular CFST columns is
affected by residual stresses. The steel will yiglten the sum of the applied
stress and the compressive residual stress, caysadlding, is equal to the yield
stress of the steel. After yielding, the stresaistbehaviour of the steel tube is no
longer linear as would be the case for a steel tuigler an equivalent applied load
without residual stresses. The welded steel tudglays a rounded stress-strain

form (Liang and Uy 2000), which can be seen in Fagii4.

Stress
(¢}

/ Coupon

Tubes with residual stresses

Go.2

v

0.2%

Figure 3.4: Material stress-strain curve of steelubes with residual stresses.

39



Chapter 3 FINE ELEMENT ANALYSIS

The rounded stress-strain curve of steel tubes wildual stresses was modelled
using the formula suggested by Ramberg and Osgt@3], see Equation (6).
The stress corresponding g ;7 (0o.7), used in the equation, was calculated to be

286.7 MPa.
A +£(Lj ©)

The knee factor 1f) determines the sharpness of the knee of thess$tesn
curve. For different materials the shape of thesststrain curve can be defined
by selecting a knee factor. It has been foundttiaknee facton = 25 is suitable
for structural mild steel with residual stresseoffih & Dwight 1984). A plot of
the stress-strain curve based on the Ramberg-Osgoddl| can be seen in

Figure 3.5.
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Figure 3.5: Stress-strain curve based on the RambgiOsgood model.
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3.7 Von Mises Yield Criterion

To treat the material plasticity of steel tubes, Wo@ Mises yield criterion was
adopted and integrated through the thickness opldwe which was divided into
10 layers. As explained in STRAND7 (2002), the ciate states that yielding will
commence when the second invariant of the deviastress tensofJ',) reaches
the material paramettt(k), see Equation (7). The material paramekdk) is a

function of the hardening parameker

(35)2 =K (K) @)

Based on the yield criteria, the von Mises strestefined by Equation (8).

Om = \/% ((011 - 022)2 + (022 - 033)2 + (033 - J11)2) (8)

Whereo,,,0,,,0,, are principal stresses such tlmt(o,,(o,;.

41



Chapter 3 FINE ELEMENT ANALYSIS

3.8 Summary

The finite element code STRAND7 (2002) was used t@ldp three dimensional
finite element models for investigating the crititecal and post-local buckling of
steel tubes in thin-walled circular CFST columns. Thedels developed were

checked for accuracy by comparison with existirgylts.

Geometric and material nonlinear analysis of theelsttubes with initial

imperfections was undertaken and the material ssgain curve of steel tubes
with residual stresses was modelled by using theldRag-Osgood formula. The
von Mises yield criterion was adopted to treatrttegerial plasticity of steel tubes.
A sensitivity analysis was also conducted to engbeeaccuracy of the finite
element results. Furthermore, the finite elemerdlymis method was used to

determine the minimum elastic local buckling caaént (k).
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4.1 Introduction

This chapter will discuss the methodology used testigate the behaviour of
CFST columns. A study of the nonlinear finite eletmanalysis method was
conducted in order to develop three dimensionatefielement models for the
geometric and material nonlinear analysis of stebles. The finite element
analysis method was used to study the criticalllboakling loads and post-local

buckling reserve strengths of steel tubes in CF3Inmos.

Based on the results obtained, effective strength wdtimate strength formulas
for the design of steel tubes in thin-walled ciecuUCFST columns were developed
using analytical methods. Furthermore, existingrditure relating to the buckling
behaviour steel tubes in circular CFST columns vesearched with the aim of

verifying the proposed formulas.
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4.2 Finite Element Analysis

4.2.1 Critical Local Buckling Strength

The local buckling of steel tubes in CFST columnspjacted to axial
compression, occurs when the applied load reattgesritical buckling load. It is
important to understand the behaviour of local lingkn CFST columns because
buckling of the steel tube can cause a reductiothe ultimate strength and

stiffness of the member.

The finite element analysis method was used to stiéycritical local buckling

strengths of steel tubes in thin-walled circular STFcolumns subjected to
uniform edge compression. The analysis was aimelkt@rmining the influence
of slenderness ratios and initial geometric impeié@ms on the local and post-

local buckling strength of steel tubes in circll&ST columns.

No bifurcation point can be observed on the loadgverse deflection curves of
steel tubes due to the presence of initial impédas. This leads to difficulty in

determining the initial local buckling loads of sgowith imperfections (Liang and
Uy 2000). The method used for evaluating the ctitioaal buckling loads of

tubes with geometric imperfections was developedlibgg and Uy (2000) and is
based on the load-transverse deflection relatiassaated with the theoretical
analysis. The inflection point represents the maxmmate of the increment of
transverse deflection with the load. The inflectmmnt can be found by plotting

the non-dimensional central transverse deflectienses the ratio of the deflection
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to the applied loadv/o,. The minimum value oW/o, determined from the plot
represents the inflection point where the local King occurs at the

corresponding loading level (Liang and Uy 2000).

The transverse deflection verse&®, curves were determined from the results of
the finite element analysis. A contour plot of #hisplacement (DX axis) for a
standard model with a displacement scale of 10%hawvn in Figure 4.1. The
results show a pattern of outward ring buckling owmly associated with steel

tubes in CFST columns.
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Figure 4.1: Contour plot of displacement (DX axis).

It was noted by Liang and Uy (2000) that for tulagth a low slenderness value,
the inflection point might indicate yielding or glic buckling because the sudden
changes of the configuration of plastic deformaiomith loads that are only

related to the yielding and plastic local buckling.
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Theoretical studies indicate that the elastic Idxadkling stress for steel tubes in

CFST columns isv3 times that of hollow steel tubes (Bridge et al98p
However, the available experimental data on thallbackling behaviour of steel

tubes in CFST columns is inconclusive.

4.2.2 Post-Local Buckling Reserve Strength

After initial local bucking, thin-walled steel sems are still capable of carrying
increased loads without failure. This behaviour lih4walled steel sections is

referred to as post-local buckling.

The development of the post-local buckling of sigates is associated with the
stress redistribution within the buckled plate unaeial compression. The stress
is redistributed towards the stiffer edges of th&tgs or plate assemblies and
away from the more flexible regions of the plateidBe et al. 1995). However,
this physical concept is more difficult to ratiosal for axis-symmetrical circular

tubes.

The stress distributions across the buckled seatibriubes with geometric
imperfections were obtained from the finite elemanalysis. A contour plot of
the stress distribution (YY axis) for a standarddelownith a displacement scale of
10% is shown in Figure 4.2. The results suggestessredistributed towards the

stiffer clamped edges of the tube.
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e >
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Figure 4.2: Contour plot of stress distribution (Y'Y axis).

The finite element analysis method was used to sthdypost-local buckling
reserve strengths of steel tubes in CFST columnspdkelocal buckling reserve
strength equates to the difference in the ultinsitength and the critical local

buckling strength, see Equation (9).

c (9)

Available experiment research suggests that thereo post-local buckling
reserve of strength in circular CFST columns, arettetore the critical buckling
stress governs the strength of slender cross-ssctidhis suggestion was
examined in the present study for circular steebesu with geometric

imperfections using the finite element analysishodt
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4.3 Design Formulas

Based on the results obtained from the nonlingatefielement analysis, effective
strength and ultimate strength formulas, incorpogalocal buckling effects, were
proposed for the design of steel tubes in circ@&ST columns. The design of
steel tubes in circular CFST columns should accdéoaintestraint against local
buckling provided by the concrete core. Both desggmulas are a function of the
slenderness ratioD/t. The formulas were verified by comparison with

experimental results obtained by O’Shea and Br{d§87).

4.3.1 Effective Strength Formula

Analytical methods were used to develop the effecstrength formula based on
the critical local buckling strengths of the stedles obtained from the transverse
deflection versesv/o, curves. Using the software package MATLAB (200#),
polynomial was fitted to the critical buckling stiggh (o.) verses slenderness ratio
curves(D/t). The fitting process was generalised to deternhivecbefficients of a
second-order polynomial that best fitted the 7 qetimts. The coefficients were

calculated by the MATLAB (2004) functigpol yfit.
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4.3.2 Ultimate Strength Formula

A method similar to the one used to calculate tifeceve strength formula was
used to determine the ultimate strength formulatter design of steel tubes in
circular CFST columns. Based on the ultimate stiengif the steel tubes
obtained from the load-deflection curves, the MATB.A2004) functionpolyfit

was used to fit a second-order polynomial to tliafa points.

4.4 Summary

There are two principal factors that make the deteation of the critical local
and post-local buckling behaviour complicated iis thvestigation; the non-linear
material characteristics of both the steel and k@e¢ and the geometrical

imperfections in the steel tube.

The finite element analysis method was used to stiycritical local buckling
loads and post-local buckling reserve strengthsteél tubes in circular CFST
columns. Based on the results obtained, analyteihods were used to propose
effective and ultimate strength formulas for thesige of steel tubes in circular
CFST columns. Furthermore, the formulas were vefifoy comparison with

existing experimental results.
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5.1 Introduction

This chapter will present and discuss the resulis tiere obtained from the
nonlinear finite element analysis conducted to stigate the local and post-local
buckling of steel tubes in circular CFST columns. Tégults from the sensitivity
analysis conducted and the linear buckling analybt was performed to

determine the local buckling coefficients are gisesented.

The effects of geometric imperfections, slendermasss, and height-to-diameter
ratios on the local and post-local buckling behawiof steel tubes in CFST
columns were considered in the analysis. This inya&sbn was conducted with
the use of load-deflection curves, load-edge shortecurves, and transverse

deflection versusv/o, curves.

Furthermore, an effective strength formula and kimate strength formula are

proposed for the design of steel tubes in circGBST columns. The formulas are
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compared with the results of the finite elementiysis and existing experimental
data. Throughout the analysis process every attewast made to ensure the

accuracy of the results by comparison with exissinglies.

5.2 Initial Analysis

5.2.1 Sensitivity Analysis

A sensitivity analysis was conducted to examine dbgree of sensitivity of a
model to changes in mesh size. The results fromimeanl static analysis of
models with mesh sizes of 24x24 and 12x12 mm wenepared. The steel tubes
had a h/D ratio of 0.35 and ti¥t ratios were 50 and 200. An axial pressure of
300 MPa and a geometric imperfection of 0.15 mmewagplied to all models.
All dimensions, properties, and loading conditiarisshe models, excluding the
mesh size, were identical. Figure 5.1 presentsrgeaason of the load-deflection

curves attained from the analysis results.
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Figure 5.1: Load-deflection curves for sensitivityanalysis.

The results in Figure 5.1 indicate that there isywvamimal difference between

the load-deflection behaviour of models with diffier mesh sizes. A comparison

of the ultimate strengths of the steel tubes witfeent mesh sizes is presented in

Table 5.1.

Table 5.1: Ultimate stress for sensitivity analysis

D/t Ratio 12x12 o, (MPa) 24x24 o, (MPa) oy/oy (%)
50 219.90 217.90 0.91
200 241.83 240.00 0.76

Table 5.1 shows that the ultimate stress of a siel is only slightly affected by

the size of its mesh. The results in Table 5.1 md#ichat a steel tube withCdt

ratio of 200 and a mesh size of 24x24 mm has amaitik stress of 240 MPa.

When the mesh size is decreased, the ultimatesstse®nly 0.76% higher.

52



Chapter 5 RESULTS AND DISCUSSION

Therefore, the 24x24 mm mesh was considered togeam acceptable degree of

accuracy for use in this investigation.

5.2.2 Minimum Buckling Coefficient

Linear buckling analysis was conducted to deterntime minimum buckling
coefficient k) of steel tubes in CFST columns. The models hBd aatio of 100
and theh/D ratios ranged from 0.2 to 0.45. The steel tubesweabjected to an
axial pressure of 300 MPa. All dimensions, progsitand loading conditions of
the models, excluding the height, were identicale Td¢oefficients recorded
correspond to a mode shape of outward ring bucklingure 5.2 presents the

buckling coefficients attained from the analysis.
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Figure 5.2: Buckling coefficient verses half wavehgth.
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Figure 5.2 indicates the analysis produced a mimniwuckling coefficient of
21.85 for steel tubes in circular CFST columns when aspect ratid/D was
equal to unity. Whereas, a study by Liang and W398) produced a minimum
buckling coefficient of 9.81 for steel plates in €Fbox columns. The minimum
coefficient corresponded tohéD ratio of 0.35. Based on the result obtained, the
standard models used in further analysis haveraatex of 500 mm and a height

of 175 mm.

5.3 Effects of Geometric Imperfections

The effect of geometric imperfectiond) (on the local and post-local buckling
behaviour of steel tubes in CFST columns was inyasd with the use of
nonlinear static analysis. The results from the ymmlwere used to determine
load-deflection curves and transverse deflectialsusn/o, curves. The ultimate
stresses and critical local buckling loads obtaifteth these curves were used to
determine the post-local buckling reserve strendtrssteel tubes in CFST
columns. An axial pressure of 300 MPa and geomeperfections ranging from
0.05 to 0.25mm were applied to the steel tubes. mbdels had &/D ratio of
0.35 and &/t ratio of 175. All dimensions, properties, and liogdconditions of

the models, excluding the geometric imperfectioarenidentical
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5.3.1 Load-Deflection Curves

The load-deflection curves attained from the reswltsthe nonlinear static
analysis were used to investigate the effects ohgpric imperfections on the
local buckling behaviour of steel tubes in CFST owulg. A comparison of the
load-deflection curves for steel tubes with varigeometric imperfections is

presented in Figure 5.3.

1.0 1 —5=0.05
0.9 1 ——0=0.10
0.8 - 0=0.15
0.7 - 0=0.20
> 0.6 - —06=0.25
bm
- 0.5 -
IS
o
- 0.4 -
0.3 A
0.2 -
0.1 -
0.0 T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 14
Lateral deflection at tube centre (w)

Figure 5.3: Load-deflection curves for tubes with dferent geometric imperfections.

It can be seen from Figure 5.3 that the tubes densd in the analysis could not
attain their yield strength because of the geowedtrmperfections applied. Figure
5.3 also shows that for steel tubes with largemgetac imperfections the critical

local buckling strength is lower than that of staddles with smaller geometric

imperfections. For a geometric imperfection of3).Bigure 5.3 shows that for a
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lateral deflection at tube centve of 0.6 mm the corresponding non-dimensional
load o4/fy is 0.93. When the geometric imperfectimereases from 0.05 to 0.25
mm, the load that can be applied to produce thees@efiection is 20.2% lower.
The ultimate stresses for steel tubes with varioggnetric imperfections are

presented in Table 5.2.

Table 5.2: Ultimate stresses for tubes with diffenet geometric imperfections.

Imperfection (&) o, (MPa) o /fy
0.05 271.56 0.91
0.10 249.98 0.83
0.15 219.40 0.73
0.20 204.75 0.68
0.25 151.20 0.50

It can be seen in Table 5.2 that for steel tubesh viarger geometrical
imperfections the ultimate stress is lower thant thiasteel tubes with small
geometric imperfections. For a tube with a georodtriperfection of 0.05 mm,
Table 5.2 shows that the ultimate stress is 271.58&.MHowever, when the
geometric imperfection increases to 0.25 mm, thienate stress is 79.6 % lower.
Therefore, the results indicate that local bucklafiigcts the ultimate strength of
steel tubes in CFST columns. Based on the resoisned, the standard models

used in further analysis have a geometric impedeaif 0.15 mm.
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5.3.2 Critical Buckling Coefficient

The transverse deflection verse#o, curves attained from the load-deflection
curves were used to determine the effects of gemnmhperfections on the
critical local buckling loads of steel tubes in AF&Ilumns. A comparison of the
transverse deflection versego, curves for steel tubes with various geometric

imperfections is presented in Figure 5.4.
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Figure 5.4: Transverse deflection versesvio, curves for tubes with different geometric

imperfections.

The results in Figure 5.4 indicate that for steddess with larger geometric
imperfections the critical buckling loads are lowtkan that of steel tubes with
higher geometric imperfections. Table 5.3 summairisescritical buckling loads

of steel tubes with a range of geometric imperéei
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Table 5.3: Critical buckling loads for tubes with dfferent geometric imperfections.

o (mm) w/t Ratio | w/o,Ratio [ o (MPa)
0.05 0.049 0.000616 227.9
0.10 0.065 0.000897 206.3
0.15 0.079 0.001285 176.4
0.20 0.095 0.001799 151.2
0.25 0.116 0.003014 110.3

The results presented in Table 5.3 show that foreal $tibe with a geometric
imperfection of 0.05, the corresponding criticalckling load is 227.9 MPa.
When the geometric imperfection is increased t®,0t2e buckling load is 106.7
% lower. The results in Table 5.3 further demonstthat the critical buckling
loads of steel tubes are significantly affectedtty magnitude of the geometric

imperfection applied.

5.3.3 Post-Local Buckling Reserve of Strength

The ultimate stress and critical buckling loads wigd from the load-deflection
and transverse deflection vers@®, curves were used to determine the effects of
geometric imperfections on the post-local buckliegerve of strengths of steel
tubes in CFST columns. A comparison of the postHdurakling reserve of
strengths for steel tubes with various geometripdrfections is presented in

Table 5.4.
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Table 5.4: Post-local buckling reserve strengths fotubes with different geometric

imperfections.

Imperfection (5) o, (MPa) o. (MPa) o, (MPa) 0,/0, (%)
0.05 271.6 227.9 43.66 16.08
0.1 250.0 206.3 43.68 17.47
0.15 219.4 176.4 43.00 19.60
0.2 204.8 151.2 53.55 26.15
0.25 151.2 110.3 40.90 27.05

The results in Table 5.4 indicate that the post-ldmatkling strengths of steel
tubes with larger geometric imperfections is higthem that of tubes with smaller
imperfections. A post-local buckling reserve ofeagth of a tube with a
geometric imperfection of 0.05 mm is 16% of itsimlte strength, whilst it is
27% of the ultimate strength of a plate with a getria imperfection of 0.25 mm.
Furthermore, the results suggest that steel tub€5T columns have high post-

local buckling reserve strengths.

5.4 Effects of Slenderness ratio

The effect of slenderness ratigp/t) on the local and post-local buckling
behaviour of steel tubes in CFST columns was inyat&d with the use of
nonlinear static analysis. The results of the amalygre used to determine load-
deflection curves and transverse deflection vemsilss curves. The post-local
buckling reserve strengths for steel tubes in CEQUimns were calculated based
on the ultimate stresses and critical local bucklioads obtained from these

curves. The models hadn#D ratio of 0.35 and th®/t ratios ranged from 50 to
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200. An axial pressure of 300 MPa and a geometrpeifection of 0.15 mm were
applied to the steel tubes. All dimensions, prapsrtand loading conditions of

the models, excluding tH&/t ratio, were identical.

5.4.1 Load-Deflection Curves

To investigate the effects of slenderness ratiotherlocal buckling behaviour of
steel tubes in CFST columns, load-deflection cumwese calculated from the
results of the nonlinear static analysis. A congmariof the load-deflection curves

for steel tubes with different slenderness ratsggresented in Figure 5.5.
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Figure 5.5: Load-deflection curves for tubes with dferent slenderness ratios.
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Figure 5.5 shows that the tubes considered in tiadysis could not attain their
yield strength because of the geometrical impedastapplied. Figure 5.5 also
shows that for steel tubes with larger slendernaisss the critical local buckling
strength is slightly lower than that of steel tulgth smaller slenderness ratios.
For a slenderness ratio of 50, Figure 5.5 showsftina lateral deflection at tube
centrew of 0.6 mm the corresponding non-dimensional logfl, is 0.77. When
the slenderness ratincreases from 50 to 200 mm, the load that canppéeal to
produce the same deflection is 6.6% lower. The altinstress for steel tubes with

various slenderness ratios is presented in Table 5.5

Table 5.5: Ultimate stresses for tubes with diffenet slenderness ratios.

D/t Ratio o, (MPa) oy
50 241.83 0.81

75 235.46 0.78
100 229.13 0.76
125 224.71 0.75
150 221.40 0.74
175 219.40 0.73
200 219.90 0.73

Table 5.5 indicates that the ultimate stress forllemB/t ratios is higher than that
of largerD/t ratios. The ultimate strength of a steel tube &if/'t ratio of 200 is
73.3% of its yield strength, whilst it is 81% okthltimate strength for a steel tube
with aD/t ratio of 50. Therefore, the results indicate tatl buckling affects the

ultimate strength of steel tubes in CFST columns.
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5.4.2 Load-Edge Shortening Curves

To investigate the effect of slenderness ratioshenstiffness of steel tubes in
CFST columns, load-edge shortening curves were leééclifrom the results of
the nonlinear static analysis. A comparison oflta®l-edge shortening curves for

steel tubes with different slenderness ratioses@nted in Figure 5.6.
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Figure 5.6: Load-edge shortening curves for tubesith different slenderness ratios.

The results from Figure 5.6 show that steel tubdh Veirger slenderness ratios
have a lower stiffness when compared to tubes wantlller slenderness ratios.
For a tube with ®/t ratio of 50, Figure 5.6 shows that for a non-disienal load
oJ/fy of 0.7 there is a corresponding edge shortenin@. mm. When th®&/t
ratio increases from 50 to 200, the edge shortethiagoccurs is 18.5 % higher.
The ultimate edge shortening of steel tubes witfediht geometric imperfections

is presented in Table 5.6.
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Table 5.6: Ultimate edge shortening for tubes witldifferent slenderness effects.

D/t Ratio Ultimate Edge Shortening (mm)
50 0.39
75 0.38
100 0.28
125 0.26
150 0.25
175 0.24
200 0.25

The results in Table 5.6 indicate that for steel suvéh larger slenderness ratios
the ultimate edge shortening is lower than thatstdel tubes with higher
slenderness ratios. For a tube witB/aratio of 50, Table 5.6 shows that there is a
corresponding ultimate edge shortening of 0.39 Mfhen theD/t ratio increases

from 50 to 200, the ultimate edge shortening tleatics is 56 % lower.

5.4.3 Critical Buckling Coefficient

The transverse deflection versefo, curves attained from the load-deflection
curves were used to determine the effects of sleeds ratios on the critical local
buckling loads of steel tubes in CFST columns. A ganson of the transverse
deflection versesv/io, curves for steel tubes with various slendernetiesras

presented in Figure 5.7.
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Figure 5.7: Transverse deflection versesv/o, curves for tubes with different slenderness

ratios.

The results in Figure 5.7 indicate that for stebegiwith larger slenderness ratios

the critical buckling loads are minimally lower ththat of steel tubes with higher

slenderness ratios. Table 5.7 summarises the tiiickling loads of steel tubes

with a range of slenderness ratios.

Table 5.7: Critical buckling loads for tubes with dfferent slenderness ratios.

D/t Ratio w/t Ratio w/o, Ratio oc (MPa)
50 0.0241 0.001372 175.500
75 0.0360 0.001366 175.500
100 0.0481 0.001351 178.200
125 0.0580 0.001332 174.150
150 0.0694 0.001312 176.400
175 0.0793 0.001285 176.360
200 0.0897 0.001285 174.493
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The results from Table 5.7 show that for a steeé twith a slenderness ratio of
50, the corresponding critical buckling load is B/MPa. When the slenderness
ratio is increased to 200, the buckling load isyodl6% lower. The results in
Table 5.7 indicate that the critical buckling loats only minimally affected, if

not at all, by the slenderness ratio of steel tubesrcular CFST columns.

5.4.4 Post-Local Buckling Reserve of Strength

The ultimate stress and critical buckling loads wigtd from the load-deflection
and transverse deflection vers@®, curves were used to determine the effects of
slenderness ratios on the post-local buckling wesef strengths of steel tubes in
CFST columns. A comparison of the post-local bucklieserve of strengths for

steel tubes with various slenderness ratios ispted in Table 5.8.

Table 5.8: Post-local buckling reserve strengths fdubes with different slenderness ratios.

D/t Ratio | o, (MPa) | o.(MPa) | o, (MPa) | o,/a, (%)
50 241.8 175.5 66.33 37.79
75 235.5 175.5 59.96 34.17
100 229.1 178.2 50.93 28.58
125 224.7 174.2 50.51 29.00
150 221.4 176.4 45.00 2551
175 2194 179.6 39.80 22.16
200 219.9 174.5 45.40 26.02

The results in Table 5.8 indicate that the post-ldeatkling strengths of steel
tubes with larger slenderness ratios are lower tihah of tubes with smaller

slenderness ratios. A post-local buckling resesvetrength of a tube with a
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slenderness ratio of 50 is 38% of its ultimate regtk, whilst it is 22% of the
ultimate strength of a plate with a geometric infipetion of 175. Furthermore,
the results suggest that steel tubes in CFST colupmsses high post-local

buckling reserve strengths.

5.5 Effects of Height-to-Diameter Ratios

The effect of height-to diameter ratios on the loead post-local buckling
behaviour of steel tubes in CFST columns was inyasd with the use of
nonlinear static analysis. The results from the y@mlwere used to determine
load-deflection curves and transverse deflectialsusn/o, curves. The ultimate
stresses and critical local buckling loads obtaifiech these curves were used to
determine the post-local buckling reserve strendtrssteel tubes in CFST
columns. The models hadldt ratio of 175 andv/D ratios ranging from 0.25 to
0.45. An axial pressure of 300 MPa and a geométrerfection of 0.15 mm
were applied to the steel tubes. All dimensionsperties, and loading conditions

of the models, excluding tH&'t ratio, were identical.

5.5.1 Load-Deflection Curves

Load-deflection curves were calculated from theultesof the nonlinear static
analysis to investigate the effectshidl ratios on the local buckling behaviour of
steel tubes in CFST columns. A comparison of thd-beflection curves for steel

tubes with differenb/d ratios is presented in Figure 5.8.
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Figure 5.8: Load-deflection curves for tubes with dferent h/D ratios.

It can be seen from Figure 5.8 that the tubes densd in the analysis could not
attain their yield strength because of the geomedtimperfections applied. The
results in Figure 5.8 also show that for steel subéth smallerh/d ratios the
critical local buckling strength is slightly low#ran that of steel tubes with larger
h/d ratios. For a tube with /D ratio of 0.25, Figure 5.8 shows that for a lateral
deflection at tube centre of 0.3 mm the corresponding non-dimensional load
oJ/fy is 0.66. When th&/D ratio increases from 0.25 to 0.45, the load tlaat loe
applied to produce the same deflection is 3.8 %hdrigTable 5.9 presents the

ultimate stresses for the steel tubes obtained fhemesults.
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Table 5.9: Ultimate stress for differenth/D ratios.

h/D Ratio o¢ (MPa) o./fy (%)
0.25 218.40 0.73
0.30 218.90 0.73
0.35 219.40 0.73
0.40 221.90 0.74
0.45 221.40 0.74

Figure 5.9 shows that the ultimate stress for smblD ratios is minimally lower
than that of largen/D ratios. The ultimate strength of a steel tube \&ibvt ratio
of 200 is 74% of its yield strength, whilst it i8% of the ultimate strength for a
steel tube with ®/t ratio of 50. The results presented in Table 5.h&rrsuggest
that theh/D ratio has little to no effect on the ultimate styth of steel tubes in

CFST columns.

5.5.2 Critical Buckling Coefficient

The transverse deflection verseso, curves attained from the load-deflection
curves were used to determine the effectsh/@f ratios on the critical local
buckling loads of steel tubes in CFST columns. A panson of the transverse
deflection versesnv/o, curves for steel tubes with various gD ratios are

presented in Figure 5.9.
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Figure 5.9: Transverse deflection verses/o, curves for tubes with differenth/D ratios.

The results in Figure 5.9 indicate that the critibatkling loads of steel tubes

with largerh/D ratios are minimally lower than that of steel tulvath smaller

slenderness ratios. Table 5.10 summarises theattitickling loads of steel tubes

with a range of/D ratios.

Table 5.10: Critical buckling loads for tubes withdifferent h/D ratios

h/D Ratio w/t Ratio w/o, Ratio o¢ (MPa)
0.25 0.086 0.001399 176.4
0.30 0.083 0.001337 176.4
0.35 0.079 0.001285 176.4
0.40 0.077 0.001230 179.6
0.45 0.078 0.001245 179.6
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The results from Table 5.10 show that for a steet with ah/D ratio of 0.25, the

corresponding critical buckling load is 176.4 MRdhen the slenderness ratio is
increased to 200, the buckling load is only 1.8%hbr. The results in Table 5.10
contradict the suggested results in Figure 5.9.elbeless, both indicate that the
h/d ratio has little to no affect on the critical blinlg loads for the steel tubes

analysed in this study.

5.5.3 Post-Local Buckling Reserve of Strength

The ultimate stress and critical buckling loads oigtd from the load-deflection
and transverse deflection vers@®, curves were used to determine the effects of
h/d ratios on the post-local buckling reserve of githa of steel tubes in CFST
columns. A comparison of the post-local bucklingeme of strengths for steel

tubes with various slenderness ratios is presentédble 5.11.

Table 5.11: Post-local buckling reserve strength®f tubes with different h/D ratios.

h/D Ratio o, (MPa) o. (MPa) o, (MPa) 0p/0, (%)
0.25 218.4 176.4 42.00 23.81
0.3 218.9 176.4 42.50 24.09
0.35 2194 176.4 43.00 24.38
0.4 221.9 179.6 42.30 23.55
0.45 221.4 179.6 41.80 23.27

The results in Table 5.11 indicate that P ratio does not significant affect the
post-local buckling strengths of steel tubes in TR®lumns. However, the

results do show that maximum post-local bucklingersgth and minimum
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buckling coefficient both correspond toh#D ratio of 0.35. Furthermore, the
results suggest that steel tubes in CFST columne hagh post-local buckling

reserve strengths.

5.6 Effective Strength Formula

5.6.1 Proposed Effective Strength Formula

The effective strength formula for the design okebktebes in CFST columns is
based on the results of the critical buckling gjtba of steel tubes with geometric
imperfections. Using the software package MATLAB@2), a polynomial was
fitted to the plot of the critical local bucklingrengths of the steel tubes with
geometric imperfections. The proposed effectivengfife formula can be seen in
equation (10).

o, _ D\ D .,

f_y = —6.7(Tj e +1.5(Tje + 058 (10)
The proposed formula is a function of the slendesredio. However in this
study, the finite element results suggested thastbnderness ratio had a minimal

to no effect on the critical local buckling streingif steel tubes in circular CFST

columns.
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5.6.2 Verification of Effective Strength Formula

The proposed formula was verified by comparing tesults from the finite
element analysis and experimental research. A cosgueof the results obtained
from the finite element analysis and the propodéettive strength formula can

be seen in Figure 5.10.
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Figure 5.10: Comparison of critical buckling strendghs obtained from FEA and proposed

formula.

The results in Figure 5.10 indicate that the progdsemula fits accurately with
the results of the finite element analysis. Furiae, O’'Shea and Bridge (1997)
conducted four experimental tests on axially loasteél tubes with concrete infill

and the results can be seen in Table 5.12.
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Table 5.12: Results of experimental research condted by O’'Shea and Bridge (1997).

D/tratio | h/D Ratio 0u/fy02)
98 3.5 0.95
125 3.5 1.04
168 35 0.86
221 35 0.84

A comparison of the experimental results with thieppsed effective strength

formula is presented in Figure 5.11.

1.2 4

1- %

0.8

o.lfy

06 - m = = === =588 8888885 88888338

0.4
—a— Effective Strength Formula
0.2 1 —a— O'Shea & Bridge
0 ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250

D/t

Figure 5.11: Comparison of effective strength formla and experimental data.

The results shown in Figure 5.11 suggest that tlopgzed effective strength
formula, which is based on the critical local bueglloads, is conservative for the
design of steel tubes in thin-walled circular CFS3@lumns. However, the
experimental results obtained by O’'Shea and Brifi#97) are based on the
ultimate strength of steel tubes in CFST columns tiedefore a conservative

comparison result was expected.
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5.7 Ultimate Strength Formula

5.7.1 Proposed Ultimate Strength Formula

The ultimate strength formula for the design of Istabes in CFST columns is
based on the results of the ultimate strengthsteél subes with geometric
imperfections. A polynomial was fitted to the pldtthe ultimate strengths of the
steel tubes with geometric imperfections using -tadaipulation software. The
proposed effective strength formula can be seeequmtion (11). The proposed

formula is a function of the slenderness ratio.

2
Zu = —3.7(2j e+ 1.4(2je‘3 + 087 (11)
f, t t

5.7.2 Verification of Ultimate Strength Formula

The proposed formula was verified by comparison weébults from the finite
element analysis and experimental research. A cosgueof the results obtained
from the finite element analysis and the propodéettve strength formula can

be seen in Figure 5.12.
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Figure 5.12: Comparison of ultimate strengths attaied from FEA and proposed formula.

The results in Figure 5.12 indicate that the propgdsemula fits precisely with
the results of the finite element analysis. Onceairggthe experimental
investigation conducted by O’Shea and Bridge (1987used to verify the
ultimate strength formulas for the design of stkddes in CFST columns. A
comparison of the experiment results with the psgploultimate strength formula

is presented in Figure 5.13.
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Figure 5.13: Comparison of ultimate strength formub and experimental data.

When comparing both sets of results, ignoring tieementah/d ratio of 125, it
can be seen from Figure 5.13 that for tubes witgela D/t ratios the ultimate
stress is lower than that of steel tubes with siéllratios for both the formula
and the experimental results. Looking at the expenital result for a thin-walled
tube with a h/D ratio of 175, Figure 5.13 showd tha non-dimensional loag/f,

is approximately 0.86 MPa. Furthermore, when usihg formula the non-
dimensional loado/f, 17.6% lower. This suggests that the ultimate stteng
formula, which is based on the ultimate strengihslightly conservative for the

design of steel tubes in thin-walled circular CF®Iumns.
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5.8 Summary

This chapter presented and discussed the resultsnvdrg obtained from the
nonlinear finite element analysis that investigatis@ local and post-local
buckling of steel tubes in circular CFST columns. Téféect of geometric

imperfections, slenderness ratios, and height-éoaéter ratios were examined.

Based on the results, it was determined that thgnihale of the geometric
imperfection, applied to the steel tube, has thetramnificant effect on the local
and post-local buckling behaviour of steel tube€HKST columns. In addition, the
results suggest that both the slenderness ratiohaigit-to-diameter ratio have
minimal effect on the local buckling behaviour eéed tubes. However, it was
established that steel tubes in CFST columns hagh pbst-local buckling

reserve strengths.

Furthermore, an effective strength formula and limate strength formula were
proposed for the design of steel tubes in circ@BET columns. Both formulas
compared accurately with the finite element analydihen compared to available
experimental data they appear to produce conseevadsults for both critical and
ultimate load. However, while there is a suggesttbat there was some
correlation between the experimental results ared ftnmulas, further data is
required to assess the accuracy of both formultmdany suggestion of design

application.
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Chapter6 CONCLUSIONS AND

RECOMMENDATIONS

6.1 Summary

An investigation into the local and post-local kiuny behaviour of steel tubes in
circular CFST columns using the finite element mdtiwpresented. The effects
of geometric imperfection, slenderness ratios, lagight-to-diameter ratios on the
critical buckling loads and ultimate strengths tefe$ tubes in CFST columns were
considered. Effective and ultimate strength formditasthe design of steel tubes

in CFST columns are also proposed.

6.2 Achievement of Aims and Objectives

This project aimed to investigate the local and fmsil buckling behaviour of

thin-walled circular CFST columns using the finitereent method. The major
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objectives of this project accompanied with thecoates of these aims are listed

below:

1. Research existing information relating to local and post-local buckling of CFST
columns.

The results of an extensive literature review ass@nted in Chapter 2. However,
much of the research conducted is not aimed at bwd post-local buckling of

circular CFST columns columns.

2. Sudy the nonlinear finite element analysis method and develop three-
dimensional finite element models for the nonlinear analysis of concrete-filled
thin-walled steel tubular columns.

A study was completed of the finite element analysiethod and Chapter 3
contains an outline the technical details and dgrakent of the finite element

models used in this investigation.

3. Conduct geometric and material nonlinear finite element analysis on steel tubes
under uniform/non-uniform edge compression to determine critical load and post-
local buckling strengths. Initial geometric imperfections, residual stresses,
material yielding and strain hardening will be considered in the analysis.

Geometric and material nonlinear finite elementlysia on steel tubes under
uniform edge compression was conducted and theatribad and post-local

buckling strengths are discussed in Chapter 5. aftaysis considers geometric

79



Chapter 6 CONCLUSION AND RECCOMENDADNS

imperfections, material yielding and strain hardeni Non-uniform edge

compression and residual stresses were not coadider

4. Furthermore, investigate the effects of stress gradients and tube width-to-
thickness ratios on the load-deflection curves and the post-local buckling
strengths.

The effects of slenderness ratios were investigatellthe load-deflection curves
and post-local buckling strengths are discussethapter 5. The effects of stress

gradients were not considered in the analysis.

5. Based on the results obtained; propose a set of design formulas for determining
the critical local buckling loads and ultimate strengths of concrete-filled thin-
walled steel tubular columns.

An effective strength formula for determining thetical buckling loads is
proposed in Chapter 5. An ultimate strength fornfafathe design of thin-walled
CFST columns was not proposed. However, an additidormula for

determining the ultimate strength of steel tubeSHET columns was developed.

6. Verify the proposed design formulas by comparison with existing experimental
results and those devel oped by other researchers.
The proposed design formulas were verified by compar with existing

experimental results and are discussed in Chaptépsand 5.72.
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6.3 Conclusions

The results of the local and post-local bucklingestigation indicated that the
ultimate strength and stiffness of CFST columnsgaificantly affected by local
buckling of the steel tube. It can also been seem fthis investigation that steel

tubes in CFST columns have high post-local bucklesgrves of strength

Furthermore, the local and post-local buckling lveha of steel tubes in CFST
columns is significantly affected by the magnituafeéhe geometric imperfection
implied. Initial imperfections affect the ultimatead, critical buckling load, and
the post local buckling reserve of strength. Basedhe results of this study, the
slenderness ratio had a minimal effect on thecalitbuckling load of steel tubes
in CFST columns. However, the ultimate load and 4wl buckling reserve of

strength for steel tubes in CFST columns was inftedrby the slenderness ratio.

The effective strength formula proposed appears do cbnservative when
compared to the experimental results. However, rdmults are for ultimate
strengths and it could be suggested that theyeagethan complete. The ultimate
strength formula proposed attains similar resulttite experiment data for
slenderness ratios greater >150. However, whileetieea suggestion that there
was some correlation between the experimental teeanld the formulas, further
data is required to assess the accuracy of bothulas before any suggestion of

design application.
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6.4 Recommendations

It is strongly recommend that further experimerdald finite element based
research be conducted on the critical buckling altichate strengths of circular
CFST columns under various loading conditions. Qulyethe information and
data available is limited. A comprehensive undeditsg of the behaviour of

circular CFST columns will not be achieved untiktproblem is rectified.

Other areas other research may also include:

» Concrete confinement.

* Interaction between the steel and concrete.
« Effect of eccentric loading conditions

» Fire resistance capacity

* The use of stiffeners in circular CFST columns
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