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ABSTRACT

High strength thin-walled concrete-filled steel tubular (CFST) slender beam-columns
may undergo local and global buckling when subjected to biaxial loads, preloads or
cyclic loading. The local buckling effects of steel tube walls under stress gradients have
not been considered in existing numerical models for CFST slender beam-columns. This
thesis presents a systematic development of new numerical models for the nonlinear
inelastic analysis of thin-walled rectangular and circular CFST slender beam-columns
incorporating the effects of local buckling, concrete confinement, geometric

imperfections, preloads, high strength materials, second order and cyclic behavior.

In the proposed numerical models, the inelastic behavior of column cross-sections is
simulated using the accurate fiber element method. Accurate constitutive laws for
confined concrete are implemented in the models. The effects of progressive local
buckling are taken into account in the models by using effective width formulas. Axial
load-moment-curvature relationships computed from the fiber analysis of sections are
used in the column stability analysis to determine equilibrium states. Deflections caused
by preloads on the steel tubes arising from the construction of upper floors are included
in the analysis of CFST slender columns. Efficient computational algorithms based on
the Miiller’s method are developed to obtain nonlinear solutions. Analysis procedures
are proposed for predicting load-deflection and axial load-moment interaction curves for
CFST slender columns under axial load and uniaxial bending, biaxial loads, preloads or

axial load and cyclic lateral loading.
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The numerical models developed are verified by comparisons of computer solutions
with existing experimental results and then utilized to undertake extensive parametric
studies on the fundamental behavior of CFST slender columns covering a wide range of
parameters. The numerical models are shown to be efficient computer simulation tools
for designing safe and economical thin-walled CFST slender beam-columns with any
steel and concrete strength grades. The thesis presents benchmark numerical results on
the behavior of high strength thin-walled CFST slender beam-columns accounting for
progressive local buckling effects. These results provide a better understanding of the
fundamental behavior of CFST columns and are valuable to structural designers and

composite code writers.
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Chapter 1: Introduction

Chapter 1

INTRODUCTION

1.1 CONCRETE-FILLED STEEL TUBULAR BEAM-COLUMNS

Concrete-filled steel tubular (CFST) slender beam-columns have been widely used in
high rise composite buildings, bridges and offshore structures owing to their excellent
performance, such as high strength, high ductility, large energy absorption capacity and
low costs. A CFST beam-column is constructed by filling either normal or high strength
concrete into a normal or high strength hollow steel tube. Concrete with compressive
strength above 50 MPa is considered as high strength concrete while structural steels
with yield strength above 460 MPa are treated as high strength steels. The most

common CFST beam-column sections are shown in Fig. 1.1.
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Concrete core  Steel tube

Concrete core  Steel tube

Concrete core Steel tube

(a) Square section (b) Rectangular section (c) Circular section

Fig. 1.1 Cross-sections of concrete-filled steel tubular beam-columns.

CFST columns have several advantages over the conventional reinforced concrete and
structural steel columns. Firstly, the concrete infill is confined by the steel tube. This
confinement effect increases the strength and ductility of the concrete core in
rectangular steel tubes. Secondly, the concrete infill delays local buckling of the steel
tube. Thirdly, the combined capacity of the steel and concrete significantly increases the
stiffness and ultimate strength of CFST columns which makes them very suitable for
columns and other compressive members. Finally, the steel tube serves as longitudinal
reinforcement and permanent formwork for the concrete core, which results in rapid
construction and significant saving in materials. The steel tube can also support a
considerable amount of construction and permanent loads prior to the pumping of wet

concrete.
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The in-filled concrete effectively prevents the inward local buckling of the steel tube so
that the steel tube walls can only buckle locally outward. The local buckling modes of
hollow columns and CFST box columns are depicted in Fig. 1.2. The steel tube walls of
a CFST column under axial load and bending may be subjected to compressive stress
gradients. No bifurcation point can be observed on the load-deflection curves of real
steel plates under compressive stresses (Liang and Uy 2000). This is caused by the
presence of initial geometric imperfections in real thin steel plates. This also leads to
difficulty in determining the initial local buckling loads of thin steel plates with
imperfections. The classical elastic local buckling theory cannot be used to determine
the initial local buckling stress of real steel plates with imperfections. The local
buckling of the steel tube walls with initial geometric imperfections and residual
stresses reduces the strength and ductility of thin-walled CFST slender beam-columns.
The local and overall stability problem is encountered in high strength thin-walled
rectangular CFST slender beam-columns with large depth-to-thickness ratios. As a
result, the effects of local buckling must be taken into account in the nonlinear analysis

and design of CFST slender beam-columns.

When a CFST beam-column is used in the corner of a composite building, the beam-
column may be subjected to axial load and biaxial bending. Columns resisting
earthquake or wind loads are also subjected to axial load and bending. In practice, all
CFST columns should be designed to resist the combined actions of axial load and
bending moments. This implies that all columns should be treated as beam-columns.
The design of CFST beam-columns under axial load and bending for strength and

ductility is complex because of the interaction behavior between the axial load and
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Chapter 1: Introduction

bending and the interaction between local and global buckling. In addition, current
design codes do not provide adequate specifications for the design of high-strength

CFST beam-columns under axial load and bending.

Steel box  Unfilled
Steel box Concrete core

(a) Hollow section (b) Concrete-filled section

Fig. 1.2 Local buckling modes of steel box columns.

The common construction practice of a high rise composite building is to erect the
hollow steel columns several storeys ahead before filling the wet concrete. The hollow
steel tubular columns support a considerable amount of construction and permanent
loads. This construction method induces preloads on the steel tubes. These preloads on
the hollow steel columns cause initial stresses and deformations which may
significantly reduce the stiffness and ultimate strength of CFST slender beam-columns.
Therefore, the effects of preloads must be considered in the analysis and design of

CFST slender beam-columns.
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CFST slender beam-columns may be subjected to a constant axial load and cyclic lateral
loads in seismic regions. The steel tube walls of a cyclically loaded thin-walled
rectangular CFST slender beam-column may undergo cyclic local and overall buckling.
The nonlinear inelastic analysis of thin-walled CFST slender beam-columns is
complicated because it must account for not only material and initial geometric
imperfections as well as second order effects but also the interaction between cyclic
local and overall buckling. Cyclic local buckling of steel tube walls reduces the strength

and ductility of thin-walled CFST slender beam-columns.

The behavior of CFST slender beam-columns depends on many parameters such as the
depth-to-thickness ratio, loading eccentricity ratio, column slenderness ratio, concrete
compressive strengths and steel yield strengths. It is highly expensive and time
consuming to conduct tests to study the effects of every parameter on the behavior of
CFST slender beam-columns. Additionally, the dimensions of the slender column are
usually very large, hence it is impractical to experimentally investigate the effects of
every parameter on the behavior of CFST slender beam-columns under various loading
conditions. In such cases, verified nonlinear inelastic analysis techniques may be the
cost-effective methods for determination of the behavior of full scale CFST slender

beam-columns.

1.2 RESEARCH SIGNIFICANCE

Even though thin-walled high strength CFST slender beam-columns are frequently used

in high rise composite buildings, the understanding of their fundamental behavior is still
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not sufficient and efficient analysis and design methods have not been developed owing
to the lack of experimental and numerical research on this type of composite columns.
The use of high strength concrete in CFST slender columns increases the ultimate
strengths of the composite beam-columns but reduces the ductility of the columns
because of the brittle nature of high strength concrete. On the other hand, the use of the
high strength thin-walled steel tubes leads to economical designs but may cause local
buckling. Local bucking of the steel tubes reduces the ultimate loads of concrete-filled
thin-walled steel box columns. After the onset of initial local buckling, a thin steel plate
can still carry increasing loads without failure. The plate progressively buckles locally
with gradually increasing the load. This behavior of thin steel plates is called post-local
buckling (Liang et al. 2007). The effects of progressive local bucking have not been
considered in existing nonlinear inelastic methods of analysis for CFST slender beam-
columns under static uniaxial loads, biaxial loads, preloads and cyclic loads. The
inelastic analysis methods that do not consider local buckling effects, may overestimate
the ultimate loads of composite columns and frames. The current design codes such as
Eurocode 4 (2004), LRFD (1999) and ACI 318 (2002) do not provide specifications for

the design of high strength CFST slender beam-columns.

The proposed research aims to develop new numerical models for simulating the
nonlinear inelastic behavior of thin-walled high strength CFST slender beam-columns
under various loading conditions. The research findings from this project make
significant contributions to the analysis and design of CFST slender beam-columns
under static uniaxial loads, biaxial loads, preloads and cyclic loads. The numerical

models developed provide structural designers with advanced analysis and design tools
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that can be used to design safe and economical composite buildings. Furthermore, the
proposed numerical models allow the designer to analyse and design CFST beam-
columns made of compact, non-compact or slender steel tubes with any strength grades

and high strength concrete.

1.3 AIMS OF THIS RESEARCH WORK

The main aim of this research work is to develop new efficient numerical models for
predicting the strength and ductility of thin-walled CFST slender beam-columns under
static uniaxial loads, biaxial loads, preloads and cyclic loads. The effects of local
buckling, concrete confinement and high strength materials are taken into account in the

numerical models. Specific aims are given as follows:

® Develop a numerical model for high strength rectangular CFST slender beam-
columns under axial load and uniaxial bending with local buckling effects.

® Develop a numerical model for biaxially loaded high strength rectangular CFST
slender beam-columns with local buckling effects.

® Develop a numerical model for circular high strength CFST slender beam-columns
with preload effects.

® Develop a numerical model for high strength thin-walled rectangular CFST slender
beam-columns with preload and local buckling effects.

® Develop a numerical model for high strength rectangular CFST slender beam-

columns under cyclic loads.
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® Verify numerical models developed by comparisons with existing experimental
results.

® Undertake extensive parametric studies to examine the effects of important
parameters on the fundamental behavior of CFST slender beam-columns under

various loading conditions.

1.4 LAYOUT OF THIS THESIS

The contents of this thesis are divided into 7 chapters. Chapter 2 presents an extensive
literature review on the nonlinear analysis and behavior of CFST columns. Published
work on the nonlinear analysis and behavior of CFST beam-columns under axial load
and uniaxial bending is firstly reviewed. Research work on the experimental
investigation and nonlinear analysis of biaxially loaded rectangular CFST beam-
columns is also reviewed. Extensive reviews are then devoted to the preloaded circular
and rectangular CFST beam-columns. Finally, the studies on the CFST beam-columns

subjected to axial load and cyclic loading are highlighted.

A numerical model based on the fiber element analysis method for determining the axial
load-deflection curves and axial load-moment interaction diagrams of rectangular CFST
columns under axial load and uniaxial bending is developed and presented in Chapter 3.
The effects of local buckling, concrete confinement and initial geometric imperfections
are considered in the fiber element analysis program. Computational algorithms based
on the Miiller’s method are developed to iterate the neutral axis depth and to adjust the

curvature at the column ends to satisfy equilibrium conditions. Performance indices are
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Chapter 1: Introduction

proposed to quantify the contributions of the concrete core and steel tube to the ultimate
strengths of CFST slender beam-columns. The numerical model developed is employed
to study the effects of key parameters on the ultimate strengths and performance indices

of CFST columns.

Chapter 4 describes a multiscale numerical model for simulating the local and global
buckling behavior of biaxially loaded high strength thin-walled rectangular CFST
slender beam-columns. Mesoscale models based on the fiber element method are
developed for analysing the column cross-section while macroscale models are
proposed to model the axial load-deflection and axial load-moment interaction
responses of slender beam-columns. Miiller’s method algorithms are developed and
implemented in the numerical model to iterate the neutral axis depth of the composite
section and the curvature at the column ends until nonlinear solutions are obtained. The
axial load-deflection curves and ultimate strengths of high strength thin-walled
rectangular CFST slender beam-columns obtained from the multiscale numerical model
are compared with the experimental results available in the published literature. Steel
and concrete contribution ratios and strength reduction factor are proposed to quantify
the performance of rectangular CFST beam-columns. The multiscale numerical model
is utilized to investigate the effects of concrete compressive strength, depth-to-thickness
ratio, loading eccentricity ratio and column slenderness ratio on the performance

indices.

In Chapter 5, a numerical model is developed for the nonlinear inelastic analysis of high

strength circular and rectangular CFST slender beam-columns with preload effects. The
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numerical model accounts for the effects of local buckling of steel tubes under stress
gradients, initial geometric imperfections, deflection caused by preloads and concrete
confinement. Miiller’s method based on computational algorithms is developed to solve
nonlinear equilibrium equations. The accuracy of the numerical model developed is
verified by comparisons of numerical results with existing experimental data. The
numerical model is utilized to investigate the effects of the preloads, columns
slenderness ratios, diameter-to-thickness ratios, loading eccentricity ratios, steel yield
strengths and concrete confinement on the behavior of normal and high strength circular

and rectangular CFST slender beam-columns under eccentric loading.

Chapter 6 presents a numerical model for simulating the behavior of cyclically loaded
high strength thin-walled rectangular CFST slender beam-columns. The numerical
model considers the effects of cyclic local buckling of the steel tube walls under stress
gradients. The initial geometric imperfections of the slender beam-columns are also
included in the fiber element model. The numerical model is developed using the fiber
element analysis method and is validated against the experimental results. Parametric
studies are performed to investigate the effects of different concrete compressive
strengths, steel yield strengths, depth-to-thickness ratios and column slenderness ratios

on the cyclic load-deflection curves of rectangular CFST beam-columns.

Important conclusions drawn from this research work are given in Chapter 7.
Significant achievements in this research work are summarized. Further research in this

field is also recommended.
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Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

The nonlinear analysis and behavior of CFST beam-columns have been an active
research area for many years. Extensive research and development work has been
undertaken in this area during the last five decades. Several survey papers have
appeared in the literature (Shams and Saadeghvaziri 1997; Shanmugam and Lakshmi
2001; Spacone and El-Tawil 2004). This chapter reviews extensive experimental studies

and the nonlinear analysis of CFST beam-columns.

The nonlinear inelastic analysis of thin-walled CFST beam-columns is a challenging
task as it involves an interaction between local and global buckling of the steel tube.
The fundamental behavior of high strength thin-walled CFST beam-columns is

influenced by many parameters such as the diameter-to-thickness ratios, column
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slenderness ratios, loading eccentricity ratios, concrete compressive strengths and steel
yield strengths. Experiments can be conducted to investigate the behavior of CFST
beam-columns. However, experimental investigations on CFST beam-columns under
various loading conditions are very expensive and time consuming. In addition, it is not
rational to derive a theory for the design of CFST beam-columns from limited test data.
Experiments should be used to verify a theory for the design of CFST beam-columns
rather than to derive the theory (Liang 2009a). On the other hand, the numerical
modeling can compensate the drawbacks of experiments and can be used to investigate

the behavior of full-scale high strength CFST beam-columns.

There is a wealth of literature in dealing with CFST beam-columns. The literature
review given in the following sections concentrates on experimental works and
nonlinear techniques developed by various researchers to investigate the behavior of
CFST short and slender beam-columns under uniaxial bending, biaxial bending,

preloads and cyclic loading.

2.2 CFST COLUMNS UNDER AXIAL LOAD AND UNIAXIAL

BENDING

CFST columns are often subjected to combined axial load and uniaxial bending in
composite frame structures. CFST columns under axial load and bending are generally
called “beam-columns”. Extensive research has been conducted on the behavior of
CFST beam-columns subjected to axial load and bending. The experimental work on

uniaxially loaded CFST beam-columns is reviewed in the following section. Review on
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the nonlinear analyses of CFST beam-columns under axial load and uniaxial bending is

given in Section 2.2.2.

2.2.1 Experimental Studies

The first experiment on the ultimate strengths of CFST beam-columns was undertaken
by Kloppel and Goder (1957). Further tests on CFST short beam-columns were
conducted by Furlong (1967) who tested eight circular CFST columns and five square
CFST columns under axial and eccentric loads. The depth-to-thickness ratio of these
tested CFST beam-columns ranged from 29 to 98. He found that the steel and concrete
components independently resisted the axial load applied to the CFST beam-column.
The influences of the steel tube thickness on the ultimate axial strengths of CFST beam-
columns were examined. Experimental results indicated that the thick-walled steel tube
offered confinement to the concrete core in a CFST beam-column. This confinement
effect increased the concrete strength in circular CFST beam-columns. A rectangular
steel tube provided less confinement to the concrete core than a circular steel tube. The
thin-walled steel tubes of CFST beam-columns locally buckled outward due to the
restrains provided by the infilled concrete. It was suggested that a CFST beam-column
cross-section could be treated as a reinforced concrete section for determining the axial

load-moment interaction diagrams.

Tests were carried out by Knowles and Park (1969) to examine the effects of concrete
confinement on the behavior of circular and square CFST beam-columns with various

column slenderness ratios and depth-to-thickness ratios. They studied 12 circular and 7
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square CFST columns with depth-to-thickness ratios of 15, 22 and 59. Test results
indicated that the confinement of the concrete core provided by the steel tube in a
square CFST column increased only the ductility of the concrete core but not its
ultimate strength. On the other hand, confinement provided by the steel tube increased
both the compressive strength and ductility of the concrete core in a circular CFST
beam-column. However, this confinement effect was shown to decrease with increasing
column slenderness. This has contributed to the fact that the column failed by buckling
before the strain caused an increase in the concrete compressive strength. All CFST
columns tested under axial load failed by column buckling. Local buckling was not
observed in all tested CFST columns. The concrete failure appeared after the maximum
load was reached. The straight line interaction formula for eccentrically loaded CFST
columns was shown to be conservative for short columns and to be unsafe for slender

columns. It was concluded that the tangent modulus method gave good prediction of the

strengths of columns with L/D ratios greater than 11 but conservative prediction for

columns with L/D ratios less than 11.

The experimental behavior of pin-ended normal strength square CFST slender beam-
columns under axial load and uniaxial bending was investigated by Bridge (1976). A
series of slender column tests was performed to examine the effects of loading
eccentricity, steel tube thickness, column slenderness ratios and uniaxial bending on the
behavior of the slender beam-columns. The test specimens were made of normal
strength steel tubes and concrete. Initial geometric imperfections at the mid-height of
the specimens were measured. Test results indicated that the ultimate axial strengths of

CFST beam-columns increased with increasing the steel tube thickness. Increasing the
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loading eccentricity ratio decreased the ultimate axial strengths of CFST beam-columns.
In addition, increasing column slenderness ratio reduced the ultimate axial strengths of
CFST beam-columns. The ultimate axial strengths and axial load-deflection curves
measured from the tests were compared with those predicted by an inelastic stability
analysis technique developed by Roderick and Rogers (1969). The local buckling of the

steel tube walls for CFST slender beam-columns was not identified in his tests.

Shakir-Khalil and Zeghiche (1989) tested rectangular CFST slender beam-columns in
single curvature bending. These CFST beam-columns were subjected to axial load and
uniaxial bending. The axial load was applied at an eccentricity about the major or minor
axis. Seven CFST slender beam-columns were tested to failure. One of these columns
was tested under a concentric axial load. The slender beam-columns were constructed
from cold-formed steel tubes and normal strength concrete. The steel yield strengths
varied from 343 MPa to 386 MPa while the concrete compressive strength varied from
40 MPa to 45 MPa. Specimens were fabricated from 5 mm thick steel tubes so that their
depth-to-thickness ratio was 24. Although the initial geometric imperfection was not
measured in the study, the effects of initial geometric imperfection on the ultimate axial
strengths of CFST beam-columns were recognized. Experimental results were compared
with the design loads calculated by BS5400 (1979) and finite element analysis. The
experimental ultimate axial loads, axial load-deflection curves and failure modes of
rectangular CFST beam-columns were reported. It was observed that all tested CFST
columns failed by overall column buckling. The local buckling of the steel tube walls
was not observed in all tested columns. Further tests on normal strength rectangular

CFST slender beam-columns under uniaxial bending were conducted by Shakir-Khalil
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and Mouli (1990). Three different rectangular CFST column cross-sections were used in
their study such as 120 x 80 x 5 mm, 150 x 100 x 5 mm and 250 x 150 x 6.3 mm. The
yield strength of the steel section varied from 340 MPa to 363 MPa while the concrete
compressive strength ranged from 35 MPa to 40 MPa. The test results showed that the
ultimate axial strength of the CFST slender beam-columns significantly increased when
a larger steel section was used. It was found that the steel tube walls were pushed out by

the crushed concrete which took the shape of the deformed steel section.

The behavior of circular and square CFST columns under axial and uniaxial bending
was investigated experimentally by Matsui et al. (1995). These columns were made of
steel tubes with a yield strength of 445 MPa filled with 32 MPa concrete. The steel tube
had a depth-to-thickness ratio of 33. Test parameters included concrete compressive
strengths, buckling length, depth-to-thickness ratio and loading eccentricity. A total of
sixty columns were tested including twelve hollow steel tubular columns under axial
load. The columns were loaded through hemispherical oil film bearing so that they were
pin-ended in the plane of bending. The design strengths calculated from AlJ
(Architectural Institutive of Japan 1997), modified AIJ and CIDECT (International
committee for the Development and Study of Tubular Structures) design methods were
compared with experimental ultimate axial strengths. It was found that AIJ design
method yielded conservative predictions of the ultimate strengths of slender beam-
columns. Test results indicated that increasing the loading eccentricity reduced the
ultimate axial strengths of the beam-columns. The effects of the loading eccentricity on
the ultimate axial strengths of CFST beam-columns were shown to reduce with an

increase in the column slenderness ratio. The mid-height deflection at the ultimate axial
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strength of the slender beam-column increased with an increase in the loading
eccentricity. The axial load-moment-interaction diagrams obtained from tests were
compared with those predicted by AIJ and CIDECT for circular and square CFST
beam-columns. The beam-columns with a length-to-depth ratio greater than 18 could
not attain the full plastic moment at the maximum load due to the overall column

buckling.

Shams and Saadeghvaziri (1997) presented a state-of-the art review on CFST columns.
They highlighted the experimental and analytical studies on the design and behavior of
CFST columns. The behavior of circular and rectangular CFST beam-columns under
various loading conditions was discussed in their study. The effects of the cross-section
shape, width-to-thickness ratios and column slenderness ratios on the performance of
CFST beam-columns were summarized. It was found that the confinement of the
concrete core provided by the steel tube increased the strain in the concrete. It was
observed that steel plates buckled outward in one of the sides of a column before the
ultimate axial strength was reached. The remaining sides of a column cross-section were
buckled after the ultimate load was attained. The steel plates were buckled outward in
four sides of a column with large width-to-thickness ratios. In addition, local buckling

of the steel tube occurred after crushing of the concrete core.

The experimental study of axially loaded short CFST columns with depth-to-thickness
ratio ranging from 17 to 50 was undertaken by Schneider (1998). He tested fourteen
specimens to examine the effects of steel tube shape and tube wall thickness on the

ultimate axial strengths of CFST columns. All steel boxes of the specimens were cold-
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formed carbon steel and were seam welded and annealed to relieve residual stresses.
The yield strength of the steel section varied from 322 MPa to 430 MPa and the
compressive concrete strength ranged from 23 MPa to 30 MPa. Test results indicated
that the post-yield strength and stiffness of circular CFST columns were higher than
those of square or rectangular CFST beam-columns. Local buckling of circular steel
tubes occurred at an axial ductility of 10 or more while square and rectangular tubes
buckled locally at a ductility ranged from 2 to 8. Circular steel tubes possessed higher
post-yield axial ductility and strength than square or rectangular concrete-filled tube
sections. All circular CFST columns displayed the strain hardening which occurred in

rectangular CFST columns with D/# < 20. The confinement provided by the steel tube

only occurred after the axial load reached about 92% of the column yield strength. The
yield load of a CFST column was found to increase significantly with decreasing the

depth-to-thickness ratio.

Bridge and O’Shea (1998) studied experimentally the behavior of axially loaded thin-
walled steel box sections with or without concrete infill. The width-to-thickness ratios
of these sections ranged from 37 to 131 while the length-to-width ratios of the columns
ranged from 0.8 to 3. The performance of thin-walled CFST short columns was
compared with that of hollow steel tubular columns. The buckling modes for a wide
range of width-to-thickness ratios were examined. It was observed that the concrete core
prevented the inward buckling of the steel tube. This buckling mode significantly
increased the strength of the steel tubes. They suggested that the effective width formula

for clamped steel plates could be used to calculate the strength of thin-walled steel tubes
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with concrete infill. Local buckling of the steel tubes was found to reduce the ultimate

strength of thin-walled CFST short beam-columns under axial compression.

Experimental studies on the ultimate strengths of high strength thin-walled square CFST
slender beam-columns under axial load and uniaxial bending have been conducted by
Chung et al. (1999). These beam-columns were made of steel tubes with a yield strength
of 445 MPa filled with 88 MPa high strength concrete. The width-to-thickness ratio of
CFST slender beam-columns was 39 while the length of the beam-column ranged from
2250 mm to 3000 mm. The effects of the buckling length-depth ratio and eccentricity of
the applied axial load on the behavior of CFST beam-columns were studied. They found
that local buckling of slender columns under concentric or eccentric loading occurred
after the ultimate axial strength was attained while local buckling of short columns
under concentric load occurred at the ultimate axial strength. The column with a smaller

slenderness ratio had a higher ultimate strength.

O’Shea and Bridge (2000) conducted experiments to study the behavior of circular
CFST short columns. These columns were tested under axial compression which was
applied on either steel tube or both steel tube and concrete core at small eccentricities.
The specimens had a length-to-diameter ratio of 3.5 and diameter-to-thickness ratios
ranging from 60 to 220. The steel tubes were filled with high strength concrete. The
compressive strengths of the concrete cylinders were measured as 50 MPa, 80 MPa and
120 MPa. Test results demonstrated that local buckling remarkably influenced the
strength of hollow steel tubular columns. The bond between the steel tube and concrete

was shown to be critical in determining the mode of local buckling. The sufficient bond
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between the steel tube and concrete core prevents the buckling of the steel tube. In
addition, the confinement of the concrete core provided by the circular steel tube was
affected by the loading conditions. The effect of the confinement increased with
increasing the axial load applied on the concrete core. Design methods were suggested
for determining the strength of circular CFST columns subjected to various loading
conditions. The strengths obtained from these design methods were compared with
experimental strengths. The comparison was also conducted between the design method
and Eurocode 4. They reported that Eurocode 4 provided conservative strength
predictions for circular steel tubes filled with concrete strength up to 50 MPa and

subjected to axial load and bending.

Han (2002) investigated experimentally the influences of constraining factors and the
depth-to-width ratios on the ultimate strength and ductility of axially loaded rectangular
CFST columns. A total of 24 CFST columns were tested. The main variables examined
in the test program were the constraining factor and depth-to-width ratio. The width of
the steel tubes varied from 70 mm to 160 mm while the depth of the steel tubes ranged
from 90 mm to 160 mm. The short columns were constructed by steel tubes filled with
high strength concrete of 60 MPa. The steel yield strength varied from 194 MPa to 228
MPa. He reported that the axial strength and ductility of CFST columns decreased with
an increase in the depth-to-width ratio but increased with an increase in the constraining
factor. A confinement factor was proposed for determining the section performance of

composite columns but it did not take into account the effects of b/t ratios on the

behavior of composite sections.
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Zhang et al. (2003) presented test results of 8 high strength CFST beam-columns
subjected to axial load and uniaxial bending. A 150 x 150 mm cross-section was used in
the tests. Test parameters included column slenderness ratios, steel ratios and loading
eccentricity. Test specimens were made of high strength concrete with the compressive
strength of 94 MPa and steel tubes with yield strengths of 316 MPa or 319 MPa. Their
test results indicated that increasing the column slenderness ratio and loading
eccentricity reduced the ultimate axial strengths of CFST beam-columns. The ultimate
axial strengths of CFST beam-columns were shown to decrease with increasing the steel

ratio.

Han and Yang (2003) carried out several tests to study the behavior of rectangular
CFST short columns under long-term sustained loading. They investigated the effects of
steel ratios, long-term sustained load level, slenderness ratio, strength of the materials
and depth-to-thickness ratio on the ultimate strengths of CFST columns. A theoretical
model given in ACI codes (ACI 1992) was used to compare the predicted behavior of
CFST columns under long-term loading. It was found that the axial strain due to long-
term sustained loading affected the results and tended to stabilize after about 100 days
of loading. The strength index decreased as the slenderness ratio and the concrete
strength increased, when the slenderness ratio was less than 10. The maximum strength
reduction due to long-term loading effects was approximately 20% of the strength under
short-term loading. A set of formulas was developed by Han and Yang (2003) for
predicting the ultimate strengths of rectangular CFST short columns with long-term

sustained loading effects.
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Fujimoto et al. (2004) examined experimentally the effects of high strength materials on
the behavior of circular and square CFST short columns under eccentric loading. They
tested CFST short columns with a wide range of parameters including the tubes’
diameter-to-thickness ratio, normal and high strength concrete, and normal and high
strength steels. Circular steel tubes used to construct these CFST columns were cold
formed from a flat plate by press welding and seam welding. The length-to-diameter
ratio of the specimens was 3.0. The depth-to-thickness ratios of these specimens ranged
from 27 to 101. The yield strengths of the steel tubes were 283, 579 and 834 MPa and
the concrete cylinder compressive strengths were 25, 41 and 78 MPa. The applied axial
load ranged from 13% to 59% of the ultimate axial load of corresponding column
obtained by the theoretical model. They reported that the use of high strength concrete
reduced the ductility of circular CFST beam-columns. Also, the use of high strength
steel tubes or steel tubes with a smaller diameter-to-thickness ratio increased the
ductility of circular CFST columns. It was concluded that the confinement effect did not
increase the moment capacity of square CFST beam-columns and local buckling must
be taken into account in evaluating the strengths of square CFST beam-columns with

large width-to-thickness ratios.

Sakino et al. (2004) have investigated experimentally the ultimate loads and behavior of
circular CFST short columns under axial load. They tested 114 CFST columns to study
the effects of the tube shape, steel yield strengths, diameter-to-thickness ratio and
concrete strengths on the behavior of axially loaded CFST columns. The circular steel
tubes used in these CFST columns were cold formed from a flat plate by press bending

and seam welding. The depth-to-thickness ratios of these columns ranged from 17 to
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102. The yield strengths of steel tubes ranged from 279 MPa to 853 MPa. The concrete
cylinder compressive strengths ranged from 25 MPa to 85 MPa. The test data was used
to develop design methods for CFST columns. A new design formula based on the test

results was also proposed for circular and square CFST columns.

The behavior of axially loaded circular CFST short columns with various concrete
strengths was presented by Giakoumelis and Lam (2004). The effects of the steel tube
thickness, the bond strength between the concrete and the steel tube and concrete
confinement on the behavior of circular CFST short columns were examined. They
tested 15 circular CFST short columns with concrete compressive strengths of 30, 60
and 100 MPa and depth-to-thickness ratios varied from 23 to 31. The yield strength of
the steel tube was either 343 MPa or 365 MPa. The diameter of the circular CFST short
columns was 114 mm. The length of the beam-columns was 300 mm. They compared
various design codes for circular CFST columns. They reported that Eurocode 4
provided accurate strength predictions for circular CFST beam-columns with normal
and high strength concrete. Their results indicated that the concrete strength had a

considerable effect on the bond between the steel tube and concrete core.

Liu (2006) undertook experimental studies on the structural behavior of high strength
rectangular CFST beam-columns subjected to axial load and uniaxial bending. He tested
four slender and sixteen stub rectangular high strength steel tubes with yield strength of
495 MPa filled with high strength concrete of 60 MPa. The ultimate axial strengths of
CFST columns measured from the tests were compared with the design ultimate loads

calculated using Eurocode 4. It was shown that EC4 accurately predicted the ultimate
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axial strengths of axially loaded CFST columns, but was quite conservative for
predicting the ultimate axial strengths of eccentrically loaded CFST columns. The
conservatism of the EC4 predictions increased as the eccentricity increased. Moreover,
the ultimate capacities of CFST slender beam-columns were significantly reduced by

increasing the load eccentricity ratio.

Lue et al. (2007) tested twenty-four rectangular CFST slender beam-columns with a
depth-to-thickness ratio of 33 and concrete compressive strengths varying from 29 to 84
MPa. These beam-columns with a cross-section of 100 x 150 mm were constructed by
cold-formed steel tubes. Specimens were fabricated from 4.5 mm thick steel tube so that
their depth-to-thickness ratio was 33. The length of the column was 1855 mm. The yield
strength of the steel tube was 379 MPa. It was observed that CFST columns with
normal strength concrete failed by the global buckling while local buckling failure mode
was found in the specimens with high strength concrete. Test results were compared
with various composite design codes to examine the validity of the design codes. It was
concluded that the AISC-LRFD (2005) generally gave a good estimate of the ultimate
loads of high strength CFST columns while the AISC-LRFD (1999) overestimated the

ultimate loads of high strength CFST columns.

Experiments on high strength circular CFST slender beam-columns under axial load and
bending were undertaken by Lee et al. (2011). They studied the effects of the diameter-
to-thickness ratios and loading eccentricity ratios on the axial load-deflection responses
and axial load-moment interaction diagrams of CFST beam-columns. Their studies

indicated that the confinement effect on the ultimate bending strength was insignificant
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for the beam-column with diameter-to-thickness ratios ranging from 40 to 100 and
loading eccentricity ratios ranging from 0.2 to 0.5. In addition, the axial stiffness and
flexural rigidity of a circular CFST column decreased with an increase in the diameter-
to-thickness ratio. The ductility of normal strength circular CFST beam-columns was

higher than that of high strength circular CFST beam-columns.

Portolés et al. (2011) described results obtained from a series of 37 tests on normal and
high strength circular CFST slender beam-columns under eccentric loading. The
specimens were tested under eccentric compression to investigate the effects of the
concrete compressive strengths, diameter-to-thickness ratio, loading eccentricity ratio
and column slenderness ratio. The ultimate axial strengths obtained from the
experiments were compared with the design ultimate loads calculated using the design
rules specified in Eurocode 4. They used performance indices to quantify the effects of
the primary variables on the ultimate axial strength and ductility of circular CFST
slender beam-columns. Design recommendations based on the test results were
proposed for high strength circular CFST beam-columns. It was concluded that the
ultimate axial strength of eccentrically loaded circular CFST beam-columns decreased
with increasing either the column slenderness ratio or loading eccentricity ratio but
increased due to the use of either high strength concrete or small depth-to-thickness

ratio of the steel tube.

Uy et al. (2011) carried out an experimental investigation on concrete-filled stainless
steel tubular short and slender columns with circular, square and rectangular cross-

sections. The ultimate axial strengths, failure modes, axial load-strain relationships,

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 25



Chapter 2: Literature Review

axial load-shorting curves and axial load-deflection responses were measured in the
tests. The experimental ultimate axial strengths of CFST columns were compared with
the design strengths calculated using AS 5100 (2004), AISC (2005), Chinese code
DBJ/T (2010) and Eurocode 4 (2004) for CFST columns. The authors concluded that
AS 5100, AISC, DBJ/T and EC4 underestimated the ultimate axial strengths of

concrete-filled stainless steel tubular columns under axial compression.

Ellobody and Ghazy (2012a, 2012b) studied the experimental behavior of pin-ended
fiber reinforced concrete-filled stainless steel tubular columns under axial and eccentric
loads. The length of composite columns varied from short to slender. The circular
stainless steel tubes used in the tests were cold-rolled from flat strips of austenitic
stainless steel. The tubes had an outer diameter of 100 mm and a plate thickness of 2
mm so that the tubes had diameter-to-thickness ratio of 50. The stainless steel tubes
were filled with plain and polypropylene fiber reinforced concrete having a nominal cub
strength of 40 MPa. The ultimate axial strengths, axial load-strain curves, axial load-
shortening relationships and axial load-deflection responses of circular concrete-filled
stainless steel tubular columns were measured. Four failure modes such as the stainless
steel yielding, local buckling, concrete crushing and flexural buckling were observed.
Test results indicated that fiber reinforced CFST columns had improved ductility
compared with plain CFST columns. It was concluded that the EC4 accurately predicted
the ultimate loads of axially loaded concrete-filled stainless steel circular tubular
columns, but was quite conservative for predicting the ultimate loads of the
eccentrically loaded columns. The conservatism of the EC4 predictions increased as the

eccentricity increased.
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A test was undertaken by Liew and Xiong (2012) to investigate the behavior of 27
axially loaded CFST columns. Steel fibers were added into the ultra-high strength
concrete. The effects of ultra-high strength concrete on the strength and ductility of
CFST column were studied. Test results demonstrated that the ultra-high strength
concrete increased the ultimate strengths of CFST columns but reduced the ductility of
the columns because of the brittle nature of the ultra-high strength concrete. However,
the ductility and strength of CFST columns with ultra-high strength concrete increased
with an increase in the steel contribution ratio. The use of fiber reinforced concrete in
CFST beam-columns resulted in the similar behavior. The experimental ultimate axial
strengths were compared with the design strengths calculated by Eurocode 4. It was
shown that the EC4 accurately predicted the ultimate strengths of axially loaded ultra-

high strength concrete columns.

Abed et al. (2013) carried out tests on 16 CFST short columns under axial load. The
steel tubes were filled with normal and high strength concrete having a compressive
strength of 44 MPa or 60 MPa. The diameter-to-thickness ratios of 20, 32 and 54 were
considered in the experimental investigation. The main variable parameters in the tests
were the concrete compressive strength and diameter-to-thickness ratio. Test results
indicated that the ultimate axial strength of circular CFST columns increased with an
increase in the concrete compressive strength. The ductility of circular CFST columns
decreased with an increase in the concrete compressive strength for larger diameter-to-
thickness ratios. Increasing in the diameter-to-thickness ratio reduced the stiffness and
ultimate axial strength of axially loaded circular CFST short columns. The ultimate

axial strengths measured from the tests were compared with the design strengths
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calculated by the theoretical equation, AISC code (2010), American Concrete Institute
(ACT 2011) and Australian Standard (AS 2009) codes, Giakoumelis and Lam (2004)
equations, Mander et al. (1988) equations and Eurocode 4 (2005). They concluded that
the equations given by Mander et al. (1988) gave a good estimate of the ultimate loads
of CFST columns while AISC, ACI and AS and Eurocode 4 underestimated the
ultimate loads of CFST columns up to 43%. These design codes except Eurocode 4 for
CFST beam-columns have not considered the effects of concrete confinement that
significantly increase the strength and ductility of the concrete core. As a result, the

ultimate loads calculated by these codes deviate considerably from experimental results.

It can be seen from the past experimental investigations that the behavior of uniaxially
loaded high strength thin-walled rectangular CFST slender beam-columns has not been
adequately investigated. Literature review on nonlinear analysis techniques for
predicting the behavior of CFST columns under axial load and uniaxial bending is

provided in the following section.

2.2.2 Nonlinear Analysis

Neogi et al. (1969) proposed a numerical model for predicting the elasto-plastic
behavior of pin-ended circular CFST slender beam-columns under eccentric loading. In
the numerical model, the tangent modulus method was used to analyze axially loaded
columns while eccentrically loaded beam-columns were analyzed by assuming a
displacement function. However, the effects of the concrete tensile strength and

concrete confinement were not taken into account in their numerical model. As a result
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of this, their numerical model was found to underestimate the ultimate strengths of
circular CFST slender beam-columns. The load-deflection analysis procedure presented
by Neogi et al. (1969) can be used to develop strength envelopes by varying the loading
eccentricity. However, it is not efficient when the loading eccentricity is large. Despite
of this, the axial load-moment interaction diagrams of circular CFST slender beam-

columns have not been studied by Neogi et al. (1969).

Tang et al. (1996) proposed a confining pressure model for concrete in circular CFST
columns. The model accounts for the effects of material and geometric properties of the
column on the strength enhancement and the post-peak behavior. It was found that their
model generally overestimated the lateral confining pressure in circular CFST columns
(Liang and Fragomeni 2009). Susantha et al. (2001) proposed uniaxial stress-strain
relationships for concrete confined by various shaped steel tubes. Susantha et al. (2001)
used the confining pressure model proposed by Tang et al. (1996) for circular CFST

columns.

The nonlinear behavior of CFST short columns was discussed by Schneider (1998) who
developed a nonlinear three-dimensional finite element model for the analysis of CFST
columns. The model was developed using the finite element program ABAQUS. An
eight-node shell element was employed to model the steel tube while the concrete core
was modeled using 20-node brick elements. The model considered the inelastic
behavior of structural steels and concrete. The Prandtl-Reuss flow rule was used to
determine the inelastic deformation of steel plates while von Mises yield criteria were

employed to define the yield surfaces. The results obtained from the finite element
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analysis were compared with experimental results. It was shown that the elastic and
plastic behavior of CFST beam-column specimens could be predicted by the finite
element model. However, the ultimate axial strengths predicted by the finite element

model were slightly higher than the test results.

Vrcelj and Uy (2002) presented a numerical model for simulating the load-deflection
responses of high strength square CFST slender beam-columns under axial load and
uniaxial bending. They investigated the effects of compressive strengths, steel yield
strengths and column slenderness ratios on the ultimate axial strengths of high strength
square CFST slender beam-columns. However, their model did not account for the
effects of confinement provided by the steel box on the ductility of the concrete core
and progressive local buckling of thin steel plates under stress gradients. The axial load-
moment interaction diagrams of high strength rectangular CFST slender beam-columns

have not been studied by Vrcelj and Uy (2002).

Hu et al. (2003) developed a finite element model for the nonlinear analysis of axially
loaded CFST short beam-columns with confinement effect. They employed the general
purpose finite element analysis program ABAQUS to study the inelastic behavior of
CFST beam-columns. Square and circular concrete-filled sections with stiffened
reinforcing ties were used in the nonlinear analysis. The steel tubes were simulated
using an elastic-perfectly-plastic model with associated flow theory while an elastic-
plastic theory with associated flow and isotropic hardening rule was used to model the
concrete. The von Mises yield criterion was employed to define the elastic limit of the

steel tubes when it was subjected to multiple stresses. On the other hand, a linear
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Drucker-Prager yield criterion was used to model the yield surfaces of the concrete
because the concrete is usually subjected to triaxial compressive stress and failure of the
concrete is dominated by increasing in the hydrostatic pressure. The interaction between
the concrete core and steel tube was modeled by special nine-node interface elements.
The finite element model was verified by experimental results. They concluded that
circular steel tube provided a good confining effect on concrete core especially when
the width-to-thickness ratio of the steel tube was small and local buckling of the steel
tube was not occurred. However, square CFST beam-columns did not provide a good
confining effect on the concrete core especially when the width-to-thickness ratio of the
steel tube was larger and the steel tube was buckled locally outward. They proposed a
confining pressure model for concrete in circular CFST beam-columns made of normal
strength steel and concrete. However, their confining pressure model was found to
overestimate the confining pressure in high strength circular CFST columns with depth-

to-thickness ratio less than 47 (Liang and Fragomeni 2009).

Liang and Uy (2000) investigated the post-local buckling behavior and ultimate strength
of thin steel plates in rectangular CFST columns using the nonlinear finite element
analysis method. In their investigation, an eight-node quadratic plate element based on
the Mindlin plate theory was used to describe the local buckling displacement of the
plate in the finite element analysis. The plate was divided into 10 layers in order to treat
the plasticity of the plate by using the von Mises yield criterion with volume approach.
The effects of geometric imperfection, slenderness ratio and residual stress on the post-
local buckling strengths of clamped steel plates were studied. Well-known Ramberg-

Osgood formula was employed to model steel plates with residual stresses. They found
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that the residual stresses had considerable effects on the load-deflection behavior of
clamped plates, and the stiffness and ultimate strength of plates decreased by increasing
the residual stresses. It is worth mentioning that the method developed by Liang and Uy
(2000) is an efficient theoretical method for determining the initial local buckling loads

and the post-local buckling reserve strengths of plates with imperfections.

Ellobody et al. (2006) presented the design and behavior of circular CFST short
columns under axial compression. They employed the finite element program ABAQUS
to study the inelastic behavior of normal and high strength circular CFST short columns
under axial compression. The compressive strength of concrete ranged from 30 MPa to
110 MPa covering normal and high strength concrete. The finite element analysis was
conducted on columns with a wide range of diameter-to-thickness ratios ranging from
15 to 80 which covers non-compact and compact steel tube sections. The concrete
confinement model proposed by Hu et al. (2003) was used in the finite element analysis.
The ultimate axial strengths and axial load-shortening curves for circular CFST columns
were evaluated. The finite element results were compared with the test results provided
by Giakoumelis and Lam (2004) and Sakino et al. (2004). Parametric studies were
conducted to examine the effects of concrete compressive strengths, steel yield strengths
and diameter-to-thickness ratios. The ultimate axial strengths obtained from the finite
element analyses were compared with the design strengths calculated using Australian,
American and European specifications. They reported that the design strengths obtained

by Australian and American specifications were conservative.
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Liang et al. (2007) investigated the local and post-local buckling behavior of thin steel
plates in CFST beam—columns using the nonlinear finite element method. Clamped
steel plates with various width-to-thickness ratios and restrained by the concrete core
were studied. Geometric and material nonlinear effects were considered in their study.
A 10 x10 mesh was used in the analyses in order to obtain accurate results. The material
plasticity was defined by the von Mises yield criterion. They found that increasing the
width-to-thickness ratio of a steel plate under the predefined stress gradients reduced its
lateral stiffness, initial local buckling stress and ultimate strength. They proposed
formulas for predicting the initial local buckling stresses of thin steel plates in CFST
beam-columns with initial geometric imperfections and residual stresses. They also
proposed effective strength and width formulas for determining the post local buckling
strengths of steel plates in thin-walled CFST beam-columns. It is worth mentioning that
the formulas proposed by Liang et al. (2007) can be used directly in the design of thin-
walled CFST beam-columns. In addition, they can be incorporated in numerical models
to account for local buckling effects on the behavior of CFST beam-columns under

various loading conditions.

Numerical models for the nonlinear inelastic analysis of circular CFST short columns
under axial and eccentric loading were developed by Liang and Fragomeni (2009,
2010). They proposed constitutive material models for confined concrete. The
numerical models incorporated accurate constitutive models for normal and high
strength concrete confined by either normal or high strength circular steel tubes. In their
study, a circular CFST section was divided into fine fiber elements which were assigned

with either steel or concrete material properties. The coordinates and cross-section area
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of each element were automatically calculated based on the geometry of the cross-
section. Fiber stresses were calculated from fiber strains. Secant method algorithms
developed by Liang (2009b) were incorporated in the numerical models to iterate the
neutral axis depth in a circular CFST beam-column section until the force equilibrium
conditions were satisfied. The accuracy of the numerical models was examined by
comparing the ultimate axial strengths, ultimate bending strengths, axial load-strain
curves and moment-curvature responses with corresponding experimental results. The
accuracy and reliability of various confining pressure models proposed by Tang et al.
(1996), Hu et al. (2003) and the authors were evaluated. It was found that the confining
pressure models given by Tang et al. (1996) and Hu et al. (2003) overestimated the
ultimate axial strengths of high strength circular CFST columns. The comparison
demonstrated that the confining pressure models proposed by Liang and Fragomeni
(2009) provided reliable results for both normal and high strength circular CFST
columns under axial and eccentric loading. The verified numerical models were then
utilized to investigate the fundamental behavior of circular CFST columns with various
diameter-to-thickness ratios, concrete compressive strengths, steel yield strengths, axial
load levels and section shapes. They proposed new design models based on the
numerical results for determining the ultimate axial and ultimate pure bending strengths
of circular CFST beam-columns. They highlighted that the numerical models and
formulas were shown to be effective simulation and design tools for circular CFST

beam-columns under axial and eccentric loading.

An analytical model for determining the behavior of axially loaded circular CFST short

columns was described by Choi and Xiao (2010). An analytical procedure for predicting
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the axial load-strain curves of circular CFST short beam-columns was presented.
Various modes of the interaction between the steel tube and infill concrete under axial
compression were discussed. The axial load-strain curves for circular CFST short
columns under axial compression predicted by the analytical model were compared with
experimental data. They found that the behavior of circular CFST short columns
depended on the concrete strength and confinement of the concrete provided by the steel
tube. The drawbacks of the analytical procedure are that the strain hardening of
materials was not taken into account. Consequently, the procedure produced solutions
that deviated considerably from the corresponding experimental results in the post-peak

range of the axial load-strain curves.

The nonlinear inelastic behavior of high strength circular CFST slender beam-columns
was investigated by Liang (2011a, 2011b). He developed a numerical model based on
the accurate fiber element method. Material constitutive material model proposed by
Liang and Fragomeni (2009) for confined concrete was incorporated in the numerical
model. The numerical model accounted for the effects of concrete confinement, initial
geometric imperfection and second order. The cross-section analysis of circular CFST
beam-columns was discussed. In his numerical model, the deflected shape of circular
CFST beam-columns was assumed to be a part of sine curve. Computational algorithms
based on the secant method were developed to adjust the neutral axis depth of the
composite section. In the axial load-deflection analysis, the deflection at the mid-height
of a slender beam-column was gradually increased. The equilibrium of internal and
external bending moments was maintained at the mid-height of the beam-column. In

axial load-moment interaction strength analysis, the curvature at the mid-height of the
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beam-column was gradually increased. The curvature at the column end was iteratively
adjusted by the secant method to satisfy the moment equilibrium at the mid-height of
the beam-column. The ultimate axial strengths, ultimate bending strengths and axial
load-deflection responses of circular CFST slender beam-columns under eccentric
loading obtained from numerical model were compared with experimental results
available in the published literature. The numerical model was then utilized to
investigate the effects of column slenderness ratio, loading eccentricity ratio, concrete
compressive strengths, steel yield strengths, steel ratio and concrete confinement on the
behavior of high strength circular CFST slender beam-columns in terms of axial load-
deflection responses, ultimate strengths, axial load-moment interaction diagrams and
strength increase due to confinement effects. It was concluded that increasing column
slenderness ratio and eccentricity ratio significantly reduced the flexural stiffness and
ultimate axial strength of eccentrically loaded circular CFST beam-columns. The
deflections and displacement ductility of the beam-columns increased with an increase
in the column slenderness ratio. In addition, the stiffness and strength of circular CFST
slender beam-columns increased with increasing the concrete compressive strength. It
was noted that the steel yield strength did not have an effect on the initial flexural
stiffness of slender beam-columns. However, the ultimate axial strengths of slender
beam-columns increased significantly with increasing the steel yield strength.
Moreover, the flexural stiffness and ultimate strength were shown to increase
significantly with increasing the steel ratio. The confinement effect was shown to

decrease with increasing the eccentricity ratio and the column slenderness ratio.
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Portolés et al. (2011) proposed numerical procedures for predicting the axial load-
deflection responses of high strength circular CFST slender beam-columns under
eccentric loading. The effects of initial geometric imperfection on the performance of
circular CFST slender beam-columns were incorporated in the numerical model. The
confinement provided by the circular steel tube was also considered. The ultimate axial
strengths and axial load-deflection curves obtained from the numerical model were
compared with experimental data to examine the accuracy of the numerical model. It
was found that the numerical model predicted well the behavior of normal and high
strength circular CFST slender beam-columns. A parametric study was conducted to
investigate the effects of confinement index, column slenderness ratio and concrete
compressive strengths on the ultimate axial strengths, concrete contribution ratio and
strength index of CFST beam-columns. Recommendations for the design of CFST

slender beam-columns were given based on the parametric study.

El-Heweity (2012) employed the finite element program ANSYS to study the inelastic
behavior of axially loaded high strength circular CFST short columns. The finite
element model incorporated the constitutive models for steels and concrete. The finite
element model was verified by comparisons with experimental results. The fundamental
behavior of circular CFST beam-columns with various column diameters and steel yield
strengths was studied. Strength enhancement factor and ductility index were proposed
to quantify the performance of the CFST beam-columns. They reported that the steel
yield strength did not have a significant influence on the concrete ductility in circular
CFST columns. However, the steel yield strength had considerable effect on the

concrete strength of circular CFST beam-columns.
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Ellobody (2013) discussed the nonlinear behavior of fiber reinforced concrete-filled
stainless steel tubular (CFSST) columns. A three-dimensional finite element model was
developed using ABAQUS for the analysis of CFSST columns. The pin-ended axially
loaded CFSST columns were considered in the finite element model. The length of
CFSST columns varied from short to slender. The effects of fiber reinforced concrete
confinement provided by stainless steel tube and interface between the stainless steel
tube and fiber reinforced concrete were also considered in the analysis. In addition, the
initial geometric imperfection was incorporated in the finite element model. The finite
element model had been validated against tests conducted by Ellobody and Ghazy
(2012a) and Ellobody and Ghazy (2012b) on fiber reinforced concrete-filled stainless
steel tubular columns. The ultimate axial strengths, axial load-strain curves and failure
modes obtained from the finite element model were compared with experimental
results. The finite element model was shown to be accurate for predicting the nonlinear
behavior of fiber reinforced concrete-filled stainless steel tubular columns. A parametric
study was conducted to investigate the influence of the depth-to-thickness ratios, fiber
reinforced concrete compressive strengths and column slenderness ratio on the behavior
of fiber reinforced concrete-filled stainless steel tubular columns. The parametric study
indicated that increasing the concrete compressive strength significantly increased the

ultimate axial strength for the columns with L/D ratio less than 6 and depth-to-

thickness ratio less than 50. The ultimate axial strengths obtained from the finite
element model were compared with the design strengths calculated using Eurocode 4
for composite columns. It was shown that the EC4 predicted well the design strengths of

axially loaded fiber reinforced CFST columns.
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It is evident from the above literature review that there is a lack of numerical studies on
high strength thin-walled rectangular CFST slender beam-columns. It is also shown that
existing numerical models do not consider the effects of progressive local and post-local
buckling of steel tube walls under stress gradients on the behavior of CFST slender
beam-columns. In addition, the effects of high strength materials on the behavior of
rectangular CFST slender beam-columns under uniaxial bending have not been studied
adequately. Furthermore, the axial load-moment interaction diagrams of uniaxially
loaded high strength thin-walled rectangular CFST slender beam-columns have not

been investigated.

2.3 CFST COLUMNS UNDER AXIAL LOAD AND BIAXIAL

BENDING

In practice, CFST columns in composite buildings are often subjected to axial load and
biaxial bending. Experimental and numerical studies have been carried out on the
behavior of CFST beam-columns under axial load and biaxial bending. Reviews on
experimental investigations and nonlinear analysis of biaxially loaded CFST beam-

columns are given in this section.

2.3.1 Experimental Studies

Bridge (1976) presented an experimental study on the behavior of biaxially loaded

square CFST slender beam-columns with a depth-to-thickness ratio of 20. The angle of
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applied load was fixed at 0°, 45° or 60°. The square CFST column section of 200 % 200
mm was considered in his study. Test parameters included the loading eccentricity,
column slenderness ratio and biaxial bending. Experimental results demonstrated that
the ultimate axial strength of slender square columns was shown to decrease with
increasing the loading eccentricity. Increasing the column slenderness ratio significantly
reduced the ultimate axial strengths of eccentrically loaded square CFST slender beam-
columns. It was observed that all tested columns with compact sections failed by overall

buckling with no sign of local buckling.

Shakir-Khalil and Zeghiche (1989) conducted tests on 7 full-scale rectangular CFST
slender beam-columns. One column was tested under axial load, four columns were
subjected to axial load and uniaxial bending and two columns were tested under axial
load and biaxial bending. The bond between the steel tube and concrete core were
studied. The effects of loading eccentricity on the behavior of slender beam-columns
were examined. They found that the primary moment caused by the loading eccentricity
had a pronounce effect on the ultimate axial strengths of CFST slender beam-columns
with a small eccentricity. On the other hand, the secondary moment induced from the
second order effect had a significant effect on the behavior of CFST slender beam-
column with a large loading eccentricity ratio. The effect of initial geometric
imperfection was recognized, although it was not measured for the tested columns. A
linear distribution of strains through the cross-section was observed for all tested
columns. All tested columns were failed by overall flexural buckling. Local buckling
was not observed in the tested columns. The experimental results were compared with

the results obtained from a finite element analysis and BS5400 (1979). The prediction
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of BS5400 (1979) for eccentrically loaded CFST columns was shown to unsafe for

columns subjected to minor axis bending.

Shakir-Khalil and Mouli (1990) carried out further study on rectangular CFST slender
beam-columns. The steel section of 150 x 100 X 5 mm was used in the tests. Tests on
nine rectangular CFST slender beam-columns were conducted. Some of the columns
were subjected to axial load and uniaxial bending, but most of the columns were tested
under axial load and biaxial bending. Test parameters included the column cross-section
size, steel yield strengths, concrete compressive strengths and column length. Test
results demonstrated that the ultimate axial strength of rectangular CFST slender beam-
columns increased with an increase in the size of the steel section. Increasing the
concrete compressive strength increased the ultimate axial strength of CFST beam-
columns. In addition, increasing the column length reduced the ultimate axial strength

of CFST beam-columns.

Mursi and Uy (2006a) studied the experimental behavior of biaxially loaded square
CFST short and slender beam-columns which were constructed from high strength
structural steel tubes with yield strength of 690 MPa. In the experiment, special test
procedure and orthogonal knife edge end supports were designed to prevent the friction
at the column ends and ensure the free rotations in the two orthogonal planes of
bending. The composite columns were pin-ended and subjected to single curvature
bending. Test parameters included the slenderness of the steel plates in CFST beam-
columns. The depth-to-thickness ratio of the steel tube section was varied from 24 of

compact sections to 54 of relatively slender sections. The composite columns had a
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length of 2800 mm. Their study indicated that the concrete core delayed the local
buckling of thin steel walls. Local buckling occurred at the maximum load and steel
plates buckled outward on all faces of a slender column. The results indicated that the
ultimate axial strength of hollow steel short beam-columns under axial load and biaxial
bending was significantly increased by the infill concrete which delayed the local

buckling of the steel plates in compression.

Guo et al. (2011) investigated the experimental behavior of rectangular CFST beam-
columns with large depth-to-thickness ratio. Four large thin-walled rib-stiffened
rectangular CFST beam-columns were tested under axial load and biaxial bending.
These specimens were fabricated from the steel tube with depth-to-thickness ratio of
175. These specimens were loaded through spherical hinges with ball bulb and groove
so that they were pin-ended in the plane of bending. Test results indicated that local
buckling of steel plate occurred after the maximum load was attained. The design
strengths calculated by EC4 (1992), LRFD (1999), CECS (2004) and DBJ (2003) were
compared with experimental ultimate axial strengths. It was shown that DBJ (2003)
gave good estimate of the ultimate loads of CFST columns while EC4 (1992), LRFD
(1999) and CECS (2004) overestimated the ultimate loads of CFST beam-columns by

about 20%.

Although a limited number of experiments have been conducted on CFST columns
under biaxial loads, there is still lack of adequate experimental data on square or

rectangular high strength thin-walled CFST slender beam-columns under axial load and
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biaxial bending particularly with yield strength of 690 MPa and concrete compressive

strength of 110 MPa.

2.3.2 Nonlinear Analysis

El-Tawil et al. (1995) developed a nonlinear fiber element analysis technique for
modeling the inelastic behavior of biaxially loaded concrete-encased composite
columns. The composite cross-section was divided into small fiber elements. Each
element was assigned with either steel or concrete material properties. The confinement
of the concrete core provided by the steel sections was modeled using the stress-strain
relationships for the confined concrete. In the fiber element analysis of composite beam-
columns under axial load and biaxial bending, moment-curvature responses were
obtained by incrementally increasing the curvature and solving for the corresponding
moment value for an axial load applied at a fixed load angle. The results of the fiber
analyses were used to evaluate nominal uni- and biaxial bending strengths of composite
columns determined based on ACI-318 (2002), AISC-LRFD (1999) specifications. The
fiber element model was used to investigate the effects of steel ratios, concrete
compressive strengths and concrete confinement on the strength and ductility of

concrete-encased composite beam—columns.

A polynomial equation was developed by Hajjar and Gourley (1996) to represent the
three-dimensional cross-section strengths of square or rectangular CFST beam-columns
with a wide range of material strengths and cross-section dimensions. They employed a

fiber element analysis program to generate axial load-moment interaction diagrams for
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CFST beam-columns and proposed strength interaction equations. In fiber element
model, the CFST beam-column cross-section was divided into five regions. Each region
was then discretized into a grid of fibers. The concrete confinement effects on the
ductility and tension stiffening were simulated based on the constitutive material model
for concrete in CFST columns suggested by Tomii and Sakino (1979). The fiber
element analysis program developed by Sanz-Picon (1992) and El-Tawil et al. (1995)
was used to determine the cross-section strength of steel, reinforced concrete and steel-
reinforced cross-sections. The results obtained from the fiber element analysis were
compared with experimental results. The empirical polynomial equations were
developed to represent the strength of a rectangular CFST beam-column. The accuracy
of the polynomial expressions was verified by comparisons with a detailed fiber
element analysis and experimental results. The limitation of their model is that it did not

account for the effects of concrete confinement provided by the circular steel tubes.

A general iterative computer method for biaxially loaded short concrete-encased
composite columns was presented by Chen et al. (2001). The fiber element analysis
method was used to obtain the stress resultants of the arbitrary shaped short columns.
The composite section was discretized into small fibers. The steel section and the
longitudinal reinforcing bars used in the composite section were assumed to be elastic-
perfectly plastic. The stress resultants of the concrete were evaluated by integrating the
stress-strain curve over the compression zone while those of structural steel and
reinforcement were obtained using the fiber element method. An iterative quasi-Newton
procedure with the Regula-Falsi numerical method was used to obtain the solution of

equilibrium equations. Numerical results closely agreed with the test results and the
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proposed method was shown to be effective and accurate. They concluded that the
proposed method can be used directly in the practical design of composite as well as

reinforced concrete columns of arbitrary sections.

An efficient semi-analytical model for the nonlinear inelastic analysis of square and
rectangular CFST slender beam-columns under axial load and biaxial bending was
formulated by Lakshmi and Shanmugam (2002). The semi-analytical model was
utilized to determine the axial load-moment-curvature relationship for CFST beam-
column sections. Incremental and iterative numerical schemes were used to predict the
axial load-deflection curves for CFST beam-columns. The semi-analytical model can
generate axial load-moment interaction diagrams for CFST short beam-columns. They
examined the accuracy of their semi-analytical model by comparisons of computational
and experimental ultimate axial strengths of rectangular CFST slender beam-columns
under biaxial bending. The limitations of their model are that it did not account for the
effects of local buckling, concrete confinement, steel strain hardening and concrete
tensile strength on the ultimate axial strengths of rectangular CFST beam-columns.
Although the load-deflection analysis procedure can be used to develop strength
envelopes by varying the loading eccentricity, it is not efficient when the loading
eccentricity is large. Despite of this, the axial load-moment interaction diagrams of

CFST slender beam-columns under biaxial loads have not been studied.

Shanmugam et al. (2002) developed an analytical model for the nonlinear inelastic
analysis of thin-walled CFST columns under axial load and biaxial bending. Nonlinear

constitutive laws for concrete and structural steel were taken into account in the
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analytical model. The effective width formulas for steel plates were incorporated in the
analytical model to account for local buckling effects on the ultimate strengths of thin-
walled CFST beam-columns. The analysis procedure for thin-walled CFST beam-
columns under axial load and biaxial bending was described. The accuracy of the
analytical model was verified by comparisons of analysis results with experimental
data. The limitation of their model is that it did not account for the effects of the
progressive post-local buckling of the steel tube walls under stress gradients. The axial
load—-moment interaction diagrams of high strength rectangular CFST slender beam-

columns have not been studied.

Mursi and Uy (2006b) compared the plate slenderness limit based on international code
standards AS4100 (1998), Eurocode 3 (1992), Eurocode 4 (1994), and AISC-LRFD
(1993). They presented a numerical model for the nonlinear inelastic analysis of
rectangular CFST short and slender beam-columns under axial load and biaxial
bending. Material constitutive relationships for normal and high strength concrete were
incorporated in the numerical model. The predicted axial load-deflection curves of
rectangular CFST slender beam-columns under axial load and biaxial bending were
compared with experimental results to examine the accuracy of the numerical model.
The axial load-moment interaction diagrams for rectangular CFST slender beam-
columns have not been studied. The local buckling of steel plates under uniform edge
compression was considered. However, the effects of local and post-local buckling of
steel tube walls under non-uniform compression have not been considered in the
numerical model. The ultimate axial strengths measured from the tests conducted by

authors in the companion paper (Mursi and Uy 2006a) were compared with the design
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strengths calculated by the international codes AS4100 (1998), Eurocode 4 (1994), and
AISC-LRFD (1993). They concluded that AS4100 (1998), Eurocode 4 (1994), and
AISC-LRFD (1993) overestimated the ultimate loads of high strength CFST beam-

columns by about 19%, 15% and 10% respectively.

A performance-based analysis (PBA) technique was developed by Liang (2009a, 2009b,
2009c) for predicting the ultimate strength and ductility of high strength thin-walled
rectangular CFST short beam-columns under axial load and biaxial bending. Nonlinear
constitutive laws for confined concrete and structural steels were considered in the PBA
program. Initial local buckling and effective width formulas for steel plates under stress
gradients were incorporated in the PBA technique to account for the effects of local and
post-local buckling on the axial load-strain responses, moment-curvature curves and
axial load-moment interaction diagrams of thin-walled CFST short beam-columns. The
progressive local and post-local buckling of a thin-walled steel tube was simulated by
gradually redistributing the normal stresses within the steel tube walls. The effects of
concrete confinement, residual stresses, geometric imperfections and inelastic material
behavior were also incorporated in the PBA program. Computational algorithms based
on the secant method were developed and implemented in the PBA technique to iterate
the depth and orientation of the neutral axis in a column cross-section to satisfy
equilibrium conditions. The detailed analysis procedures for thin-walled CFST short
beam-columns under axial load and biaxial bending were described. The axial load-
strain curves, ultimate axial strengths and moment-curvature curves obtained from the
PBA program were compared with experimental results to examine the accuracy of the

PBA program. The PBA program was further employed to study the effects of local
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buckling, depth-to-thickness ratios, concrete compressive strengths, steel yield strengths
and axial load levels. He concluded that the PBA technique developed can efficiently
generate complete axial load-moment interaction diagrams for thin-walled CFST short
beam-columns under uni- and biaxial bending. The results obtained from the PBA
program indicated that increasing the depth-to-thickness ratio and axial load levels
significantly reduced the stiffness, strength and ductility of CFST beam-columns.
Increasing concrete compressive strengths increased the stiffness and strength, but
reduced the axial ductility and section performance of CFST beam-columns. Moreover,
the steel yield strength had a significant effect on the section and strength performance
of CFST beam-columns but did not have a significant effect on their axial and curvature

ductility.

Thai and Kim (2011) presented a numerical procedure for the nonlinear inelastic
analysis of CFST columns in frames. Geometric nonlinearities were considered in the
numerical model using the stability functions. The stability solution of a CFST beam-
column under axial load and bending was used to derive the stability functions.
Incremental and iterative computational algorithms were developed to solve nonlinear
equilibrium equations of a slender beam-column. To verify the fiber element program,
the ultimate axial loads and axial load-deflection curves of CFST beam-columns
predicted by the computer program were compared with corresponding experimental
results presented by Bridge (1976), Rangan and Joyce (1992), O'Brien and Rangan
(1993) and Matsui et al. (1995). The limitation of their model is that it did not account

for the effects of the progressive post-local buckling of the steel tube walls under stress
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gradients. The axial load—moment interaction diagrams of high strength rectangular

CFST slender beam-columns have not been studied by Thai and Kim (2011).

Guo et al. (2011) developed a fiber element model for thin-walled rid-stiffened
rectangular CFST slender beam-columns under axial load and biaxial bending. The
deflected shape of the column was assumed to be part of a sine wave. Material laws
proposed by Zhang et al. (2005) for structural steel and concrete were implemented in
the fiber element model. Initial geometric imperfection at the mid-height of the slender
beam-column was considered in the numerical model. To predict the axial load-
deflection responses of a slender beam-column, the deflection control method was
employed in the numerical model. In the analysis, the deflection at the mid-height of a
slender beam-column was gradually increased. The force equilibrium was maintained at
the mid-height of the beam-column. The effects of local buckling of thin-walled steel
tube and high strength materials were not considered in the numerical model. In
addition, the axial load-moment interaction diagrams of rectangular CFST slender

beam-columns have not been studied.

Only a few numerical models have been reported in the literatures that predict the
behavior of high strength thin-walled CFST slender beam-columns subjected to axial
load and biaxial bending. However, existing numerical models for thin-walled
rectangular CFST slender beam-columns have not accounted for the effects of

progressive local buckling of the steel tube walls under stress gradients.

2.4 CFST COLUMNS WITH PRELOAD EFFECTS
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The hollow steel tubes are firstly erected in the construction of a high-rise composite
building. The horizontal floors with six to eight storeys are constructed before pouring
the wet concrete. The hollow steel tubular columns are subjected to preloads from the
upper floors and wet infilled concrete. Initial stresses and deflection caused by these
preloads may reduce the ultimate axial strengths of CFST beam-columns. Experiments
and numerical studies on the behavior of CFST columns with preload effects have been

conducted by researchers.

2.4.1 Experimental Studies

Zha (1996) performed tests on twenty-three circular CFST beam-columns under
eccentric loading. The effects of preload on the ultimate axial strengths were examined.
Column slenderness ratios ranging from 14 to 82 were considered in his study. CFST
slender columns were tested with or without preloads on the steel tubes. The preload on
the steel tubes induced initial deflections in the CFST beam-columns. Test results
indicated that the presence of preload on the hollow steel tubular column reduced the
ultimate axial strengths of CFST beam-columns. When the preload ratio was greater
than 0.4, the strength reduction could be more than 5%. The behavior of CFST columns
with or without preloads on the hollow steel tubes was different. The behavior of
eccentrically loaded circular CFST slender beam-columns with preload effects was
discussed by Zhang et al. (1997). The composite columns were pin-ended and subjected

to eccentric loading. The composite columns had different lengths varied from 1670
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mm to 2730 mm. A series of tests were conducted to investigate the effects of the

preload ratio, column slenderness and loading eccentricity.

Han and Yao (2003) investigated the experimental behavior of square CFST columns
with preloads on the steel tubes. They tested 19 CFST columns to examine the effects of
preloads on the ultimate axial strengths of square CFST columns. Test parameters were
the preload ratios, column slenderness ratios, number of braces between the floor levels,
steel and concrete ratios, steel yield strengths and concrete compressive strengths. Test
specimens were loaded eccentrically or concentrically. Preload ratios varied from 0 to
0.7 while the eccentricity varied from 0 to 31 mm and the column slenderness ratios
varied from 10 to 40. The test results showed that the preload on the steel tube increased
the deflection and decreased the strength of the CFST beam-column. The maximum
strength reduction was 5% due to preload on the steel tube. The preload ratio,
slenderness ratio and load eccentricity ratio had a significant influence on the strength.
On the other hand, the steel ratio, concrete compressive strengths and steel yield
strengths had influence on the ultimate axial strength of the CFST beam-columns. They
developed formulas for calculating the ultimate strength of CFST beam-columns with

the steel tubes subjected to preloads.

An experimental study was conducted by Liew and Xiong (2009) to investigate the
effects of the preloads on the ultimate axial strengths of circular CFST slender beam-
columns. Eight full-scale circular CFST columns were tested under axial compression.
All CFST columns were fabricated from circular hot-rolled steel tubes of 219 mm

diameter and 6.3 mm thick. Test parameters included the concrete compressive
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strengths, column slenderness ratios and the preload applied on the steel tube. The
preload was applied to the hollow steel tube by prestressing strands before filling the
wet concrete. The preload applied on circular CFST beam-columns was 40% of the
composite section’s strength. The prestress strands were gradually released to zero
during the test. These columns exhibited a more than 15% reduction in its ultimate axial
strength compared to the corresponding non-preloaded columns. It was observed that
the column buckling resistance of CFST beam-columns reduced with increasing the
preload ratio. When the preload was applied to intermediate and slender columns, the
effects of preload on the ultimate axial strengths of CFST beam-columns were most
pronounced. The effects decreased for short CFST beam-columns. In addition, a design
method for evaluating the ultimate axial strengths of circular CFST columns with

preload effects was proposed based on the rules specified in the Eurocode 4.

The above literature review demonstrates that there is relatively little experimental
research on CFST slender beam-columns with preload effects. In addition, the effects of
preloads on the ultimate axial strengths of CFST slender beam-columns under axial load

and biaxial bending have not been experimentally investigated.

2.4.2 Nonlinear Analysis

Xiong and Zha (2007) studied the behavior of circular and square CFST beam-columns
under axial compression using the finite element program ABAQUS. They investigated
the effects of preload on the ultimate axial strengths of CFST beam-columns. The solid

element, conventional shell element and continuum shell element were used to model
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the concrete core, square steel tube and circular steel tube respectively. The ultimate
axial strengths and axial load-deflection curves of preloaded square CFST columns
obtained from the finite element analyses were compared with experimental results to
examine the accuracy of the finite element model. Parametric studies were conducted to
study the effects of the column slenderness ratios, loading eccentricity ratios and initial
stress ratio on the ultimate axial strength of CFST short and slender beam-columns. It
was observed that the initial stresses did not have a significant effect on the composite
section’s strength. The contribution of concrete in CFST columns decreased with
increasing the initial stresses. As a result, the ultimate axial strength of CFST slender
beam-columns decreased with increasing the initial stresses. The effects of initial
stresses on the ultimate axial strength of the CFST beam-columns increased with
increasing the column slenderness ratio and initial stress ratio. These effects were
shown to reduce with increasing the loading eccentricity ratio. Finally, a set of design
formulas incorporating initial stress effects was proposed for determining the ultimate

axial loads of CFST beam-columns.

Liew and Xiong (2007) employed the finite element program ABAQUS to study the
inelastic behavior of axially loaded CFST beam-columns considering preload effects.
The results obtained from the finite element model were compared with experimental
data. The finite element model was then utilized to investigate the effects of loading
eccentricity ratios, column slenderness ratios and initial stress ratio on the ultimate axial
strength of CFST short and slender beam-columns. It was observed that the ultimate
axial strengths of CFST columns decreased with increasing the preloads on the steel

tubes. Their study indicated that the preload on the steel tubes had a little effect on short
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columns. They proposed a design method for determining the strength of axially loaded

circular CFST slender columns incorporating preload effects.

Wei et al. (2012) analyzed axially loaded concrete-filled double skin steel tubular
(CFDST) columns with preload effects using ABAQUS. Shell elements were employed
to model the steel tube while concrete core was modeled by solid elements. The von
Mises yield surface was adopted in the nonlinear analysis to treat the isotropic yielding.
Nonlinear constitutive models for confined concrete and structural steel were considered
in the finite element analysis. Experimental results of CFDST columns without the
preload effects were used to verify the accuracy of the finite element model. Parametric
studies were conducted to examine the effects of preload ratio, slenderness ratio, hollow
ratio and material strengths on the ultimate axial strength of CFDST columns. It was
found that the column slenderness ratio is one of the important factors which influence
the ultimate axial strength of CFDST columns. A design formula accounting for preload

effects was also proposed for CFDST columns.

It appears that there are very few numerical studies on the behavior of CFST slender
beam-columns with preload effects. Existing nonlinear inelastic methods of analysis do
not consider the effects of progressive local and post local buckling of steel plates under
stress gradients and high strength materials on the behavior of CFST slender beam-
columns. In addition, no numerical models have been developed for predicting the
behavior of high strength thin-walled rectangular CFST slender beam-columns under

axial load and biaxial bending with preload effects.

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 54



Chapter 2: Literature Review

2.5 CFST COLUMNS UNDER CYCLIC LOADING

Experimental investigations were carried out on CFST beam-columns subjected to
cyclic loading. Two types of loading conditions were adopted by researchers. The first
is that the lateral cyclic loading was applied at the mid-height of the beam-columns and
the second is that the lateral cyclic loading was applied at the tip of the beam-columns.
A constant axial load was also applied to the CFST beam-columns. Experimental and
numerical research on CFST beam-columns subjected to cyclic loading is reviewed in

the following sections.

2.5.1 Experimental Studies

Ge and Usami (1992) described an experimental investigation on concrete-filled thin-
walled box columns subjected to cyclic axial compression. A total of six concrete-filled
steel box columns including four hollow steel box columns were tested. The buckling
modes of hollow steel box columns were compared with concrete-filled steel box
columns. Concrete-filled thin-walled steel box columns offered higher strength and
ductility performance than the hollow steel box columns. It was observed that the steel
tube walls buckled at the mid-height of the columns. The steel tube buckled locally
inward in the two opposite walls and outward in the remaining two walls. However, the
steel tube walls buckled locally outward in concrete-filled thin-walled box columns
owing to the restraint provided by the concrete core. Local buckling of the steel tube

walls occurred after concrete was damaged.
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Experiments on high strength CFST beam-columns under monotonic and cyclic loads
were conducted by Varma et al. (2002, 2004). They investigated the effects of width-to-
thickness ratios, yield strengths of steel tubes and the axial load level on the stiffness,
strength and ductility of high strength CFST beam-columns. The specimens were tested
under axial loading, combined constant axial loading with monotonically increased
flexural loading and combined constant axial loading with cyclic flexural loading. Test
results indicated that the monotonic curvature ductility of high-strength square CFST
beam-columns significantly decreased with an increase in the axial load level or the
width-to-thickness ratio of the steel tube. However, the yield strength of the steel tube
did not have a significant effect on the curvature ductility. They reported that the
ultimate bending strength of high strength square CFST beam-columns could be well
predicted by the design formulas given in ACI. Their test results indicated that cyclic
loading did not have a significant influence on the stiffness and strength of CFST beam-

columns, but induced a more rapid decrease in the post-peak moment capacity.

Han et al. (2003) conducted tests on thin-walled square and rectangular CFST beam-
columns under axial load and cyclic lateral loading. The effects of depth-to-thickness
ratio, concrete compressive strength and axial load level on the cyclic behavior of CFST
beam-columns were investigated. It was found that local buckling of CFST beam-
columns occurred after the steel yielded. An analytical model was developed for CFST
beam-columns subjected to axial load and cyclic loading. A multi-linear model was
employed in the analytical model. However, the limitation of their model is that it did
not account for the local buckling of the steel tube walls. Design formulas for

determining the ductility coefficient of rectangular CFST beam-columns were proposed.
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Fam et al. (2004) undertook an experimental investigation into the performance of
CFST columns under axial load and combination of axial load and lateral cyclic
loading. The main variable parameters in the tests were bond, end-loading conditions
and axial load levels. Test results illustrated that the ultimate axial strengths of CFST
columns obtained by loading both the concrete core and steel tubes were lower than
those of CFST columns measured from loading the steel tubes alone. The bond and end
loading conditions of CFST columns had little influence on the flexural strength of
beam-columns. However the ultimate axial strength of unbounded CFST columns was
slightly increased. For unbounded CFST columns, the stiffness was slightly reduced.
The ultimate axial strengths measured from the tests were compared with the design
strengths calculated from the design specification. They found that the ultimate axial
strengths predicted from the design specification were conservative. The limitations of
their study were that the research findings were restricted to CFST beam-columns

fabricated from the small diameter tubes.

The behavior of circular CFST beam-columns under axial load and cyclic loading was
reported by Gajalakshmi and Helena (2012). Test specimens were constructed by
normal strength steel tubes and concrete. The effects of amplitude and number of cycles
on damage accumulation were studied. The parameters studied were diameter-to-
thickness ratios, plain concrete and steel fiber reinforced concrete. A simplified
equation for determining the cumulative damage of CFST beam-columns was proposed.
They concluded that the high amplitude caused serious damage in the structures. The
ductility and energy absorption capacity of CFST beam-columns were found to increase

by filling the steel fiber reinforced concrete. However, the damage index tended to
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decrease for this type of beam-columns. The depth-to-thickness ratio of the steel tubes
was found to control the failure modes of CFST beam-columns regardless of the type of

in-filled concrete and loading patterns.

Wu et al. (2012) studied the cyclic behavior of normal strength CFST beam-columns.
The strength and ductility of thin-walled square CFST beam-columns with demolished
concrete lumps (DCLs) and fresh concrete (FC) were investigated. Ten columns with
DCLs and FC and 5 columns filled with FC alone were tested under constant axial
compression and cyclic lateral loading. The yield strength of the steel tubes ranged from
256 MPa to 270 MPa while the average cube strength of concrete was 48 MPa. Test
parameters included replacement ratio of DCLs, steel tube thickness and axial load
ratio. The authors concluded from the test results that the cyclic behavior of thin-walled
square CFST beam-columns was not affected by the DCLs and FC. The cyclic behavior
of the beam-columns filled with DCLs and FC was similar to that of the columns filled
with FC alone. The ultimate lateral load of the beam-column filled with DCLs and FC
was lower than that of the column filled with FC alone. The typical failure modes of the
tested specimens involved buckling of the steel tube in compression and cracking of the
concrete. It was shown that increasing the steel tube thickness of the beam-columns
slightly increased their ductility. The ultimate cyclic lateral load of square CFST beam-

columns was found to decrease with an increase in the axial load ratio.

2.5.2 Nonlinear Analysis

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 58



Chapter 2: Literature Review

Lee and Pan (2001) modified the traditional fiber element model with proper failure
algorithms in order to predict the behavior of concrete encased composite beam-
columns under lateral cyclic loading. The proposed composite beam-column model was
incorporated into DRAIN-2DX program with new algorithm to improve the traditional
fiber element model. The cross-section was discretized into small fibers of concrete and
steel so that the section force-deformation relation was derived by integrating the stress-
strain of the concrete and steel in the finer element program. The limitations of the
traditional fiber element model were that it did not account for buckling of the
longitudinal bars used in the composite encased composite beam-columns and the
effects of de-bonding between the steel plates and the concrete. It was found that the
failure of composite beam-columns started when the flexural cracks in the concrete
cover, spalling of concrete cover, longitudinal steel tube buckling occurred. The
accuracy of the model was demonstrated by comparing the experimental and analytical

results.

Fiber based models were used by Varma et al. (2002) to investigate the behavior of high
strength square CFST beam-columns. A fiber based beam-column element was
implemented in the nonlinear structural analysis program DRAIN-2DX. The uniaxial
stress-strain curves were derived from the results of three dimensional nonlinear finite
element analyses on CFST beam-columns. The CFST beam-column was divided into
segments with a slice at the mid-height of the segment. The slice was further divided
into small fibers. Uniaxial stress-strain curves were integrated over the cross-section to
obtain the axial force, axial strain, bending moment and curvature of each fiber

corresponding to segments. They found that the reliable prediction using fiber element
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analysis method for CFST columns relies on the use of accurate models for concrete
and steels. It also depends on the discretization of the composite cross-section. The
accuracy of the fiber element model was established by comparisons of numerical
results with experimental data. Although the numerical model incorporated the local
buckling of the steel tube walls using the modified stress-strain relationship for steel
tube in compression, it cannot model the progressive cyclic local buckling of the steel

tube walls under stress gradients.

Gayathri et al. (2004a, 2004b) presented a fiber element analysis technique for the
nonlinear analysis and design of circular and rectangular CFST short and slender beam-
columns under monotonic and cyclic loading. Uniaxial cyclic constitutive laws for the
concrete and structural steel were considered in the fiber element model. The analysis
algorithms for CFST beam-columns under cyclic loading were presented. The cyclic
load-deflection curves for CFST columns predicted by the fiber element model were
verified by experimental data. The effects of local buckling and high strength materials

on the cyclic behavior were not taken into account in the fiber element model.

Spacon and El-Tawil (2004) reviewed the nonlinear analysis techniques for the design
and analysis of composite structures. Resultant and fiber models, frame element flow
models, lump and distributed models and perfect and partial models were discussed in
the study. The analyses of composite sections, members, joints and structural systems
including moment frames and wall systems were reviewed. Local buckling of the steel
plates has not been incorporated in the fiber element analysis. They discussed the

advantages and drawbacks of the fiber element analysis method. The advantages of
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fiber element analysis are that it can easily model the behavior of steel and concrete as

compared to the other methods.

Chung et al. (2007) and Chung (2010) employed the nonlinear fiber element analysis
technique to investigate the pre- and post-peak behavior of square and circular CFST
slender columns subjected to a constant axial load and cyclically increasing lateral
loading. The modified stress-strain curves for steel in compression were used to
approximately consider the local buckling effects in the numerical model. The pre- and
post-peak cyclic load-deflection responses and cumulative plastic strain energy of
square and cylinder CFST beam-columns obtained from the numerical model were
compared with experimental results. The tensile stress of concrete fibers was neglected
in the fiber element models. Their model did not consider the effects of high strength
materials on the cyclic behavior of CFST beam-columns. In addition, the method cannot

simulate the progressive local buckling of steel tube walls under stress gradients.

Han et al. (2008) studied the behavior of CFST columns under shear and constant axial
compression using the nonlinear finite element analysis program ABAQUS. Circular
and square sections were considered in their study. The numerical results obtained by
the finite element model were used to develop a design formula for determining the
ultimate shear strengths of CFST beam-columns. The ultimate shear strengths and shear
load-deflection curves of CFST columns under axial and shear loads were compared
with experimental results to examine the accuracy of the finite element model. The

behavior of square CFST beam-columns with various concrete compressive strengths,
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steel yield strengths, steel ratios and axial load level was studied using the verified

model.

Zubydan and ElSabbagh (2011) presented a mathematical model for studying the
monotonic and cyclic behavior of rectangular CFST beam-columns. The mathematical
model considered the effects of the local buckling of the steel tube walls by modifying
the stress-strain curve for steel in compression. The degradations in unloading and
reloading stiffness of steel tube due to local buckling were also considered in the
mathematical model. The fiber element method was used to model the inelastic
behavior of composite cross-sections. The accuracy of the fiber element analysis
program was verified by comparisons of fiber analysis results with experimental data. It
was shown that the fiber element method overestimated the ultimate loads of the

composite columns when local buckling effects were not considered.

A fiber element model, which incorporated the constitutive models of confined concrete
and structural steels for simulating the hysteretic behavior of high strength square CFST
beam-columns under eccentric and cyclic loading, was presented by Chung et al.
(2012). The fiber element was verified by comparisons of computational results with
experimental data. The fiber element model was employed to examine the reliability of
various concrete material models on the strength and ductility of square CFST columns.
Material models proposed by Nakahara et al. (1998), Chung et al. (2007), Liang et al.
(2006), and Liu (2006) were investigated. It was observed that the material model given

by Liu (2006) generally overestimated the Bauschinger effect after local buckling. The
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local buckling of the steel tube walls under stress gradients was not considered in the

analytical study.

Wu et al. (2012) presented finite element models for simulating the nonlinear inelastic
behavior of cyclically loaded square CFST slender beam-columns. They employed the
finite element analysis program ABAQUS to investigate the cyclic lateral load-
deflection responses of square CFST slender beam-columns. A force-based Timoshenko
beam element B31 was used to develop the finite element model. The effects of local
buckling of the steel tube were taken into account in the fiber element models by
modifying the uniaxial stress-strain relationships for steel in compression. The
monotonic envelope curve for concrete in compression follows the monotonic stress—
strain model proposed by Han (2007). The hysteretic unloading and reloading rules for
concrete in compression proposed by Chung et al. (2007) were used. The experimental
results were compared with the ultimate lateral loads computed using design codes and

finite element model.

The above literature review demonstrates that there is relatively little numerical study

on the behavior of cyclically loaded high strength rectangular CFST slender beam-

columns with large depth-to-thickness ratios.

2.6 CONCLUDING REMARKS

This chapter has presented the literature review on CFST beam-columns under uniaxial

loads, biaxial loads, preloads and cyclic loading. Existing experimental works and
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nonlinear analysis of CFST beam-columns have been highlighted. The literature review
shows that there are not sufficient experimental and numerical studies on high strength
CFST slender beam-columns under axial load and uniaxial bending, biaxial loads,
preloads or axial load and cyclic lateral loading. Researches on nonlinear analysis
techniques for high strength CFST slender beam-columns have been very limited. In
addition, the effect of the progressive local buckling of steel tubes and high strength
materials on the strength and ductility of thin-walled CFST slender beam-columns were
not taken into account in most of the nonlinear inelastic methods. Moreover, the
nonlinear analysis and behavior of biaxially loaded thin-walled CFST slender beam-

columns with local buckling and preload effects have not been reported in the literature.

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 64



Chapter 3: Rectangular CFST Slender Beam-columns under Axial Load and Uniaxial Bending

Chapter 3

RECTANGULAR CFST SLENDER BEAM-
COLUMNS UNDER AXIAL LOAD AND UNIAXIAL

BENDING

3.1 INTRODUCTION

In this chapter a numerical model based on the fiber element analysis method is
developed for simulating the local and global interaction buckling behavior of high
strength thin-walled rectangular concrete-filled steel tubular (CFST) slender beam-
columns under axial load and uniaxial bending. The numerical model accounts for the
effects of progressive local buckling, initial geometric imperfections, high strength
materials and second order. New Miiller’s method algorithms are developed to iterate
the depth of the neutral axis and the curvature at the columns ends to obtain the load-

deflection responses and strength envelopes of thin-walled rectangular CFST slender

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 65



Chapter 3: Rectangular CFST Slender Beam-columns under Axial Load and Uniaxial Bending

beam-columns. Performance indices are proposed to quantify the behavior of uniaxially
loaded CFST beam-columns with local buckling effects. The accuracy of the numerical
model is examined by comparisons of the computer solutions with existing
experimental results. The numerical model is employed to investigate the effects of
various parameters on the behavior of CFST slender beam-column under uniaxial

bending.
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[2] Patel, V. I, Liang, Q. Q. and Hadi, M. N. S., “High strength thin-walled
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[3] Patel, V. I, Liang, Q. Q. and Hadi, M. N. S., “Inelastic stability analysis of high
strength rectangular concrete-filled steel tubular slender beam-columns”,
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High strength thin-walled rectangular concrete-filled steel tubular (CFST) slender beam-columns under eccentric
loading may undergo local and overall buckling. The modeling of the interaction between local and overall
buckling is highly complicated. There is relatively little numerical study on the interaction buckling of high
strength thin-walled rectangular CFST slender beam-columns. This paper presents a new numerical model
for simulating the nonlinear inelastic behavior of uniaxially loaded high strength thin-walled rectangular
CFST slender beam-columns with local buckling effects. The cross-section strengths of CFST beam-columns are
modeled using the fiber element method. The progressive local and post-local buckling of thin steel tube walls
under stress gradients is simulated by gradually redistributing normal stresses within the steel tube walls.
New efficient Miiller's method algorithms are developed to iterate the neutral axis depth in the cross-sectional
analysis and to adjust the curvature at the columns ends in the axial load-moment interaction strength analysis
of a slender beam-column to satisfy equilibrium conditions. Analysis procedures for determining the load-
deflection and axial load-moment interaction curves for high strength thin-walled rectangular CFST slender
beam-columns incorporating progressive local bucking and initial geometric imperfections are presented. The
new numerical model developed is shown to be efficient for predicting axial load-deflection and axial
load-moment interaction curves for high strength thin-walled rectangular CFST slender beam-columns.

The verification of the numerical model and parametric studies is given in a companion paper.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The local and overall instability problem is encountered in eccentri-
cally loaded high strength thin-walled rectangular concrete-filled steel
tubular (CFST) slender beam-columns with large depth-to-thickness
ratios. The inelastic modeling of thin-walled CFST slender beam-
columns under axial load and bending is complicated because it must
account for not only material and geometric nonlinearities as well as as-
sociated second order effects but also the interaction between progres-
sive local and overall buckling. Although these composite beam-
columns are increasingly used in high rise composite buildings, their
structural performance cannot be accurately predicted without an accu-
rate and efficient computer modeling tool. Currently, there is a lack of
such a modeling technique for thin-walled CFST slender beam-
columns. This paper describes the important development of a
new numerical model that simulates the behavior of high strength
thin-walled CFST slender beam-columns incorporating the local
buckling effects of the steel tube walls under stress gradients.

* Corresponding author. Tel.: +61 3 9919 4134; fax: +61 3 9919 4139.
E-mail address: Qing.Liang@vu.edu.au (Q.Q. Liang).

0143-974X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jcsr.2011.10.019

Experiments have been undertaken by many researchers to study
the behavior of normal strength CFST beam-columns. Early experiments
on slender steel tubular columns filled with normal strength concrete
included those conducted by Bridge [1], Shakir-Khalil and Zeghiche [2]
and Matsui et al. [3]. More recently, Schneider [4] performed tests to
study the effects of the steel tube shape and the wall thickness on the
ultimate strength and ductility of CFST short columns. He reported
that circular CFST columns possessed higher strength and ductility
than square and rectangular ones. Experimental results presented by
Han [5] illustrated that the ultimate axial strength and ductility of axially
loaded CFST columns increased with increasing the constraining factor
but decreased with an increase in the depth-to-thickness ratio. Ellobody
et al. [6] studied the behavior of normal and high strength circular CFST
short columns under axial loading.

The local buckling behavior of thin-walled rectangular CFST short
columns under axial compression was studied experimentally by Ge and
Usami [7], Bridge and O'Shea [8] and Uy [9]. Tests results demonstrated
that the concrete core delayed the occurring of the steel tube local
buckling and forced the steel tube walls to buckle outward. In addition,
it was found that local buckling remarkably reduced the ultimate
strengths of thin-walled CFST columns. Liang and Uy [10] and Liang
et al. [11] employed the finite element method to investigate the local
and post-local buckling behavior of steel plates in thin-walled CFST
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columns under axial load and biaxial bending. They proposed a set of
formulas for determining the initial local buckling stresses and post-
local buckling strengths of steel plates under stress gradients.

Recently, experimental research has focused on high strength CFST
beam-columns as they are increasingly used in high rise composite
buildings. An experimental study on CFST beam-columns under eccen-
tric loading was carried out by Chung et al. [12]. These columns were
made of steel tubes with a yield strength of 445 MPa filled with
88 MPa high strength concrete. In addition, Liu [13] undertook tests
on eccentrically loaded high strength rectangular CFST beam-columns
with steel yield strength of 495 MPa and high strength concrete of
60 MPa. His test results demonstrated that the ultimate loads of CFST
slender beam-columns were significantly reduced by increasing the
load eccentricity ratio. Moreover, Lue et al. [14] reported experimental
results on rectangular CFST slender beam-columns with concrete
compressive strengths varying between 29 and 84 MPa.

Nonlinear analysis techniques are efficient and cost-effective per-
formance simulation and design tools for CFST columns [2]. Lakshmi
and Shanmugam [15] proposed a semi-analytical model for deter-
mining the behavior of CFST slender beam-columns under biaxial
bending. The limitation of their model is that it did not account for
the effects of local buckling, concrete confinement and concrete ten-
sile strength. The load-deflection analysis procedure presented by
Vrcelj and Uy [16] could be used to analyze axially loaded high strength
square CFST slender beam-columns, but it has not considered the pro-
gressive local buckling of the steel tube walls under stress gradients.
Liang [17,18] developed a performance-based analysis (PBA) tech-
nique for predicting the ultimate strength and ductility of thin-
walled CFST short beam-columns under axial load and biaxial
bending, incorporating effective width formulas proposed by
Liang et al. [11] to account for the effects of progressive local buck-
ling. Moreover, an efficient numerical model was created by Liang
[19,20] that simulates the load-deflection responses and strength
envelopes of high strength circular CFST slender beam-columns.

This paper extends the numerical models developed by Liang [17,19]
to the nonlinear analysis of high strength thin-walled rectangular CFST
slender beam-columns under axial load and uniaxial bending. Material
constitutive models for concrete in CFST columns and for structural
steels are presented. The modeling of cross-sectional strengths account-
ing for the local buckling effects of the steel tube walls under stress
gradients is formulated by the fiber element method. New efficient
computational algorithms based on the Miiller's method are developed
to obtain nonlinear solutions. Computational procedures for simulating
the load-deflection and axial load-moment interaction curves for high
strength CFST slender beam-columns are described in detail. The
verification of the numerical model developed and its applications
are given in a companion paper [21].

2. Material stress—strain relationships
2.1. Stress-strain relationships for concrete

The rectangular steel tube provides confinement to the four corners
of the concrete core in a rectangular CFST column. This confinement
does not have a significant effect on the compressive strength of the
concrete core so that it can be ignored in the analysis and design of
rectangular CFST columns. However, the ductility of the concrete
core in rectangular CFST columns is improved and is included in the
concrete model. The stress-strain relationship for concrete in rectangu-
lar CFST columns is shown in Fig. 1. The concrete stress from O to A is
calculated based on the equations given by Mander et al. [22] as:

__tar(2)

A= Fe 2)

_(fe

B (i
where o stands for the compressive concrete stress, f.. is the effective
compressive strength of concrete, s the compressive concrete strain,

& 'is the strain at f.’ and E, is the Young's modulus of concrete which
is given by ACI [23] as

E. = 3320/f +6900(MPa). 3)

The effective compressive strengths of concrete (f.') is taken as
Yo', where 7y, is the strength reduction factor proposed by Liang
[17] to account for the column size effect and is expressed as

v, = 1.85D7%1%

(0.85<y,.<1.0) 4)
where D.is taken as the larger of (B—2t) and (D — 2t) for a rectangular
cross section, B is the width of the cross-section, D is the depth of the
cross-section, and t is the thickness of the steel tube wall.

High strength concrete becomes more brittle after reaching the
maximum compressive strength. The strain corresponding to the
maximum compressive strength of high strength concrete is greater
than that of the normal strength concrete. In the numerical model,
the strain g’ corresponding to f,./ is taken as 0.002 for the effective
compressive strength less than or equal to 28 MPa and 0.003
forf../>82 MPa. For the effective compressive strength between 28
and 82 MPa, the strain &./'is determined by linear interpolation.

The parts AB, BC and CD of the stress-strain curve for concrete in
CFST columns as shown in Fig. 1 are defined by the following equations
given by Liang [17]:

fee for &, <g, <0.005
Befec +100(0.015—¢) (fee—Pefec)  for 0.005<s, <0.015 (5)
Befec fore. > 0.015

O, =

where 3. was proposed by Liang [17] based on experimental results
presented by Tomii and Sakino [24] and is given by

10 for% <24
Be=415- L5 for24<% <48 6)
0.5 for% > 48

where B is taken as the larger of B and D for a rectangular cross-section.
The tensile strength of concrete is taken as 0.6/ f ., which is much
lower than its ultimate compressive strength. The stress—strain

relationship for concrete in tension is shown in Fig. 1. The concrete

G
. A B
fe
' C
At D
Nl &0 & 0.005 0.015
fCt

Fig. 1. Stress—strain curve for concrete in rectangular CFST columns.
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tensile stress is considered zero at the ultimate tensile strain. The
concrete tensile stress is directly proportional to the tensile strain
of concrete up to concrete cracking. After concrete carking, the tensile
stress of concrete is inversely proportional to the tensile strain of
concrete up to the ultimate tensile strain due to concrete cracking.
The ultimate tensile strain is taken as 10 times of the strain at cracking.

2.2. Stress-strain relationships for steels

Three types of the structural steels such as high strength structural
steels, cold-formed steels and mild structural steels are considered in
the numerical model. The steel generally follows the same stress—strain
relationship under the tension and compression. The stress-strain
relationship for steel under uniaxial compression is shown in Fig. 2.
The mild structural steels have a linear stress-strain relationship up to
the yield stress, however, it is assumed that high strength steels and
cold-formed steels have a linear stress-strain relationship up to
0.9f;y, where f,, is the steel yield strength. The rounded curve of the
cold-formed structural steel can be defined by the equation proposed
by Liang [17]. The hardening strain & is assumed to be 0.005 for high
strength and cold-formed steels and 10¢;, for mild structural steels
in the numerical model. The ultimate strain of steels is assumed to
be 0.2.

3. Modeling of cross-sectional strengths
3.1. Strain calculations

In the fiber element method, the rectangular cross-section of a slender
beam-column is divided into small concrete fiber elements and steel
fiber elements for the purpose of the fiber element integration. The
typical cross-section discretization is shown in Fig. 3. The strain of
each fiber element is calculated by multiplication of the curvature
and the orthogonal distance of each fiber element from the neutral
axis. In the numerical model, the compressive strain is taken as positive
and the tensile strain is taken as negative. The strain &, at the top fiber of
the section in the composite cross-section can be determined by multi-
plication of the curvature ¢ and the neutral axis depth d,,.

For bending about the x-axis, the strains in concrete and steel fibers
can be calculated by the following equations given by Liang [17]:

D
Yni= 5 _dn (7)
de,i = |yi_yn,i} (8)
o,
A
2] it '
b1 . !
0.9, ==+ i !
0 09, & Eiu “

Fig. 2. Stress—strain curves for structural steels.

€t
- ¢
dn
D X
N.A.
de,i
Concretefibers  Steel fibers
Fig. 3. Fiber element discretization of CFST beam-column section.
¢d, ; for y;>y,;
& = - ’ 9
! {—d)de,i for yi<yni ®)

whered,, is the neutral axis depth, d, ;is the orthogonal distance from the
centroid of each fiber element to the neutral axis, y; is the coordinates of
the fiber i and ¢; is the strain at the ith fiber element and y,, ; is the
distance from the centroid of each fiber element to the neutral axis.

For bending about the y-axis, the strain in concrete and steel fibers
can be calculated by the following equations given by Liang [17]

B
Xni =5~y (10)
dej = ‘Xi_xn,i| (11)
_ [dd,;  for x; =X,
(= { G, s 12

where x; is coordinates of the fiber i and x, ; is the distance from the
centroid of each fiber element to the neutral axis.

3.2. Initial local buckling

Steel plates in thin-walled CFST columns with a large width-to-
thickness ratio may buckle locally outward, which reduces the strength
and ductility of the beam-columns. The initial local buckling stresses of
steel plates depend on the width-to-thickness ratio, residual stresses,
geometric imperfections, the yield strength of steel plates, and the
applied edge stress gradients. Liang and Uy [10] reported that local
buckling of a thin steel plate may occur when its width-to-
thickness (b/t) ratio is greater than 30. Steel tube walls of a thin-walled
CFST column under axial load and bending are subjected to uniform or
non-uniform stresses. Therefore, steel tube walls under both uniform
and non-uniform compressive stresses must be taken into account in
the interaction buckling analysis of a thin-walled CFST beam-column
under axial load and uniaxial bending. Liang et al. [11] proposed formulas
for determining the initial local buckling stresses of thin steel plates under
stress gradients. These formulas are incorporated in the numerical model
to account for initial local buckling effects on the behavior of high
strength thin-walled rectangular CFST slender beam-columns.
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3.3. Post-local buckling

The post-local buckling strengths of thin steel plates can be deter-
mined using the effective strength and width concept. Liang et al. [11]
proposed effective strength and width formulas for determining the
post-local buckling strengths of steel plates in thin-walled CFST
beam-columns under axial load and biaxial bending. Their formulas
are incorporated in the numerical model to determine the ultimate
strengths of thin steel plates under stress gradients. Fig. 4 shows the
effective and ineffective areas of a rectangular thin-walled CFST
beam-column cross-section under axial compression and uniaxial
bending. The effective widths b.; and b.; shown in Fig. 4 are given
by Liang et al. [11] as

2 3
b 0.2777 + 0,01019(%) —1972x107* (%) +9.605x 1077 (?) foro > 0.0
el _

b 2 3
0.4186—0.002047 (b) +5355%x10°° (?) —4.685x 1077 (%) fora, = 0.0

t
(13)

bey

ba _ (5-q%

: (14)
where b is the clear width of a steel flange or web in a CFST column
section, and o; = 0»/07, where 0, is the minimum edge stress applied
to the plate and o7 is the maximum edge stress applied to the plate.

3.4. Simulation of progressive post-local buckling

The behavior of a thin steel plate under increasing loads is character-
ized by the progressive post-local buckling. In the post-local buckling
regime, stresses in the steel plate are gradually redistributed from the
heavily buckled region to the unloaded edges. This implies that the
heavily buckled central region in the plate carries lower stresses while
the unloaded edges withstand higher stresses. The effective width
concept assumes that a steel plate attains its ultimate strength
when the maximum stress in the plate reaches its yield strength. The
ineffective width of a thin steel plate increases from zero to maximum
value when the applied load is increased from the initial local buckling
load to the ultimate load. The maximum ineffective width of each thin
steel plate in a CFST beam-column at the ultimate load is determined
by

bue max = b—(ber + bey). (15)
Effectivestedl area Y — Ineffective steel area
] HHHH o1
t bel
D X
De2
N.A.

I 5 ]

Fig. 4. Effective area of steel tubular cross-section under axial load and bending.

As suggested by Liang [17], the ineffective width between zero
and bpe max can be approximately calculated using linear interpolation
based on the maximum stress level in the steel plate, and it is given
by

0,—0
bne = (M> bne‘max (]6)

sy_Glc

where 0. is the maximum edge stress in a steel tube wall when initial
local buckling occurs.

If the maximum edge stress o7 in a steel plate with a b/t ratio
greater than 30 is larger than the initial local buckling stress oy, it
is assumed that steel fiber elements within the ineffective area do
not carry any loads. Therefore, the normal stresses in those fibers
are assigned to zero. However, if the maximum edge stress o is
greater than the yield strength of the steel plate, stresses within the
steel tube wall need to be reduced by a factor of 0y/f;, to make sure
that the effective width concept is valid. The effective strength formulas
proposed by Liang et al. [11] are employed to determine the ultimate
strength of the thin steel plate, when the total effective width of the
plate (be; + bey) is greater than its width (b). If the maximum edge
stress of the thin steel plate is greater than the ultimate edge stress
oy, of the steel plate, the stresses within the steel plate are reduced
by a factor of 01/07,.

3.5. Stress resultants
The axial force and bending moments carried by a rectangular

CFST beam-column cross-section are determined as stress resultants
in the cross-section as follows:

ns nc
P=> 0,Ai+> 0 A (17)
i=1 j=1
ns nc
M, = Z OgiAs i + Z O jAc Y (18)
i=1 Jj=1
ns nc
My = 0 A X+ > O AX; (19)
i=1 =

where Pis the axial force, 0 ; is the stress of steel fiber i, A ; is the area
of steel fiber i, 0. is the stress of concrete fiber j, A.; is the area of
concrete fiber j, x; and y; are the coordinates of steel element i, x;
and y; are the coordinates of concrete element j, ns is the total number
of steel fiber elements and nc is the total number of concrete fiber
elements.

4. Miiller's method algorithms
4.1. Determining the neutral axis depth

Computational algorithms based on the Miiller's method [25] are
developed to iterate the neutral axis depth in a composite cross-section
with local bucking effects. The neutral axis depth d, of the composite
cross-section is iteratively adjusted to maintain the force equilibrium
in order to determine the internal moment carried by the section. The
Miiller's method algorithm requires three initial values of the neutral
axis depth d,, 1, dn > and d, 3 to start the iterative process. The neutral
axis depth d,, is adjusted by using the following proposed equations:

—2¢;

by +1/b;?—4a,¢

dn,4 = drL3 + (20)
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(dn‘Z _dn‘B) (rpu,l _rpu.B) - (dn] _dna) (rpu,Z _rpu.3)

“e (dn.l _dn,2> (dn,l _dn.3) (dn,Z _dn‘3> (21)

b — (dn.l _dn,3>2 (Tpu,z _rpu.3> - (dn‘z_dna)z (rpu,l _rpu‘3> (22)
] (dn‘l _dn,2> (dn,l _dn,3> (dn,z_dnB)

C1 =Tpu3 (23)

where 1y, is the residual moment at the mid-height of the column that is
given by

Tpu = P&+ Up, + Ug) =My, (24)

where 1, is the initial geometric imperfection at the mid-height of the
beam-column, u,, is the deflection at the mid-height of the beam-
column, e is the eccentricity of the applied load as shown in Fig. 5
and M,; is the internal moment carried by the section.

The sign (+ or —) of the square root term in the denominator of
Eq. (20) is chosen to be the same as the sign of b; to keep d,, 4 close to
dy 3. In order to obtain converged solutions, the values of d, 1, d, > and
dy,5 and corresponding residual moments 1,1, Ipy,2 and 1y, 3 need to
be exchanged. The values of d,, 1, d, > and d, 5 are temporarily stored
in df 1, di» and df 5 respectively while the values of 7y, 1, Ipy,2 and
Ipu,3 are temporarily stored in 1, Tpy 2 and rf, 3 respectively. The
following computer codes are executed:

IF[AbS (d"_4—d:_2)<Abs (dn.zl—d;l) dyy = dﬁ.zi dyy = dg.l: Tpu1 = ﬁfu.z: Thua = r;z.l?]?
IF{AbS (dn.4_d;‘1-.3)<AbS (dn.4—dﬁ2)s dy, = d£.33 dys = d5.2§ Tou = ”;us? Tous = r;u.z?]?
dys = dpy Tpuz = Tpua-
Eq. (20) and the above codes are executed repetitively until the

convergence criterion of |rp,| <& is satisfied, where g is the convergence
tolerance that is taken as 10~

4.2. Determining the curvature at column ends
The maximum moment M, .« at the column ends for a given
axial load P, needs to be determined in order to generate the axial

load-moment interaction diagram for the slender beam-column.
The curvature at the mid-height ¢, of the beam-column under axial

Fig. 5. Pin-ended beam-column model.

load and uniaxial bending is initialized and gradually increased. For
each curvature increment at the mid-height of the beam-column,
the curvature at the column ends ¢, is iteratively adjusted by the
Miiller's method algorithm to maintain equilibrium between the
internal moment M,,; and the external moment M. at the mid-height
of the beam-column. The Miiller's method algorithm requires three
initial values of the curvature at the column ends ¢ 1, ¢e 2 and ¢e 3
to start the iterative process. The curvature ¢, at the column ends
is adjusted by using the following proposed equations:

_ —2¢,
¢e.4 d’e.3 + b2 N \/m (25}
0 — (d’el _¢e,3) (rpm,l _rpm.3) - (d)e,l _¢e,3) (rpm‘Z _rpm,3) (26)
’ (‘be‘l _d’e,2> (¢e,1 _¢e‘3) (d)e‘Z _¢e.3)
b — (‘be‘l _d)e,3>2 (rpm,2 _rpm,3> - (d)e,Z _¢e.3) ’ (rpmJ _rpm,3) (27)
’ (¢e,1 _‘be‘z) (‘be‘l _¢e.3> (‘bez _¢e,3>
Cr =Tpm3 (28)

where 1p,p, is the residual moment at the mid-height of the column
which is given by

Tom = Me JrPn(um + uo)_Mmi' (29)

The sign of the square root term in the denominator of Eq. (25) is
taken as positive in order to obtain converged solutions. Similar to the
determination of d,, the values of ¢, 1, ¢, » and ¢, 3 and corresponding
Tpm,1, Tpm,2 aNd 1y 3 N€ed to be exchanged in order to obtain the true ¢..
The values of ¢, 1, ¢e,2 and ¢, 3 are temporarily stored in ¢ 1, b7 » and
¢ 5 respectively and the values of Tpm, 1, Tpm,2 and Ty, 3 are temporarily
stored in Tpp 1, Thm2 and 5, 3 respectively. The following computer
codes are executed:

IF{AbS (¢e.4_¢£2) <Abs (d’e.A _‘1’2.1), beq = d’z.zi ben = ‘1);1: Tom1 = ";m.zi Tom2 = rgm 1 ?} ;

IF [Abs (¢e.4*¢£3)<Ab5 (d’eA*d’eT.z), Ger = drzibes = b Tpm2 = r;T)msi Tpm3 = er.z 1}1

be3 = beas Tom3 = Tpma-

The curvature at the column ends is iteratively adjusted until
convergence criterion of |rp,| <& is satisfied.

5. Modeling of load-deflection responses
5.1. Formulation

A new efficient numerical model has been developed to generate
axial load-deflection curves for high strength thin-walled rectangular
CFST slender beam-columns under axial load and uniaxial bending
with local buckling effects. The deflected shape of the column is as-
sumed to be part of a sine wave as suggested by Shakir-Khalil and
Zeghiche [2]. The deflection at any point (y, z) along the column
length is given by

U= u,sin ("TZ) (30)

where L is the effective length of the beam-column.
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The curvature (¢) along the length of the beam-column can be
derived from Eq. (30) as

Pu m2 . mz
b=57= (Z) umsm<T). (31)
The curvature at the mid-height of the beam-column is given by
T\ 2
b = (7) tn (32)

The external bending moment at the mid-height of the beam-
column with an initial geometric imperfection u, and under eccentric
loading can be calculated by

M. =P(e+u,, +u,) (33)

5.2. Analysis procedure

The axial load-deflection analysis procedure is started by first as-
suming a small value of the mid-height deflection u,, in the slender
beam-column under axial load with an eccentricity. The curvature
¢m at the mid-height of the slender beam-column is calculated for
the given mid-height deflection using Eq. (32). The proposed Miiller's
method algorithms are used to adjust the neutral axis depth in the
composite cross-section to maintain the force equilibrium. The internal
bending moment M,,; is determined using the moment-curvature
response of the composite cross-section with local buckling effects.
The mid-height deflection of the slender beam-column is gradually
increased and the process is repeated. A pair of applied axial load
and deflection is used to plot the axial load-deflection diagram.
The flowchart of the axial load-deflection analysis procedure is
shown in Fig. 6. The key steps of the axial load-deflection diagram
are given as follows:

(1) Input the dimensions of the beam-column, material properties
of the steel and concrete, the loading eccentricity e and initial
geometric imperfection u,.

(2) Divide the concrete core and steel tube into fiber elements.

(3) Initialize the mid-height deflection: u,, = Au,,.

(4) Compute the curvature ¢, at the mid-height of the beam-
column from the given mid-height deflection u,, by using
Eq. (32).

(5) Initialize three values of the neutral axis depth of the composite
cross-section: d,, 1 =D/4, d,, ,=D/2 and d,, 3 =D.

(6) Compute the stresses of steel and concrete using the stress—strain
relationships.

(7) Check local buckling and redistribute stresses in steel fibers if
local buckling occurs.

(8) Calculate the internal bending moment M,,; and the external
bending moment M, corresponding to d,, 1 =D/4, d,, ,=D/2
and d,, 3 =D respectively.

(9) Compute the residual moments 1y, 1, 'y, 2 and 1, 3 corresponding
tod,, 1 =D/4, dn,»=D/2 and d,, 3 =D respectively.

(10) Calculate ay, b; and c¢; and adjust the neutral axis depth d,
using Eq. (20).

(11) Compute fiber element stresses and redistribute normal stresses
in steel fibers if local buckling occurs.

(12) Calculate the internal bending moment M,,,; and external bending
moment M,,,. corresponding to the neutral axis depth d,,.

(13) Compute 1y, using Eq. (24) and repeat Steps (10)-(12) until
the convergence condition [r,,| <& is satisfied.

(14) Increase the deflection u,, at the mid-height of the beam-
column and repeat steps (4)-(13) until the ultimate load P,
is obtained or the deflection limit is reached.

(15) Plot the load-deflection curve.

| Input data |

v
Divide composite section into
fibers
v

| Initialize u,, =Au, |

|.7

| Calculate curvature ¢,

Initialize d, ,=D/4, d, ~D/2,
d, n, 3=D

|Ca1culate fiber stresses and strains
v
Check local buckling and update
steel stresses

v
Calculate P, M,,; |
v
Compute 7,1, Fpu2 Tpu3 |

|Increase u, =u, +Au,
|‘_ A

Calculate fiber stresses and strains|
v
Check local buckling and update
steel stresses
v
| Compute P, M,,; |

Adjust d, using Eq.(20)
v

Is P, obtained?
or u,, > limit?

Plot P-u,, diagram

End

Fig. 6. Flowchart for determining the axial load-deflection curve for rectangular thin-
walled CFST slender columns.

The convergence tolerance g is set to 10~ “ in the analysis. The
computational procedure proposed can predict the complete axial
load-deflection responses of uniaxially loaded rectangular CFST slender
beam-columns with local buckling effects.

6. Modeling of axial load-moment interaction diagrams
6.1. Formulation

The ultimate bending moment M, is calculated as the maximum
applied moment M, .« at the column ends for a given axial load P,
to generate the axial load-moment interaction diagram. The maxi-
mum moment M, .x iS obtained when the external moment M, at-
tains the ultimate bending strength of the beam-column cross-
section for the given axial load P,. The curvature at the column ends
is adjusted using the Miiller's method algorithms and the correspond-
ing moment M, at the column ends is calculated. The external
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moment at the mid-height of the slender beam-column is calculated
by

Mpe = M + Pp(up, + uy). (34)

The curvature at the mid-height of the slender beam-column is
gradually increased to calculate the maximum bending moment M, yax
for a given axial load. For each curvature increment at the mid-
height of the beam-column, the mid-height deflection is calculated
by the following equation:

tn = (£) b 35)

6.2. Analysis procedure

The axial load-moment interaction diagram for high strength
thin-walled rectangular CFST slender beam-column is determined
by the numerical model developed. The axial load-deflection analysis
procedure incorporating local buckling effects is used to determine
the ultimate axial load P,, of the slender column under axial load
alone. The applied axial load P, is gradually increased. The curvature
¢, at the mid-height is initialized and gradually increased. The
load-moment-curvature relationship incorporating local buckling
effects is used to determine the corresponding internal moment
M,,; at the mid-height of the beam-column. The proposed Miiller's
method algorithms are used to adjust the curvature ¢, at the column
ends to produce the moment M, that satisfies equilibrium at the mid-
height of the beam-column. The maximum moment M, . at the
column ends is obtained for each increment of the applied axial
load Py. A pair of the maximum moment M, ,.x at the column ends
and the given applied axial load P, is used to plot the axial load-moment
interaction diagram. Fig. 7 shows the flowchart for determining axial
load-moment interaction diagrams for rectangular CFST slender
beam-column. The main steps of the analysis procedure are given
as follows:

(1) Input the geometry of the beam-column, material properties of
the steel and concrete and the initial geometric imperfection
Uo.

(2) Divide composite section into concrete and steel fiber elements.

(3) Compute the ultimate axial load P,, of the axially loaded slender
beam-column using the load-deflection analysis procedure
accounting for local buckling effects.

(4) Initialize the applied axial load: P,=0.

(5) Initialize the curvature at the mid-height of the beam-column:
bm=Adm.

(6) Calculate the mid-height deflection u,, using Eq. (35) from the
mid-height curvature ¢p,.

(7) Compute the internal moment M,,; for the given axial load P,
using the P— M — ¢ relationship accounting for local buckling
effects.

(8) Initialize three values of the curvature at the column ends
be,1=107"% ¢o3=10"° e = (cbe,1 + be,3)/2 and calculate
the corresponding 1pm, 1, Tpm,2 and Tpp 3.

(9) Calculate ay, b, and ¢, and adjust the curvature at the columns
end ¢, using Eq. (25).

(10) Compute the moment M, at the column ends and the internal
bending moment M,,;; using the P— M — ¢ relationship accounting
for local buckling effects.

(11) Calculate r,, using Eq. (29) and repeat steps (9)-(10) until
|rpm| <&k

(12) Increase the curvature at the mid-height of the beam-column
by b= bm+ Adm.

| Input data |

'

| Divide composite section into fibers |

!

Compute Py, using P-u analysis procedure
including local buckling effects

!

| Initialize P, =0

'

| Initialize ¢, =A@, i~

|._

| Calculate uy, using Eq.(35)

Calculate My, using P-M-¢ relationship
accounting for local buckling effects

Initialize ¢,; =1E-10,4, 5 =1E -6,
oz = (001 + 03 )/2 COMpPUtE Toma: Tom2: Fom3

!

| Adjust ¢, using Eq.(25)

Calculate Mp; and M using P-M- ¢
relationship considering local buckling
effects

Yes T

Is Pp < Poa?

| Plot P,-M, diagram

Fig. 7. Flowchart for determining the axial load-moment interaction diagram for
rectangular thin-walled CFST slender beam-columns.

(13) Repeat steps (6)-(12) until the ultimate bending strength
M, (=M, max) at the column ends is obtained.

(14) Increase the axial load by P, =P, + AP,, where AP, =P,,/10.

(15) Repeat steps (5)-(14) until the maximum load increment is
reached.

(16) Plot the axial load-moment interaction diagram.

Numerical analysis shows that the proposed Muller algorithms are
very efficient for obtaining converged solutions. The ultimate pure
axial load Py, is calculated by specifying the eccentricity of the applied
to zero in the axial load-deflection analysis. Similarly, the ultimate pure
bending strength of a slender beam-column is obtained by specifying
the axial load to zero in the axial load-moment interaction strength
analysis.

7. Conclusions
This paper has presented a new numerical model for simulating
the behavior of high strength thin-walled rectangular CFST slender

beam-columns under axial load and uniaxial bending. The effects of
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local buckling, column slenderness, eccentricity of loading, high
strength materials, initial geometric imperfections and material and
geometric nonlinearities are considered in the numerical model
developed. The numerical model for pin-ended CFST slender beam-
columns with equal end eccentricities and single curvature bending
was developed based on fiber element formulations. New Miiller's
method algorithms were developed to iterate the neutral axis depth
in the composite cross-section and to adjust the curvature at the
column ends in the slender beam-column to satisfy equilibrium
conditions. The new numerical model is shown to be efficient for
predicting the complete axial load-deflection and axial load-moment
interaction curves for high strength thin-walled rectangular CFST
slender beam-columns with local buckling effects. The comparison
with corresponding experimental results and parametric studies is
given in a companion paper.
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Experimental and numerical research on full-scale high strength thin-walled rectangular steel slender tubes
filled with high strength concrete has not been reported in the literature. In a companion paper, a new nu-
merical model was presented that simulates the nonlinear inelastic behavior of uniaxially loaded high
strength thin-walled rectangular concrete-filled steel tubular (CFST) slender beam-columns with local buck-
ling effects. The progressive local and post-local buckling of thin steel tube walls under stress gradients was
incorporated in the numerical model. This paper presents the verification of the numerical model developed
and its applications to the investigation into the fundamental behavior of high strength thin-walled CFST
slender beam-columns. Experimental ultimate strengths and load-deflection responses of CFST slender
beam-columns tested by independent researchers are used to verify the accuracy of the numerical model.
The verified numerical model is then utilized to investigate the effects of local buckling, column slenderness
ratio, depth-to-thickness ratio, loading eccentricity ratio, concrete compressive strengths and steel yield
strengths on the behavior of high strength thin-walled CFST slender beam-columns. It is demonstrated
that the numerical model is accurate and efficient for determining the behavior of high strength thin-
walled CFST slender beam-columns with local buckling effects. Numerical results presented in this study
are useful for the development of composite design codes for high strength thin-walled rectangular CFST
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1. Introduction

The behavior of high strength thin-walled rectangular concrete-filled
steel tubular (CFST) slender beam-columns under axial load and bending
is influenced by many parameters such as the depth-to-thickness ratio,
loading eccentricity, column slenderness, concrete compressive strength,
steel yield strength, initial geometric imperfections and second order ef-
fects. Thin-walled CFST slender beam-columns under eccentric loading
may fail by local and overall buckling. Researches on the interaction
local and overall buckling behavior of high strength CFST slender beam-
columns have been comparatively very limited. No design specifications
on the design of high strength thin-walled CFST slender beam-columns
are given in current design codes such as Eurocode 4 [1], LRFD [2] and
ACI 318-05 [3]. Apparently, the fundamental behavior of high strength
thin-walled CFST slender beam-columns with large depth-to-thickness
ratios has not been fully understood and effective design methods have
not been developed and incorporated in current composite design
codes. In this paper, a numerical model developed is validated and

* Corresponding author. Tel.: +61 3 9919 4134; fax: +61 3 9919 4139.
E-mail address: Qing.Liang@vu.edu.au (Q.Q. Liang).

0143-974X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jcsr.2011.10.021

employed to investigate the behavior of high strength thin-walled CFST
slender beam-columns with local buckling effects.

The local instability problem of CFST slender beam-columns was
not identified in early experimental researches undertaken by Bridge
[4] and Shakir-Khalil and Zeghiche [5]. Their test results indicated
that all tested normal strength CFST slender columns with a depth-
to-thickness ratio (D/t) of 20 or 24 failed by overall buckling without
the occurring of local buckling. Local buckling of the steel tubes was
expected in CFST columns with a D/t ratio greater than 35 as those
tested by Matsui et al. [6]. Chung et al. [7] and Zhang et al. [8] tested
high strength CFST slender beam-columns with D/t ratios ranging
from 31 to 52 and compressive concrete cube strength of 94.1 MPa.
Han [9] carried out tests on the flexural behavior of normal strength
CFST members with D/t ratios ranging from 20 to 51. Further tests
on CEST columns were conducted by Vrcelj and Uy [10], Varma et
al. [11] and Giakoumelis and Lam [12]. However, the behavior of
high strength rectangular steel tubular slender beam-columns filled
with high strength concrete has not been investigated.

In design practice, the axial load-moment interaction diagrams
need to be developed and are used to check for the strength adequacy
of CFST slender beam-columns under axial load and bending. Most of
the experiments conducted were to measure the load-deflection re-
sponses of CFST slender columns. It is highly expensive and time
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consuming to obtain complete axial load-moment interaction curves
for CFST slender beam-columns by experimental methods. Although
the load-deflection analysis procedures such as those presented by
Vrcelj and Uy [10] and Lakshmi and Shanmugam [13] can be used
to develop strength envelopes by varying the loading eccentricity,
they are not efficient when the loading eccentricity is large. Despite
of this, the axial load-moment interaction diagrams of high strength
rectangular CFST slender beam-columns have not been studied by
Vrcelj and Uy [10] and Lakshmi and Shanmugam [13]. Ellobody and
Young [14] used the finite element program ABAQUS to study the
axial load-strain behavior of CFST short columns. Liang [15,16] uti-
lized his numerical models to investigate the effects of various impor-
tant parameters on the axial load-moment interaction curves for
thin-walled CFST short beam-columns under axial load and biaxial
bending. Moreover, Liang [17,18] studied concrete confinement ef-
fects on column curves and axial load-moment interaction curves
for high strength circular CFST slender beam-columns.

Presented in this paper is the verification of the numerical model
developed in a companion paper [19] and the behavior of high
strength thin-walled CFST slender beam-columns with local buckling
effects. Firstly, the numerical model is verified against existing exper-
imental results. An extensive parametric study is then undertaken to
investigate the effects of various important parameters on the ulti-
mate strengths, load-deflection responses and axial load-moment
interaction diagrams of high strength thin-walled CFST slender
beam-columns. Benchmark numerical results obtained from the para-
metric study are presented and discussed.

2. Verification of the numerical model

The efficiency and accuracy of the developed numerical model are
demonstrated through comparisons between the numerical and
existing experimental results for a large number of slender beam-
columns with different parameters. The ultimate axial and bending
strengths and load-deflection curves of CFST slender beam-columns
are considered in the verification of the numerical model developed.

2.1. Ultimate axial strengths of normal strength CFST columns

The geometry, material properties and experimental results of
normal strength CFST slender columns tested by various researchers
are given in Table 1. Specimens SCH-1, SCH-2 and SCH-7 were tested
by Bridge [4]. The width (B) of the steel tubes varied between
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152.5 mm and 204.0 mm while the depth (D) of the steel tubes ran-
ged from 152.3 to 203.9 mm. The depth-to-thickness ratios (D/t) ran-
ged from 20 to 24 while the length of the columns was either
2130 mm or 3050 mm. Specimen SCH-2 was tested under a concen-
tric axial load. Initial geometric imperfections (u,) at the mid-height
of the specimens were measured as shown in Table 1. The axial load
was applied at an eccentricity (e) of either 38 mm or 64 mm. The
slender beam-columns were constructed by steel tubes filled with
normal strength concrete of either 29.9 or 31.1 MPa. The steel yield
strengths (f;,) varied between 254 MPa and 291 MPa. The ultimate
tensile strength (f;,) of steel tubes was assumed to be 410 MPa. The
Young's modulus (Es) of the steel material was 205 GPa.

Specimens R1, R2 and R5 shown in Table 1 were tested by Shakir-
Khalil and Zeghiche [5]. These slender beam-columns with a cross-
section of 80x 120 mm were constructed by cold-formed steel tubes
filled with normal strength concrete. The yield strength of the steel
tubes ranged from 343.3 MPa to 386.3 MPa while the compressive
strength of concrete varied between 34 MPa and 37.4 MPa. Speci-
mens were fabricated from 5 mm thick steel tubes so that their
depth-to-thickness ratio (D/t) was 24. The effective buckling lengths
of the beam-columns were 3210 mm and 2940 mm about the major
and minor axes respectively. The ultimate tensile strength of these
steel tubes was assumed to be 430 MPa. Specimen R1 was tested
under a concentric axial load while other specimens were tested
under eccentric loads about either the major or minor axis. The load-
ing eccentricity ratios (e/D) were in the range of 0.0 to 0.5. The initial
geometric imperfections of specimens were not measured. Shakir-
Khalil and Zeghiche [5] realized that the tested columns had initial
geometric imperfections that should be recorded before testing.
Therefore, the initial geometric imperfections of L/1000 at the mid-
height of the columns were taken into account in the present study.

Slender columns tested by Matsui et al. [6] were also considered in this
study. Test parameters of specimens designated by series S1 to S12 are
presented in Table 1. The columns had a square cross-section of
149.8 mm wide and 4.27 mm thick. Steel tubes with yield strength of
445 MPa were filled with normal strength concrete of 31.9 MPa. The ec-
centricity of the applied axial load varied from zero to a maximum of
125 mm. The length of the columns varied from 600 mm to 4500 mm
covering a wide range of column slenderness. However, only slender col-
umns were considered in this paper. Specimens S1, S5 and S9 were tested
under concentric axial loads. Experimental and analytical studies con-
ducted by Matsui et al. [6] indicated that these specimens had significant
geometric imperfections that were not recorded. The initial geometric

Table 1
Ultimate axial strengths of normal strength CFST slender beam-columns.

Specimens BxDxt (mm) D/t L(mm) e(mm) e, (mm) u,(mm) fc(MP) fy (MPa) fu (MPa) Es(GPa) Pyexp (KN) Py pum (KN) ',’,“u%x'; Ref.
SCH-1 203.7x203.9%x9.96 20 2130 0 38 1.19 29.9 291 410 205 1956 1995.73 1.02 [4]
SCH-2 204.0x203.3x10.01 20 3050 0 0 1.40 31.1 290 410 205 2869 2907.4 1.01
SCH-7 152.5x152.3x6.48 24 3050 0 38 0.51 31.1 254 410 205 680 734.0 1.08

R1 80x120x5 24 3210 0 0 374 386.3 430 205 600 600.41 1.00 [5]
R2 80x120x5 24 3210 0 24 34.0 386.3 430 205 393 383.61 0.98

R5 80x120x5 24 2940 40 0 36.6 3433 430 205 210 216.24 1.03

S1 149.8x149.8x4.27 35 2700 0 0 319 445 498 200 1355 1356.99 1.00 [6]
S2 149.8x149.8x4.27 35 2700 0 25 31.9 445 498 200 847 868.80 1.03

S3 149.8x149.8x4.27 35 2700 0 75 31.9 445 498 200 552 542.20 0.98

S4 149.8x149.8x4.27 35 2700 0 125 319 445 498 200 383 393.13 1.03

S5 149.8x149.8x4.27 35 3600 0 0 319 445 498 200 1143 1140.86 1.00

S6 149.8x149.8x4.27 35 3600 0 25 31.9 445 498 200 706 734.41 1.04

S7 149.8x149.8x4.27 35 3600 0 75 319 445 498 200 440 464.39 1.06

S8 149.8x149.8x4.27 35 3600 0 125 319 445 498 200 325 346.85 1.07

S9 149.8x149.8x4.27 35 4500 0 0 31.9 445 498 200 909 895.88 0.99

S10 149.8x149.8x4.27 35 4500 0 25 319 445 498 200 588 602.78 1.03

S11 149.8x149.8x4.27 35 4500 0 75 319 445 498 200 374 394.64 1.06

S12 149.8x149.8x4.27 35 4500 0 125 319 445 498 200 278 302.98 1.09
Mean 1.03
Standard deviation (SD) 0.03
Coefficient of variation (COV) 0.03

82



370

imperfections of L/1000 at the mid-height of the tested specimens were
considered in the present numerical analysis of these specimens.

The load-deflection analysis procedure developed by Patel et al.
[19] was used to predict the ultimate strengths of these tested speci-
mens. Test results indicated that specimen R1 did not attain its ulti-
mate strength so that the measured maximum compressive
concrete strain was used in the numerical analysis to determine the
maximum load. The computational and experimental ultimate axial
strengths of normal strength CFST slender beam-columns are given
in Table 1, where P, exp, represents the experimental ultimate axial
strength and P, ,um denotes the ultimate axial strength predicted by
the numerical model. It can be seen from Table 1 that the predicted
ultimate axial strengths of tested specimens are in good agreement
with experimental results. The mean ultimate axial strength pre-
dicted by the numerical model is 1.03 times the experimental value
with a standard deviation of 0.03 and a coefficient of variation of 0.03.

2.2. Ultimate axial strengths of high strength CFST columns

Table 2 presents the geometries, material properties and experi-
mental results of high strength CFST slender columns tested by inde-
pendent researchers. Chung et al. [7] tested a number of high strength
CFST slender beam-columns subjected to axial load and uniaxial
bending. The specimens were designated by series C18, C24 and
C30. The lengths of specimens C18, C24 and C30 were 2250, 3000
and 3750 mm respectively. All specimens had a square cross-section
of 125x125 mm. The steel tubes with yield strength of 450 MPa
were filled with high strength concrete of 94.1 MPa. The tensile
strength of the steel tubes was measured as 528 MPa. The depth-to-
thickness ratio (D/t) of these specimens was 39. Specimens C30-
0 was tested under a concentric axial load while other columns
were subjected to axial loads at an eccentricity of either 20.5 mm or
61.5 mm.

Specimens CCH1, CCH2, CCM1 and CCM2 shown in Table 2 were
tested by Vrcelj and Uy [10]. These columns were made of hot-
rolled steel tubes which were cut into 1770 mm length. In order to
simulate pinned-end support conditions, the specimen was provided
with special knife-edge supports secured at their ends. The loading
eccentricity ratio (e/D) was approximately equal to 0.05. The concrete
compressive strength was either 52 MPa or 79 MPa while the steel
yield strength was either 400 MPa or 450 MPa.

The load-deflection analysis procedure [19] was used to deter-
mine the ultimate axial strengths of these high strength specimens
tested. The initial geometric imperfections of these high strength
CFST slender beam-columns were not measured. However, real CEST
slender beam-columns particularly small-scale ones usually have ini-
tial geometric imperfections. Therefore, the initial geometric imper-
fections of L/1000 at the mid-height of the columns were taken into
account in the present numerical analysis of these columns. The

Table 2
Ultimate axial strengths of high strength CFST slender beam-columns.
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ultimate axial strengths of these specimens obtained from the numer-
ical analysis and experiments are given in Table 2. It is seen that the
numerical model predicts very well the ultimate axial strengths of
high strength CFST slender beam-columns. The ratio of the mean ulti-
mate axial strength computed by the numerical model to the experi-
mental value is 1.01. The standard deviation of Py nym/Py.exp is 0.07
and the coefficient of variation is 0.07.

2.3. Ultimate bending strengths

Experimental results presented by Bridge [4], Shakir-Khalil and
Zeghiche [5], Matsui et al. [6] and Chung et al. [7] were used to
examine the accuracy of the axial-load moment interaction strength
analysis program [19]. The initial geometric imperfections of L/1000
at the mid-height of the columns were taken into account in the anal-
ysis of the specimens tested by Shakir-Khalil and Zeghiche [5], Matsui
et al. [6] and Chung et al. [7]. The ultimate axial loads obtained from
experiments were applied in the numerical analysis to determine
the ultimate bending strengths. The experimental and numerical
ultimate bending strengths are presented in Table 3. The
experimental ultimate bending strength My exp Was calculated as
My, exp = Pn.exp < €. It appears from Table 3 that the numerical model
yields accurate predictions of the ultimate bending strengths of high
strength CFST slender beam-columns. The ratio of the mean ultimate
bending strength computed by the numerical model to the experi-
mental value is 1.03 with the standard deviation of 0.05 and the coef-
ficient of variation of 0.05.

2.4. Load-deflection curves

The load-deflection curves for CFST slender beam-columns pre-
dicted by the numerical model are compared with experimental re-
sults provided by Bridge [4], Shakir-Khalil and Zeghiche [5] and
Matsui et al. [6]. Fig. 1 shows the load-deflection curves for specimen
SCH2 predicted by the numerical model developed by Patel et al. [19]
and obtained from the experiments conducted by Bridge [4]. It can be
observed that the load-deflection curve predicted by the numerical
model agrees reasonably well with the experimental results. The ini-
tial stiffness of the load-deflection curve predicted by the model is
slightly higher than that of the experimental one. This is likely attrib-
uted to the uncertainty of the actual concrete stiffness and strength as
the average concrete compressive strength was used in the numerical
analysis. However, it can be seen from Fig. 1 that the numerical load-
deflection curve is in excellent agreement with experimental results
in the ultimate load range. The predicted and experimental axial
load-deflection curves for specimen R5 tested by Shakir-Khalil and
Zeghiche [5] are depicted in Fig. 2. The figure shows that the initial
stiffness of the specimen predicted by the numerical model is almost
the same as that of the experimental one up to loading level about

Specimens BxDxt (mm) D/t L (mm) e, (mm) e, (mm)  f.(MP)  f, (MPa) fg (MPa) E; (GPa) Py exp (KN) Py num (KN) [l))_e: Ref.
C18-1 125x125x3.2 39 2250 0 20.5 94.1 450 528 200 830 874.28 1.05 [7]
C18-3 12x125x3.2 39 2250 0 61.5 94.1 450 528 200 457 490.57 1.07

C24-0 125x125%x32 39 3000 0 0 94.1 450 528 200 1079 1108.18 1.03

24-1 125x125x3.2 39 3000 0 20.5 94.1 450 528 200 664 676.12 1.02

€24-3 125x125%x3.2 39 3000 0 61.5 94.1 450 528 200 375 399.06 1.06

C30-0 125x125x3.2 39 3750 0 0 94.1 450 528 200 747 814.05 1.09

CCH1 75x75x3 25 1770 0 3.75 79 450 530 193.7 414 393.61 0.95 [10]
CCH2 65x65x%3 22 1770 0 3.25 79 400 530 1893 294 263.12 0.89

ccMmt 75x75x3 25 1770 0 3.75 52 450 530 193.7 343 355.98 1.04

ccMm2 65x65%3 22 1770 0 3.25 52 400 530 1893 269 242.59 0.90

Mean 1.01
Standard deviation (SD) 0.07
Coefficient of variation(COV) 0.07
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Table 3
Ultimate bending strengths of rectangular CFST slender beam-columns under eccentric loading.
Specimens BxDxt (mm) D/t L(mm) ec(mm) e, (mm) u,(mm) f.(MP) f, (MPa) fi (MPa) Es(GPa) My exp (KNM) My num (KNm) ",",’,—': Ref.
SCH-1 203.7x203.9%x9.96 20 2130 0 38 1.19 29.9 291 410 205 74.33 79.12 1.06 [4]
R2 80x120x5 24 3210 0 24 34.0 386.3 430 205 943 8.76 093 [5]
R5 80x120x5 24 2940 40 0 36.6 3433 430 205 8.4 8.82 1.05
S2 149.8x149.8x4.27 35 2700 0 25 319 445 498 200 21.18 22.85 1.08 [6]
S3 149.8x149.8x4.27 35 2700 0 75 319 445 498 200 414 39.99 0.97
S4 149.8x149.8x4.27 35 2700 0 125 319 445 498 200 47.88 49.57 1.04
S10 149.8x149.8x4.27 35 4500 0 25 319 445 498 200 14.7 15.89 1.08
C24-1 125x125%x3.2 39 3000 0 20.5 94.1 450 528 200 13.61 14.29 1.05 [7]
Mean 1.03
Standard deviation (SD) 0.05
Coefficient of variation (COV) 0.05

100 kN. After this loading, the stiffness of the specimen obtained from
tests slightly differs from numerical predictions. This is likely attribut-
ed to the uncertainty of the concrete stiffness and strength. The nu-
merical model was able to predict the post-peak behavior of the
tested specimen R5.

Fig. 3 presents a comparison between numerical and experimental
axial load-deflection curves for specimen S3. It is seen that the stiff-
ness of the column predicted by the numerical model is in excellent
agreement with experimental data for loading up to the ultimate
load. In the post-peak range, the numerical model also predicts well
the stiffness of the tested specimen but the predicted load capacity
is lower than the test data. The verification shows that the numerical
model yields good predictions of the ultimate axial and bending
strengths and axial load-deflection curves for normal and high
strength CFST slender beam-columns.

3. Parametric study

An extensive parametric study was performed to investigate the
influences of local buckling of the steel tube, column slenderness
ratio, depth-to-thickness ratio, eccentricity ratio, concrete compres-
sive strengths and steel yield strengths on the fundamental behavior
of full-scale high strength thin-walled rectangular CFST slender
beam-columns under axial load and uniaxial bending. Only one vari-
able was considered at a time to assess its individual effect.

3.1. Influences of local buckling

The numerical model was employed to study the effects of local
buckling on the behavior of high strength rectangular CFST slender
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Fig. 1. Comparison of predicted and experimental axial load-deflection curves for spec-
imen SCH-2.

beam-columns. A thin-walled CFST beam-column with a cross-
section of 700 x 700 mm was considered. The thickness of the steel
tube was 7 mm so that its depth-to-thickness ratio (D/t) was 100.
The yield and tensile strengths of the steel tube were 690 MPa and
790 MPa respectively while its Young's modulus was 200 GPa. High
strength concrete with compressive strength of 70 MPa was filled
into the steel tube. The column slenderness ratio (L/r) was 40. The
axial load was applied at an eccentricity 70 mm so that the loading
eccentricity ratio (e/D) was 0.1. The initial geometric imperfection
at the mid-height of the beam-column was assumed to be L/1500.
The slender beam-column was analyzed by considering and ignoring
local buckling effects respectively.

Fig. 4 shows the influences of local buckling on the axial load-
deflection curves for thin-walled CFST slender beam-columns and high-
lights the importance of considering local buckling in the analysis. It can
be seen from Fig. 4 that local buckling remarkably reduces the stiffness
and ultimate axial strength of the slender beam-column under eccentric
loading. When the applied axial load is higher than about 10,000 kN, the
stiffness of the slender beam-column is found to gradually reduce by pro-
gressive post-local buckling as illustrated in Fig. 4. The steel tube walls
with a D/t ratio of 100 undergone elastic local and post-local buckling be-
fore yielding. Because the beam-column was subjected to axial load and
bending, the two webs of the section were subjected to bending stresses
under which local buckling was not considered in the effective width for-
mulas given by Liang et al. [20]. After steel yielded, strain hardening oc-
curred so that the two webs and the tension flange of the steel tube
could carry the higher load than the yield load. This resulted in an in-
crease in the load carrying capacity as shown on the load-deflection
curve depicted in Fig. 4. However, thin-walled CFST slender beam-
columns with a D/t ratio less than 80 exhibit smooth load-deflection

250
200 +
z
X 150
o
[55
=]
< L
< 100
< ) Experiment
50 Numerical analysis
O I I I I
0 20 40 60 80 100

Mid-height deflection u,, (mm)

Fig. 2. Comparison of predicted and experimental axial load-deflection curves for spec-
imen R5.
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Fig. 3. Comparison of predicted and experimental axial load-deflection curves for specimen
S3.

curves as shown in Fig. 9. The ultimate axial load of the slender beam-
column is overestimated by 8.32% if local buckling was not considered.

Fig. 5 demonstrates the influences of local buckling on the axial
load-moment interaction diagram for the CFST slender beam-column.
As shown in Fig. 5, the ultimate axial strength was normalized by the ul-
timate axial load (P,,) of the axially loaded slender column including
local buckling effects, while the ultimate moment was normalized by
the ultimate pure bending moment (M,) of the slender beam-column
with local buckling effects. It can be observed from Fig. 5 that local buck-
ling considerably reduces the ultimate strength of the slender beam-
column. If local buckling was not considered in the numerical analysis,
the ultimate axial strength of the slender beam-column is overesti-
mated by 5.02% while the maximum ultimate bending strength of the
slender beam-column is overestimated by 7.49%.

3.2. Influences of column slenderness ratio

The numerical model developed was used to examine the effects
of the column slenderness ratio (L/r) which is an important parame-
ter that influences the behavior of CFST beam-columns. High strength
thin-walled CFST slender beam-columns with a cross-section of
600 x 600 mm were considered. The depth-to-thickness ratio of the
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Fig. 4. Influence of local buckling on the axial load-deflection curves for thin-walled
CFST slender beam-columns.
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Fig. 5. Influence of local buckling on the axial load—-moment interaction diagrams for
thin-walled CFST slender beam-columns.

section was 50. Column slenderness ratios (L/r) of 22, 50, 65 and 80
were considered in the parametric study. The loading eccentricity
ratio (e/D) of 0.1 was specified in the analysis of slender beam-
columns with various L/r ratios. The initial geometric imperfection
of L/1500 at the mid-height of the beam-columns was incorporated
in the model. The beam-columns were made of high strength steel
tubes with the yield and tensile strengths of 690 MPa and 790 MPa
respectively. The Young's modulus of the steel tubes was 200 GPa.
The steel tubes were filled with high strength concrete of 80 MPa.
Fig. 6 presents the axial load-deflection curves for the beam-
columns with various slenderness ratios. It appears that the ultimate
axial load is strongly affected by the column slenderness ratio. In-
creasing the column slenderness ratio significantly reduces its ulti-
mate axial load. Columns with a smaller slenderness ratio are
shown to be less ductile than the ones with a larger slenderness
ratio. The mid-height deflection at the ultimate axial strength of the
beam-columns increases with increasing the column slenderness
ratio. Fig. 7 shows the ratio of the ultimate axial load (P,) to the ulti-
mate axial strength (P,,) of the column's section under eccentric
loading as a function of the column slenderness ratio. As
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Fig. 6. Influence of column slenderness ratio on the axial load-deflection curves for
thin-walled CFST slender beam-columns.
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demonstrated in Fig. 7, the ultimate axial strength of the beam-
column with a L/r ratio of 22 is 99% of the section's strength.

Fig. 8 demonstrates the effects of the column slenderness ratio on
the axial load-moment strength interaction curves for CFST beam-
columns. In Fig. 8, the ultimate axial strength (P,) was normalized
to the ultimate axial load (P,) of the axially loaded beam-column sec-
tion while the ultimate moment (M,,) was normalized to the ultimate
pure bending moment (M,) of the beam-column. The column slen-
derness ratio L/r=0 was used in the axial load-moment interaction
analysis to determine the ultimate strengths of the composite section.
It can be seen from Fig. 8 that reducing the column L/r ratio enlarges
the axial load-moment interaction diagram. The ultimate bending
strength of the beam-column is shown to decrease as the column
slenderness ratio increases.

3.3. Influences of depth-to-thickness ratio

Local buckling of a thin-walled steel tubes depends on its depth-
to-thickness ratio (D/t). The numerical model was utilized to examine
the effects of D/t ratio on the load-deflection and axial load-moment
interaction curves for high strength CFST slender beam-columns. A
square cross-section of 650 x 650 mm was considered in the analysis.
The D/t ratios of the column sections were calculated as 40, 60, 80 and
100 by changing the thickness of the steel tubes. The column slender-
ness ratio (L/r) was 35. The loading eccentricity ratio (e/D) was taken
as 0.1 in the analysis. The initial geometric imperfection of the beam-
columns at mid-height was specified as L/1500. The yield and tensile
strengths of the steel tubes were 690 MPa and 790 MPa respectively
while the Young's modulus of the steel tubes was 200 GPa. The com-
pressive strength of the in-filled concrete was 60 MPa.

The influences of D/t ratio on the axial load-deflection curves for
high strength thin-walled CFST slender beam-columns are illustrated
in Fig. 9. The figure shows that increasing the D/t ratio of the slender
beam-columns slightly reduces their initial stiffness. However, in-
creasing the D/t ratio significantly reduces the ultimate axial strength
of eccentrically loaded CFST slender beam-columns. This is attributed
to the fact that a column section with a larger D/t ratio has a lesser
steel area and it may undergone local buckling which reduces the ul-
timate strength of the column.

Fig. 10 demonstrates the influence of D/t ratio on the axial load-
moment interaction diagrams for high strength thin-walled CFST
slender beam-columns. In each interaction curve, the axial load (P,)
was divided by the ultimate axial strength (P,,) of the axially loaded
slender beam-column, while the moment (M,) was divided by the ul-
timate pure bending moment (M,) of the beam-column. It can be
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Fig. 7. Influence of column slenderness ratio on the ultimate axial loads of thin-walled
CFST slender beam-columns.
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Fig. 8. Influence of column slenderness ratio on the axial load-moment interaction di-
agrams for thin-walled CFST slender beam-columns.

seen from Fig. 10 that decreasing the D/t ratio of the slender beam-
column narrows the axial load-moment interaction diagram for the
slender beam-column. In addition, the flexural strength at the maxi-
mum moment point is shown to increase remarkably with increasing
the D/t ratio.

3.4. Influences of loading eccentricity ratio

The fundamental behavior of a rectangular CFST slender beam-
column under axial load and uniaxial bending is influenced by the
loading eccentricity ratio (e/D). To investigate this effect, a beam-
column with a cross-section of 600 x 700 mm and loading eccentricity
ranged from 0.1 to 0.2, 0.4 and 0.6 were analyzed using the numerical
model. The depth-to-thickness ratio of the section was 60. The slen-
derness ratio (L/r) of the beam-column was 30. The initial geometric
imperfection of the beam-column at the mid-height was assumed to
be L/1500. The yield and tensile strengths of the steel tubes were
690 MPa and 790 MPa respectively. The beam-column was filled
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Fig. 9. Influence of D/t ratio on the axial load-deflection curves for thin-walled CFST
slender beam-columns.
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Fig. 10. Influence of D/t ratio on the axial load-moment interaction diagrams for thin-
walled CFST slender beam-columns.

with high strength concrete of 90 MPa. The Young's modulus of
200 GPa was specified for the steel tubes in the analysis.

The computed axial load-deflection curves for high strength rect-
angular CFST slender beam-columns with different loading eccentric-
ity ratios are presented in Fig. 11. It can be seen that the initial
stiffness of the slender beam-columns decreases with an increase in
the e/D ratio. In addition, increasing the e/D ratio significantly reduces
the ultimate loads of the beam-columns. This is attributed to the fact
that increasing the e/D ratio increases the bending moments at the
column ends which significantly reduce the ultimate axial load of
the slender beam-columns. Furthermore, the mid-height deflections
at the maximum axial load of the slender beam-column increase
with an increase in the eccentricity ratio. The displacement ductility
of a slender beam-column is shown to be improved when increasing
the eccentricity ratio. Fig. 12 shows that the ultimate axial load is a
function of the loading eccentric ratio. The figure clearly shows that
the effect of the loading eccentricity ratio on the ultimate axial
strengths of CFST slender bean-columns is significant.
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Fig. 11. Influence of loading eccentricity ratio on the axial load-deflection curves for
thin-walled CFST slender beam-columns.

3.5. Influences of concrete compressive strengths

The effects of concrete compressive strengths on the strengths and
behavior of high strength CFST slender beam-columns with local
buckling effects were studied by the numerical model. In the para-
metric study, the concrete compressive strength was varied from
60 MPa to 100 MPa. The width and depth of the steel tube were
600 mm and 800 mm respectively. The steel tube wall was 10 mm
thick so that its depth-to-thickness ratio (D/t) was 80. The slenderness
ratio (L/r) of the beam-column was 32. The initial geometric imperfec-
tion of the beam-column at the mid-height was taken as L/1500. The
loading eccentricity ratio (e/D) was 0.1. The steel yield and ultimate
tensile strengths were 690 MPa and 790 MPa respectively and the
Young's modulus of the steel tubes was 200 GPa.

The axial load-deflection curves for high strength rectangular
CFST slender beam-columns with different concrete strengths are
depicted in Fig. 13. It would appear from Fig. 13 that the ultimate
axial strengths of rectangular CFST slender beam-columns increase
significantly with an increase in the concrete compressive strength.
Increasing the concrete compressive strength from 60 MPa to
80 MPa and 100 MPa increases the ultimate axial strength by18.13%
and 35.84%, respectively. It can be seen from Fig. 13 that increasing
the concrete compressive strength results in a slight increase in the
initial stiffness of the slender beam-columns.

The normalized axial load-moment interaction diagrams for rect-
angular CFST slender beam-columns are given in Fig. 14. It can be ob-
served that increasing the concrete compressive strength enlarges the
P-M interaction curves. The ultimate bending moment of the slender
beam-columns is found to increase considerably with increasing the
concrete compressive strength. By increasing the concrete compres-
sive strength from 60 MPa to 80 MPa and 100 MPa, the ultimate
bending moment of the column is increased by 7.23% and 13.87%, re-
spectively. The ultimate pure bending strengths of rectangular CFST
beam-columns are also found to increase with an increase in the com-
pressive strength of the in-filled concrete.

3.6. Influences of steel yield strengths

Rectangular thin-walled CFST slender beam-columns with differ-
ent steel yield strengths and a cross-section of 700x 800 mm were
analyzed using the numerical model. The depth-to-thickness (D/t)
ratio of the section was 70. The yield strengths of the steel tubes
were 500 MPa, 600 MPa and 690 MPa and the corresponding tensile
strengths were 590 MPa, 690 MPa and 790 MPa, respectively. The
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Fig. 12. Influence of loading eccentricity ratio on the ultimate axial loads of thin-walled
CFST slender beam-columns.
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Fig. 13. Influence of concrete compressive strengths on the axial load-deflection curves
for thin-walled CFST slender beam-columns.

column slenderness ratio (L/r) of 45 was used in the parametric study
with a loading eccentricity ratio (e/D) of 0.1. The initial geometric im-
perfection of the beam-column at the mid-height was taken as L/1500.
The Young's modulus of steel was 200 GPa. The steel tubes were filled
with 100 MPa concrete.

Fig. 15 illustrates the influences of steel yield strengths on the
axial load-deflection curves for high strength rectangular CFST slen-
der beam-columns. It can be observed from Fig. 15 that the steel
yield strength does not have an effect on the initial stiffness of the
beam-columns. However, the ultimate axial strength of slender
beam-columns is found to increase significantly with an increase in
the steel yield strength. By increasing the steel yield strength from
500 MPa to 600 MPa and 690 MPa, the ultimate axial load of the slen-
der beam-column is found to increase by 4.92% and 8.95%
respectively.

The normalized axial load-moment interaction diagrams for rect-
angular CFST beam-columns made of different strength steel tubes
are presented in Fig. 16. The figure shows that the normalized axial
load-moment interaction curve is enlarged by reducing the steel
yield strength. In addition, the ultimate pure bending strength of
the slender beam-column increases by 13.61% and 28.07%, when
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Fig. 14. Influence of concrete compressive strengths on the axial load-moment interac-
tion diagrams for thin-walled CFST slender beam-columns.
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Fig. 15. Influence of steel yield strengths on the axial load-deflection curves for thin-
walled CFST slender beam-columns.

increasing the steel yield strength from 500 MPa to 600 MPa and
690 MPa, respectively. The ultimate pure bending strength of the
slender beam-columns increases significantly with increasing the
steel yield strength. When increasing the steel yield strength from
500 MPa to 600 MPa and 690 MPa, the maximum ultimate bending
moment of the slender beam-columns is increased by 13.15% and
28.35% respectively.

4. Conclusions

The verification and applications of a numerical model developed
for the nonlinear analysis of high strength thin-walled rectangular
CFST slender beam-columns with local buckling effects have been
presented in this paper. The numerical model was verified by com-
parisons of computational solutions with experimental results of nor-
mal and high strength CFST slender beam-columns presented by
independent researchers. The numerical model can accurately predict
the axial load-deflection responses and strength envelopes of thin-
walled CFST slender beam-columns. This paper has provided new
benchmark numerical results on the behavior of full-scale high
strength thin-walled steel slender tubes filled with high strength con-
crete with various parameters including the effects of local buckling,
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Fig. 16. Influence of steel yield strengths on the axial load-moment interaction dia-
grams for thin-walled CFST slender beam-columns.
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column slenderness ratio, depth-to-thickness ratio, loading eccentric-
ity ratio, concrete compressive strengths and steel yield strengths.
The numerical results presented can be used to validate other non-
linear analysis techniques and to develop composite design codes
for high strength thin-walled rectangular CFST slender beam-
columns. The numerical model can be used to analyze and design
thin-walled CFST slender columns in practice.
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3.6 CONCLUDING REMARKS

This chapter has presented a numerical model for thin-walled high strength rectangular
CFST slender beam-columns under axial load and uniaxial bending. The effects of local
buckling of steel tube walls under stress gradients, initial geometric imperfection and
second order were considered in the numerical model. Performance indices have been
proposed for evaluating the performance of thin-walled CFST slender beam-columns.
Efficient Miiller’s method algorithms were developed and implemented in the computer
program. These algorithms were used to iterate the neutral axis depth in the composite
cross-section and to adjust the curvature at the column ends in the slender beam-column

to satisfy equilibrium conditions. The analysis procedures have been presented.

It has been shown that the proposed numerical model can accurately predict the
structural performance of CFST slender beam-columns. The numerical model
developed was employed to investigate the effects of local buckling, depth-to-thickness
ratios, loading eccentricity ratios, column slenderness ratios, concrete compressive
strengths and steel yield strengths on the axial load-deflection curves and axial load-
moment interaction diagrams for CFST beam-columns. Parametric studies indicated
that increasing depth-to-thickness ratios reduces the ultimate axial strength of thin-
walled CFST beam-columns but enlarges the normalized axial load-moment interaction
diagrams. Increasing the concrete compressive strengths increases the ultimate axial
strength of thin-walled CFST beam-columns and enlarges the normalized axial load-
moment interaction diagrams but reduces steel contribution ratio and strength reduction

factor.
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Chapter 4

RECTANGULAR CFST SLENDER BEAM-
COLUMNS UNDER AXIAL LOAD AND BIAXIAL

BENDING

4.1 INTRODUCTION

This chapter presents a multiscale numerical model for simulating the structural
behavior of high strength thin-walled rectangular CFST slender beam-columns under
axial load and biaxial bending. The numerical model incorporates progressive local
buckling, initial geometric imperfections, high strength materials and second order
effects. The numerical model is validated against the test results available in the
published literature. Steel and concrete contribution ratios and strength reduction factor
are used to evaluate the performance of CFST slender beam-columns. Parametric

studies using the numerical model are performed to investigate the effects of depth-to-
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thickness ratios, loading eccentricity ratios, column slenderness ratios, concrete
compressive strengths and steel yield strengths on the performance of thin-walled CFST

slender beam-columns.

This chapter includes the following papers:

[1] Liang, Q. Q., Patel, V. I. and Hadi, M. N. S., “Biaxially loaded high-strength
concrete-filled steel tubular slender beam-columns, Part I: Multiscale simulation”,
Journal of Constructional Steel Research, 2012, 75, 64-71.

[2] Patel, V. 1, Liang, Q. Q. and Hadi, M. N. S., “Biaxially loaded high-strength
concrete-filled steel tubular slender beam-columns, Part II: Parametric study”,

Journal of Constructional Steel Research, 2011 (submitted).
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ABSTRACT

The steel tube walls of a biaxially loaded thin-walled rectangular concrete-filled steel tubular (CFST) slender
beam-column may be subjected to compressive stress gradients. Local buckling of the steel tube walls under
stress gradients, which significantly reduces the stiffness and strength of a CFST beam-column, needs to be
considered in the inelastic analysis of the slender beam-column. Existing numerical models that do not
consider local buckling effects may overestimate the ultimate strengths of thin-walled CFST slender beam-
columns under biaxial loads. This paper presents a new multiscale numerical model for simulating the structural
performance of biaxially loaded high-strength rectangular CFST slender beam-columns accounting for progressive
local buckling, initial geometric imperfections, high strength materials and second order effects. The inelastic
behavior of column cross-sections is modeled at the mesoscale level using the accurate fiber element method.
Macroscale models are developed to simulate the load-deflection responses and strength envelopes of thin-
walled CFST slender beam-columns. New computational algorithms based on the Miiller's method are developed
to iteratively adjust the depth and orientation of the neutral axis and the curvature at the column's ends to obtain
nonlinear solutions. Steel and concrete contribution ratios and strength reduction factor are proposed for evaluat-
ing the performance of CFST slender beam-columns. Computational algorithms developed are shown to be an
accurate and efficient computer simulation and design tool for biaxially loaded high-strength thin-walled CFST
slender beam-columns. The verification of the multiscale numerical model and parametric study are presented

in a companion paper.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

High strength thin-walled rectangular concrete-filled steel tubular
(CFST) slender beam-columns in composite frames may be subjected
to axial load and biaxial bending. Biaxially loaded thin-walled CFST
slender beam-columns with large depth-to-thickness ratios are vulner-
able to local and global buckling. No numerical models have been devel-
oped for the multiscale inelastic stability analysis of biaxially loaded
high strength thin-walled CFST slender beam-columns accounting for
the effects of progressive local buckling of the steel tube walls under
stress gradients. The difficulty is caused by the interaction between
local and global buckling and biaxial bending. However, it is important
to accurately predict the ultimate strength of a thin-walled CFST slender
beam-column under biaxial loads because this strength is needed in the
practical design. This paper addresses the important issue of multiscale
simulation of high strength thin-walled rectangular CFST slender beam-
columns under combined axial load and biaxial bending.

* Corresponding author. Tel.: +61 3 9919 4134; fax: +61 3 9919 4139.
E-mail address: Qing.Liang@vu.edu.au (Q.Q. Liang).

0143-974X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jcsr.2012.03.005

Extensive experimental investigations have been undertaken to de-
termine the ultimate strengths of short and slender CFST columns
under axial load or combined axial load and uniaxial bending [1-9].
Test results indicated that the confinement provided by the rectangular
steel tube had little effect on the compressive strength of the concrete
core but considerably improved its ductility. In addition, local buckling
of the steel tubes was found to remarkably reduce the ultimate strength
and stiffness of thin-walled CFST short columns as reported by Ge and
Usami [10], Bridge and O'Shea [11], Uy [12] and Han [13]. As a result,
the ultimate strengths of rectangular CFST short columns can be deter-
mined by summation of the capacities of the steel tube and concrete
core, providing that local buckling effects are taken into account as
shown by Liang et al. [ 14]. Moreover, experimental results demonstrated
that the confinement effect significantly increased the compressive
strength and ductility of the concrete core in circular CFST short columns.
However, this confinement effect was found to reduce with increasing
the column slenderness as illustrated by Knowles and Park [2] and
Liang [15]. In comparisons with researches on CFST columns under
axial load and uniaxial bending, experimental investigations on biaxially
loaded rectangular thin-walled CFST slender beam-columns have re-
ceived little attention [16-18].
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Although the performance of CFST columns could be determined
by experiments, they are highly expensive and time consuming. To
overcome this limitation, nonlinear analysis techniques have been
developed by researchers for composite columns under axial load or
combined axial load and uniaxial bending [19-23]. However, only a
few numerical models have been developed to predict the nonlinear
inelastic behavior of slender composite columns under biaxial bend-
ing. El-Tawil et al. [24] and El-Tawil and Deierlein [25] proposed a
fiber element model for determining the inelastic moment-curvature
responses and strength envelopes of concrete-encased composite col-
umns under biaxial bending. The fiber model, which accounted for con-
crete conferment effects and initial stresses caused by preloads, was used
to investigate the strength and ductility of concrete-encased composite
columns. A fiber element model was also developed by Mufioz and
Hsu [26] that was capable of simulating the behavior of biaxially loaded
concrete-encased slender composite columns. The relationship be-
tween the curvature and deflection was established by using the finite
different method. The incremental deflection approach was employed
to capture the post-peak behavior of slender concrete-encased compos-
ite columns.

Lakshmi and Shanmugam [27] presented a semi-analytical model
for predicting the ultimate strengths of CFST slender beam-columns
under biaxial bending. An incremental-iterative numerical scheme
based on the generalized displacement control method was employed
in the model to solve nonlinear equilibrium equations. Extensive com-
parisons of computer solutions with test results were made to exam-
ine the accuracy of the semi-analytical model. However, the effects
of local buckling and concrete tensile strength were not taken into
account in the semi-analytical model that may overestimate the ulti-
mate strengths of thin-walled rectangular CFST columns with large
depth-to-thickness ratios. Recently, Liang [28,29] developed a numer-
ical model based on the fiber element method for simulating the in-
elastic load-strain and moment-curvature responses and strength
envelopes of thin-walled CFST short beam-columns under axial load
and biaxial bending. The effects of local buckling were taken into account
in the numerical model by using effective width formulas proposed by
Liang et al. [14]. Secant method algorithms were developed to obtain
nonlinear solutions. Liang [29] reported that the numerical model was
shown to be an accurate and efficient computer simulation tool for biax-
ially loaded thin-walled normal and high strength CFST short columns
with large depth-to-thickness ratios.

This paper extends the numerical models developed by Liang
[21,28] and Patel et al. [22,23] to biaxially loaded high-strength rectan-
gular CFST slender beam-columns with large depth-to-thickness ratios.
The mesoscale model is described that determines the inelastic behavior
of column cross-sections incorporating progressive local buckling. Mac-
roscale models are established for simulating the load-deflection re-
sponses and strength envelopes of slender beam-columns under biaxial
bending. New computational algorithms based on the Miiller's method
are developed to obtain nonlinear solutions. Steel and concrete contribu-
tion ratios and strength reduction factor are proposed for CFST slender
beam-columns. The verification of the numerical model developed and
its applications are given in a companion paper [30].

2. Mesoscale simulation
2.1. Fiber element model

The mesoscale model is developed by utilizing the accurate fiber
element method [28] to simulate the inelastic behavior of composite
cross-sections under combined axial load and biaxial bending. The
rectangular CFST beam-column section is discretized into fine fiber
elements as depicted in Fig. 1. Each fiber element can be assigned either
steel or concrete material properties. Fiber stresses are calculated from
fiber strains using the material uniaxial stress-strain relationships.

Concrete fibers  Steel fibers /.R\
B |
y

g,

T T

Fig. 1. Fiber element discretization and strain distribution of CFST beam-column
section.

2.2. Fiber strains in biaxial bending

It is assumed that plane section remains plane under deformation.
This results in a linear strain distribution throughout the depth of the
section. In the numerical model, the compressive strain is taken as
positive while the tensile strain is taken as negative. Fiber strains in
biaxial bending depend on the depth (d,,) and orientation (6) of the
neutral axis of the section as illustrated in Fig. 1. For 0°<6<90°, con-
crete and steel fiber strains can be calculated by the following equations
proposed by Laing [28]:

B tanf + (9 d, ) (1)

X5

Yni = 2 cosb

6 — { d|yi—Yni cosd  fory; =y, 2)

—¢lyi—Yni| cos®  fory; <y,

in which B and D are the width and depth of the rectangular column
section respectively, x; and y; are the coordinates of fiber i and ¢; is the
strain at the ith fiber element and y,, ; is the distance from the centroid
of each fiber to the neutral axis.

When 6=90°, the beam-column is subjected to uniaxial bending
and fiber strains can be calculated by the following equations given
by Liang [28]:

b|x;— (g —dn> ‘ forx; > x,;
B
—¢X— (j

where x, ; is the distance from the centroid of each fiber element to
the neutral axis.

Si:

(3)

—d,,) ‘ for x; <x,;

2.3. Stresses in concrete fibers

Stresses in concrete fibers are calculated from the uniaxial stress—
strain relationship of concrete. A general stress-strain curve for con-
crete in rectangular CFST columns is shown in Fig. 2. The stress-strain
curve accounts for the effect of confinement provided by the steel
tube, which improves the ductility of the concrete core in a rectangular
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Fig. 2. Stress-strain curve for confined concrete in rectangular CFST columns.

CFST column. The concrete stress from O to A in the stress-strain curve
is calculated based on the equations given by Mander et al. [31] as:

A (&
A ()

o= (4)
a1+ (j—)A
— EC
A= i ( A ) (5)
¢ g[t
E. = 3320,/f;. + 6900(MPa) (6)

in which o stands for the compressive concrete stress, f,. represents
the effective compressive strength of concrete, . denotes the compres-
sive concrete strain, €/ is the strain at f.- and is between 0.002 and 0.003
depending on the effective compressive strength of concrete [28]. The
Young's modulus of concrete E. was given by ACI [32]. The effective
compressive strength of concrete f;. is taken as yf, where vy, is the
strength reduction factor proposed by Liang [28] to account for the col-
umn size effect and is expressed by

v, =1.85D:%1* (0.85<vy.<1.0) (7

where D, is taken as the larger of (B— 2t) and (D — 2t) for a rectangular
cross-section, and t is the thickness of the steel tube wall as shown in
Fig. 1.

The parts AB, BC and CD of the stress-strain curve for concrete
shown in Fig. 2 are defined by the following equations proposed by
Liang [28]:

fe for &/, <&.<0.005
0. = { Bl +100(0.015—¢.)(f,—Bf) for0.005<¢,<0.015 (8)
Befle fore, > 0.015

where 3. was proposed by Liang [28] based on experimental results
provided by Tomii and Sakino [33] to account for confinement effects
on the post-peak behavior and is given by

1.0 for% <24
1 B, B,

- = S < 9
TR for24 < ; <48 9)

0.5 for% > 48

Be=4q15

where Bs is taken as the larger of B and D for a rectangular cross-
section.

The stress-strain curve for concrete in tension is shown in Fig. 2.
The constitutive model assumes that the concrete tensile stress in-
creases linearly with the tensile strain up to concrete cracking. After

concrete cracking, the tensile stress of concrete decreases linearly to
zero as the concrete softens. The concrete tensile stress is considered
to be zero at the ultimate tensile strain which is taken as 10 times of
the strain at concrete cracking. The tensile strength of concrete is

taken as 0.6+/f.

2.4. Stresses in steel fibers

Stresses in steel fibers are calculated from uniaxial stress-strain
relationship of steel material. Steel tubes used in CFST cross-sections
are normally made from three types of structural steels such as high
strength structural steels, cold-formed steels and mild structural
steels, which are considered in the numerical model. Fig. 3 shows
the stress-strain relationship for three types of steels. The steel material
generally follows the same stress-strain relationship under the com-
pression and tension. The rounded part of the stress—strain curve can
be defined by the equation proposed by Liang [28]. The hardening strain
& is assumed to be 0.005 for high strength and cold-formed steels and
10¢;, for mild structure steels in the numerical model. The ultimate
strain &, is taken as 0.2 for steels.

2.5. Initial local buckling

Local buckling significantly reduces the strength and stiffness of
thin-walled CFST beam-columns with large depth-to-thickness ratios.
Therefore, it is important to account for local buckling effects in the
inelastic analysis of high strength CFST slender beam-columns. How-
ever, most of existing numerical models for thin-walled CFST beam-
columns have not considered local buckling effects. This may be attrib-
uted to the complexity of the local instability problem as addressed by
Liang et al. [ 14]. The steel tube walls of a CFST column under axial load
and biaxial bending may be subjected to compressive stress gradients
as depicted in Fig. 4. Due to the presence of initial geometric imperfec-
tions, no bifurcation point can be observed on the load-deflection
curves for real thin steel plates. The classical elastic local buckling the-
ory [34] cannot be used to determine the initial local buckling stress of
real steel plates with imperfections. Liang et al. [ 14] proposed formulas
for estimating the initial local buckling stresses of thin steel plates under
stress gradients by considering the effects of geometric imperfections
and residual stresses. Their formulas are incorporated in the numerical
model to account for initial local buckling of biaxially loaded CFST
beam-columns with large depth-to-thickness ratios.

2.6. Post-local buckling

The effective width concept is commonly used to describe the
post-local buckling behavior of a thin steel plate as illustrated in

Fig. 3. Stress—strain curves for structural steels.
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Fig. 4. Effective and ineffective areas of steel tubular cross-section under axial load and
biaxial bending.

Fig. 4. Liang et al. [14] proposed effective width and strength formulas
for determining the post-local buckling strengths of the steel tube
walls of thin-walled CFST beam-columns under axial load and biaxial
bending. Their formulas are incorporated in the numerical model to
account for the post-local buckling effects of the steel tube walls
under compressive stress gradients. The effective widths b,y and be;
of a steel plate under stress gradients as shown in Fig. 4 are given
by Liang et al. [14] as

2 3
0.2777 + 0.01019(?) —1972x107* (g) +9.605 x 1077 (?) forag > 0.0

ber _
0.4186—0.002047 (?) +5355x107° (?)2—4.685 %1077 (?)3 fora, = 0.0
(10)
beZ _ bel
2=-a) (11)

in which b is the clear width of a steel flange or web of a CFST column
section, and the stress gradient coefficient o = 0>/07, where 03 is the
minimum edge stress acting on the plate and o7 is the maximum edge
stress acting on the plate.

Liang et al. [14] suggested that the effective width of a steel plate
in the nonlinear analysis can be calculated based on the maximum
stress level within the steel plate using the linear interpolation method.
The effective width concept implies that a steel plate attains its ultimate
strength when the maximum edge stress acting on the plate reaches its
yield strength. Stresses in steel fiber elements within the ineffective
areas as shown in Fig. 4 are taken as zero after the maximum edge stress
o reaches the initial local buckling stress o for a steel plate with a b/t
ratio greater than 30. If the total effective width of a plate (be; + be) is
greater than its width (b), the effective strength formulas proposed by
Liang et al. [14] are employed in the numerical model to determine
the ultimate strength of the tube walls.
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2.7. Stress resultants

The internal axial force and bending moments acting on a CFST
beam-column section under axial load and biaxial bending are deter-
mined as stress resultants in the section as follows:

ns nc
P= Z O_s.,iAs.i + Z OCJACJ (12)
i-1 =
ns nc
Mx = Z Us,iAs,iyi + Z ochcjyj (13)
i=1 j=1
(14)

ns nc
My =3 0gAiXi+ D OciAci
i=1 Jj=1

in which P stands for the axial force, M, and M, are the bending mo-
ments about the x and y axes, 0 ; denotes the stress of steel fiber i, As ;
represents the area of steel fiber i, o j is the stress of concrete fiber j,
Ac,jis the area of concrete fiber j, x; and y; are the coordinates of steel
element i, x; and y; stand for the coordinates of concrete element j, ns
is the total number of steel fiber elements and nc is the total number
of concrete fiber elements.

2.8. Inelastic moment-curvature responses

The inelastic moment-curvature responses of a CFST beam-column
section can be obtained by incrementally increasing the curvature and
solving for the corresponding moment value for a given axial load (P,)
applied at a fixed load angle («). For each curvature increment, the
depth of the neutral axis is iteratively adjusted for an initial orientation
of the neutral axis () until the force equilibrium condition is satisfied.
The moments of My and M,, are then computed and the equilibrium con-
dition of tan o= M,/M is checked. If this condition is not satisfied, the
orientation of the neutral axis is adjusted and the above process is repeat-
ed until both equilibrium conditions are met. The effects of local buckling
are taken into account in the calculation of the stress resultants. The
depth and orientation of the neutral axis of the section can be adjusted
by using the secant method algorithms developed by Liang [28] or the
Miiller's method [35] algorithms which are discussed in Section 4. A de-
tailed computational procedure for predicting the inelastic moment-
curvature responses of composite sections was given by Liang [28].

3. Macroscale simulation
3.1. Macroscale model for simulating load-deflection responses

The pin-ended beam-column model is schematically depicted in
Fig. 5. It is assumed that the deflected shape of the slender beam-
column is part of a sine wave. The lateral deflection of the beam-
column can be described by the following displacement function:

u=u, sin(nTZ) (15)

where L stands for the effective length of the beam-column and u,, is

the lateral deflection at the mid-height of the beam-column.
The curvature at the mid-height of the beam-column can be obtained

as

(16)

For a beam-column subjected to an axial load at an eccentricity of
e as depicted in Fig. 5 and an initial geometric imperfection u, at the
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Fig. 5. Pin-ended beam-column model.

mid-height of the beam-column, the external moment at the mid-
height of the beam-column can be calculated by

Mme :P(e+um +uo) (17)

To capture the complete load-deflection curve for a CFST slender
beam-column under biaxial loads, the deflection control method is
used in the numerical model. In the analysis, the deflection at the
mid-height u,, of the slender beam-column is gradually increased.
The curvature ¢,, at the mid-height of the beam-column can be calcu-
lated from the deflection u,,. For this curvature, the neutral axis depth
and orientation are adjusted to achieve the moment equilibrium at
the mid-height of the beam-column. The equilibrium state for biaxial
bending requires that the following equations must be satisfied:

Pe+uy,+uy,)—M,,; =0 (18)

M,
tano— M= 0 (19)

X

in which M,;; is the resultant internal moment which is calculated as

My = /M2 + M.

The macroscale model incorporating the mesoscale model is
implemented by a computational procedure. A computer flowchart
is shown in Fig. 6 to implicitly demonstrate the computational proce-
dure for load-deflection responses. The main steps of the computa-
tional procedure are described as follows:

1) Input data.

2) Discretize the composite section into fine fiber elements.

) Initialize the mid-height deflection of the beam-column u,,, = Au,,.

) Calculate the curvature ¢, at the mid-height of the beam-column.

) Adjust the depth of the neutral axis (d,) using the Miiller's
method.

(6) Compute stress resultants P and M,,; considering local buckling.

(
(
3
(4
5

‘ Input data ‘

l

Discretize the composite
section

]

‘ Set u, =Au, ‘

l
—

‘ Calculate curvature &,
| Adjust d, «

l

Calculate fiber
stresses and strains

Check local buckling and
update steel stresses

l

‘ Compute P, M ‘

I

‘ Compute 1.2 ‘

T

Yes

‘ Compute My and M, ‘

l

| Adjust 0 |

l

‘ Compute I‘mb ‘

Is P, obtained?
or Uy, > limit?

‘ Plot P-up, diagram ‘

End

Fig. 6. Computer flowchart for predicting the axial load-deflection responses of thin-
walled CFST slender beam-columns under biaxial loads.

(7) Compute the residual moment 11, = Mye — Mini.
(8) Repeat Steps (5)-(7) until |1 <&
(9) Compute bending moments M, and M,,.
(10) Adjust the orientation of the neutral axis (0) using the Miiller's
method.
(11) Calculate the residual moment r?, = tana— % .
(12) Repeat Steps (5)-(11) until |r2| <&

= —
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(13) Increase the deflection at the mid-height of the beam-column
by um=um, + Aup,.

(14) Repeat Steps (4)-(13) until the ultimate axial load P, is
obtained or the deflection limit is reached.

(15) Plot the load-deflection curve.

In the above procedure, g is the convergence tolerance and taken
as 10~ in the numerical analysis.

3.2. Macroscale model for simulating strength envelopes

In design practice, it is required to check for the design capacities
of CFST slender beam-columns under design actions such as the de-
sign axial force and bending moments, which have been determined
from structural analysis. For this design purpose, the axial load-moment
strength interaction curves (strength envelopes) need to be developed
for the beam-columns. For a given axial load applied (P,) at a fixed load
angle (), the ultimate bending strength of a slender beam-column is de-
termined as the maximum moment that can be applied to the column
ends. The moment equilibrium is maintained at the mid-height of the
beam-column. The external moment at the mid-height of the slender
beam-column is given by

Mme :Me +Pn (um JVUO) (20)

in which M, is the moment at the column ends. The deflection at the mid-
height of the slender beam-column can be calculated from the curvature
as

Uy = <£> zd)m (21)

To generate the strength envelope, the curvature (¢,,) at the mid-
height of the beam-column is gradually increased. For each curvature
increment, the corresponding internal moment capacity (M,,;) is com-
puted by the inelastic moment-curvature responses discussed in
Section 2.8. The curvature at the column ends (¢.) is adjusted and
the corresponding moment at the column ends is calculated until
the maximum moment at the column ends is obtained. The axial
load is increased and the strength envelope can be generated by re-
peating the above process. For a CFST slender beam-column under
combined axial load and bending, the following equilibrium equations
must be satisfied:

P,—P =0 (22)
t. —My =0 23
an o M- (23)
M, + P, (U, +uy)—M,;; =0 (24)

Fig. 7 shows a computer flowchart that implicitly illustrates the
computational procedure for developing the strength envelope. The
main steps of the computational procedure are described as follows:

(1) Input data.

(2) Discretize the composite section into fine fiber elements.

(3) The load-deflection analysis procedure is used to compute the
ultimate axial load P,, of the axially loaded slender beam-
column with local buckling effects.

(4) Initialize the applied axial load P,=0.

(5) Initialize the curvature at the mid-height of the beam-column
bm=Adm.

(6) Compute the mid-height deflection u,, from the curvature ¢y,.

(7) Adjust the depth of the neutral axis (d,) using the Miiller's
method.

(8) Calculate resultant force P considering local buckling.

(9) Compute the residual force ry, =P, —P.

‘ Input data ‘

Divide section into
fibers
1

Compute Py, using
P-u analysis procedure

Initialize P, =0 |
I

Initialize gy =Ady f
i

|
|
‘ Calculate up,
|
|
|

i
Adjustd,

¢ |
Calculate P ‘
|

i

Calculate r;

]

Yes

‘ Compute M, and M, ‘
'

| Adjuste |
v

‘ Compute rn?

|
y
Yes

‘ Compute m,, ‘
]
‘ Adjust @,
i
‘ Compute M, and M ;
|

:

i

Compute r *

Yes
s om0
Yes
Yes

‘ Plot P,-M, diagram ‘

Fig. 7. Computer flowchart for simulating the strength envelops of thin-walled CFST
slender beam-columns under biaxial loads.

(10) Repeat Steps (7)-(9) until |rf,| <&k

(11) Compute bending moment M, and M,,.

(12) Adjust the orientation of the neutral axis (0) using the Miiller's
method.

(13) Calculate the residual moment b, = tana— %

(14) Repeat Steps (7)-(13) until |r2| <&

(15) Compute the internal resultant moment M,y;.
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(16) Adjust the curvature at the column end ¢, using the Miiller's
method.

(17) Compute the moment M, at the column ends accounting for
local buckling effects.

(18) Compute 71, = Mpme — M.

(19) Repeat Steps (16)-(18) until |rf;| <&

(20) Increase the curvature at the mid-height of the beam-column
by bm=dpm+ Adp.

(21) Repeat Steps (6)-(20) until the ultimate bending strength
M,,(= M, max) at the column ends is obtained.

(22) Increase the axial load by P, =P, + AP,, where AP,=P,./10.

(23) Repeat Steps (5)-(22) until the maximum load increment is
reached.

(24) Plot the axial load-moment interaction diagram.

4. Numerical solution scheme
4.1. General

As discussed in the preceding sections, the depth and orientation
of the neutral axis and the curvature at the column ends need to be
iteratively adjusted to satisfy the force and moment equilibrium condi-
tions in the inelastic analysis of a slender beam-column. For this pur-
pose, computational algorithms based on the secant method have
been developed by Liang [21,28]. Although the secant method algo-
rithms are shown to be efficient and reliable for obtaining converged so-
lutions, computational algorithms based on the Miiller's method [35],
which is a generalization of the secant method, are developed in the
present study to determine the true depth and orientation of the neutral
axis and the curvature at the column ends.

4.2. The Miiller's method

In general, the depth (d,;) and orientation () of the neutral axis and
the curvature (¢,) at the column ends of a slender beam-column are
design variables which are denoted herein by . The Miiller's method
requires three starting values of the design variables ®;, ,, and ®s.
The corresponding force or moment functions 1y, 1, I'in,2 and 1, 3 are
calculated based on the three initial design variables. The new design
variable w4 that approaches the true value is determined by the follow-
ing equations:

0 —n g —2m (25)
e b,, + \/b%,—4a,,c,,
0, - (0, —03) (rm.l —rm,a) — (0 —w3) (rm,Z_rmB) (26)
(01 —0,) (0 —03) (0, —©3)
. 2 _ _ _ 2 _
bm:(w] 3) (rm.Z rm.3) (0, —w3) (rm,l rm,3) 27)
(01 —y) (0 —03) (0, —03)
Cm=Tm3 (28)

When adjusting the neutral axis depth and orientation, the sign of
the square root term in the denominator of Eq. (25) is taken to be the
same as that of b,,,. However, this sign is taken as positive when adjust-
ing the curvature at the column ends. In order to obtain converged so-
lutions, the values of @, ®, and w5 and corresponding residual forces
or moments Iy, 1, I'm,2 and 1, 3 need to be exchanged as discussed by
Patel et al. [22]. Eq. (25) and the exchange of design variables and
force or moment functions are executed iteratively until the conver-
gence criterion of |r,,| <& is satisfied.

In the numerical model, three initial values of the neutral axis depth
dn.1, dn,3 and dp » are taken as D/4, D and (d,, 1 +d, 3)/2 respectively;

the orientations of the neutral axis 6;, 65 and 6, are initialized to /4,
a and (07 +65)/2 respectively; and the curvature at the column ends
de,1, Pe.3 and ¢, o are initialized to 107 '°, 1075 and (¢, 1 + e, 3)/2
respectively.

5. Performance indices for CFST slender beam-columns

Performance indices are used to evaluate the contributions of the con-
crete and steel components to the ultimate strengths of CFST slender
beam-columns and to quantify the strength reduction caused by the sec-
tion and column slenderness, loading eccentricity and initial geometric
imperfections. These performance indices can be used to investigate the
cost effective designs of CFST slender beam-columns under biaxial loads.

5.1. Steel contribution ratio (&)

The steel contribution ratio is used to determine the contribution of
the hollow steel tubular beam-column to the ultimate strength of the
CFST slender beam-column under axial load and biaxial bending, which
is given by

&= Pf (29)

where P, is the ultimate axial strength of the CFST slender beam-column
and P; is the ultimate axial strength of the hollow steel tubular beam-
column, which is calculated by setting the concrete compressive strength
f-to zero in the numerical analysis while other conditions of the hollow
steel tubular beam-column remain the same as those of the CFST beam-
column. The effects of local buckling are taken into account in the deter-
mination of both P, and P.

5.2. Concrete contribution ratio (&)

The concrete contribution ratio quantifies the contribution of the
concrete component to the ultimate axial strength of a CFST slender
beam-column. The slender concrete core beam-column without rein-
forcement carries very low loading and does not represents the concrete
core in a CFST slender beam-column. Portolés et al. [9] used the capacity
of the hollow steel tubular beam-column to define the concrete contri-
bution ratio (CCR), which is given by

P,

CCR =3 (30)

S

Eq. (30) is an inverse of the steel contribution ratio and may not accu-
rately quantify the concrete contribution. To evaluate the contribution of
the concrete component to the ultimate axial strength of a CFST slender
beam-column, a new concrete contribution ratio is proposed as

o P n —P, s
b="1p 31)

It can be seen from Eq. (31) that the concrete contribution to the
ultimate axial strength of a CFST slender beam-column is the difference
between the ultimate axial strength of the CFST column and that of the
hollow steel column.

5.3. Strength reduction factor (o)
The ultimate axial strength of a CFST short column under axial
loading is reduced by increasing the section and column slenderness,

loading eccentricity, and initial geometric imperfections. To reflect on
these effects, the strength reduction factor is defined as

o, =" (32)
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where P, is the ultimate axial strength of the column cross-section
under axial compression. The ultimate axial strengths of P,, and P,
are determined by considering the effects of local buckling of the
steel tubes.

6. Conclusions

This paper has presented a new multiscale numerical model for
the nonlinear inelastic analysis of high strength thin-walled rectangular
CFST slender beam-columns under combined axial load and biaxial
bending. At the mesoscale level, the inelastic axial load-strain and
moment-curvature responses of column cross-sections subjected to bi-
axial loads are modeled using the accurate fiber element method, which
accounts for the effects of progressive local buckling of the steel tube
walls under stress gradients. Macroscale models together with compu-
tational procedures have been described that simulate the axial load-
deflection responses and strength envelopes of CFST slender beam-
columns under biaxial bending. Initial geometric imperfections and
second order effects between axial load and deformations are taken
into account in the macroscale models. New solution algorithms based
on the Miiller's method have been developed and implemented in the
numerical model to obtain converged solutions.

The computer program that implements the multiscale numerical
model developed is an efficient and powerful computer simulation
and design tool that can be used to determine the structural performance
of biaxially loaded high strength rectangular CFST slender beam-columns
made of compact, non-compact or slender steel sections. This overcomes
the limitations of experiments which are extremely expensive and time
consuming. Moreover, the multiscale numerical model can be imple-
mented in frame analysis programs for the nonlinear analysis of compos-
ite frames. Steel and concrete contribution ratios and strength reduction
factor proposed can be used to study the optimal designs of high strength
CFST beam-columns. The verification of the numerical model and para-
metric study are given in a companion paper [30].
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ABSTRACT

Biaxially loaded high strength rectangular concrete-filled steel tubular (CFST) slender
beam-columns with large depth-to-thickness ratios, which may undergo local and global
interaction buckling, have received very little attention. This paper presents the
verification of a multiscale numerical model described in a companion paper and an
extensive parametric study on the performance of high strength thin-walled rectangular
CFST slender beam-columns under biaxial loads. Comparisons of computer solutions
with existing experimental results are made to examine the accuracy of the multiscale
numerical model developed. The effects of the concrete compressive strength, loading
eccentricity, depth-to-thickness ratio and columns slenderness on the ultimate axial
strength, steel contribution ratio, concrete contribution ratio and strength reduction
factor of CFST slender beam-columns under biaxial bending are investigated by using
the numerical model. Comparative results demonstrate that the multiscale numerical

model is capable of accurately predicting the ultimate strength and deflection behavior
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of CFST slender beam-columns under biaxial loads. Benchmark numerical results
presented in this paper provide a better understanding of the local and global interaction
buckling behavior of high strength thin-walled CFST slender beam-columns and are

useful for the development of composite design codes.

Keywords: Biaxial bending, Concrete-filled steel tubes, High strength materials; Local

and post-local buckling; Nonlinear analysis; Slender beam-columns.

1. Introduction

High strength thin-walled rectangular concrete-filled steel tubular (CFST) slender
columns with large depth-to-thickness ratios are increasingly used in lateral load
resisting systems in high-rise composite buildings to resist heavy axial loads as well as
biaxial bending moments. These composite beam-columns are characterized by high
strength, large depth-to-thickness ratio, slenderness and biaxial bending. The failure
mode of thin-walled CFST slender beam-columns may involve interaction local and
global buckling, which significantly complicates their analysis and design procedures.
There has been a lack of experimental and numerical studies on this type of composite
columns so that their fundamental behavior has not been adequately understood.
Therefore, researches on the structural performance of high strength thin-walled CFST
slender beam-columns under biaxial bending are much needed. This paper is concerned
with numerical studies on the structural performance of biaxial loaded high strength
thin-walled CFST slender beam-columns incorporating the effects of local buckling of

the steel tube walls under stress gradients.
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The performance of CFST short and slender columns under axial load or combined
axial load and uniaxial bending has been investigated experimentally by researchers [1-
7]. However, there have been relatively few experimental studies on the behavior of
biaxially loaded rectangular CFST slender beam-columns with large depth-to-thickness
ratios. Bridge [8] performed experiments on biaxially loaded normal strength square
CFST slender beam-columns. The main variables examined in the test program were the
loading eccentricity, column slenderness and biaxial bending. Test results showed that
the ultimate axial strength of CFST slender beam-columns decreased with increasing
the loading eccentricity or the column slenderness. Local buckling was not observed
because compact steel sections with a depth-to-thickness ratio of 20 were used.
Experimental studies were carried out by Shakir-Khalil and Zeghiche [9] and Shakir-
Khalil and Mouli [10] to determine the ultimate axial loads of normal strength
rectangular CFST slender beam-columns under axial load and biaxial bending. Tests
parameters examined included the section size, steel yield strength, concrete
compressive strength, column length and eccentricity of loading. The authors reported
that the relative load carrying capacity of the composite to steel columns increased
when the size of the steel section or the concrete compressive strength was increased.
However, they observed reversed influence for the loading eccentricity and column
length. The typical failure mode of these tested specimens was overall column buckling.
Recently, Guo et al. [11] undertook tests on normal strength rectangular CFST slender
beam-columns with rib stiffeners and under biaxial bending. Test results showed that
local buckling of the steel tube walls between the rib stiffeners occurred after specimens

attained their ultimate strengths.
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Numerical analysis techniques have been used to study the nonlinear inelastic behavior
of short and slender composite columns under axial load and uniaxial bending [12-19].
Lakshmi and Shanmugam [20] used a semi-analytical model to determine the ultimate
axial strengths, load-deflection responses and strength envelopes of CFST columns
under axial load and biaxial bending. Their analytical results demonstrated that
increasing the loading eccentricity significantly reduced the ultimate axial strength and
stiffness of CFST slender columns. The semi-analytical model was used to develop the
strength envelopes of CFST cross-sections under uniaxial bending. However, the
strength envelopes of thin-walled CFST slender beam-columns under biaxial bending
have not been investigated by Lakshmi and Shanmugam [20]. In addition, the effects of
local buckling were not taken into account in their model and numerical studies. Liang
[21, 22] employed a performance-based analysis technique accounting for progressive
local buckling of the steel tube walls [23] to investigate the effects of the depth-to-
thickness ratio, concrete compressive strength, steel yield strength and axial load level
on the ultimate axial strengths, load-strain behavior, moment-curvature responses and
strength envelopes of thin-walled CFST short columns under axial load and biaxial
bending. However, numerical studies on the behavior of biaxially loaded high strength
CFST slender beam-columns with local buckling effects have not been reported in the

literature.

The purpose of this paper is to validate the multiscale numerical model presented in a
companion paper [24] and to study the structural performance of high strength CFST
slender beam-columns made of slender steel sections. Verification studies involve

thorough and comprehensive comparisons of the predicted ultimate axial loads, ultimate
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bending strengths and complete load-deflection responses of CFST slender beam-
columns to existing experimental results. The parametric study focuses on the ultimate
axial strength, steel contribution ratio, concrete contribution ratio, strength reduction
factor and strength envelopes of high strength thin-walled CFST slender beam-columns
under biaxial loads. The paper is organized as follows. In section 2, the verification of
the numerical model is presented. This is followed by an extensive parametric study on
the fundamental behavior of high strength thin-walled CFST slender beam-columns.

Finally, important conclusions are given.

2. Verification of the multiscale numerical model

To verify the accuracy of the multiscale numerical model developed, the predicted
ultimate strengths and axial load-deflection responses of biaxially loaded CFST slender

beam-columns are compared with existing experimental results in this section.

2.1 Ultimate axial strengths of CFST slender beam-columns

The geometry and material properties of biaxially loaded CFST slender beam-columns
tested by independent researchers are given in Table 1. Experiments on specimens
SCH-3, SCH-4, SCH-5 and SCH-6 were conducted by Bridge [8]. These column
sections with a depth-to-thickness ratio (D/¢) of 20 were considered to be compact. The

ultimate tensile strength ( fw) of steel tubes was assumed to be 430 MPa. Experimental

results on specimen R6 in Table 1 were given by Shakir-Khalil and Zeghiche [9]. The

axial load was applied at eccentricities of 16 mm and 24 mm about the major and minor

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 124



Chapter 4: Rectangular CFST Slender Beam-columns under Axial Load and Biaxial Bending

axis respectively. Specimens M2-M9 shown in Table 1 were tested by Shakir-Khalil

'

and Mouli [10]. The concrete cylinder compressive strength ( f. ) shown in Table 1 was

taken as 0.85 times the concrete cube strength. Initial geometric imperfections (uo) at

the mid-height of specimens R6 and M2-M9 were not measured. To consider this effect,
the initial geometric imperfection of L/600 at the mid-height of the columns as
suggested by Portolés et al. [17] was taken into account in the present numerical
analysis.

Ultimate axial strengths obtained from experiments(P,  )and numerical analyses

.exp

(P

n.num

)are compared in Table 1. It can be seen from Table 1 that there is a good

agreement between computational solutions and experimental results. The mean value

of P, um/Fhep Tatio is 1.01 with a standard deviation (SD) of 0.05 and a coefficient of

variation (COV) of 0.05. This comparative study demonstrates that the macroscale
model for simulating the load-deflection responses can accurately predict the ultimate
axial strengths of CFST slender beam-columns under biaxial loads. It should be noted
that the numerical model for high strength CFST slender beam-columns under axial

load and uniaxial bending has been validated by Liang [21] and Patel et al. [18].
2.2 Ultimate bending strengths of CFST slender beam-columns
The ultimate bending strengths of CFST slender beam-columns were determined using

the macroscale model for simulating strength envelopes and compared with

experimental results presented by Bridge [8], Shakir-Khalil and Zeghiche [9] and
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Shakir-Khalil and Mouli [10]. The initial geometric imperfection of L/600 at the mid-

height of the columns was taken into account in the numerical analysis if it was not
measured in the tests. The experimental ultimate axial loads were used in numerical
analyses to determine the corresponding ultimate bending strengths. Computational and
experimental ultimate bending strengths obtained are given in Table 2, where the

experimental ultimate bending strength M was calculated as M, =P _ xe. It

n.exp nexp  Lu.exp
can be seen from Table 2 that numerical predictions are in good agreement with
experimental results. The ratio of the mean ultimate bending strength computed by the
numerical model to the experimental value is 1.0. The standard deviation (SD) of the
ratio is 0.08 while the coefficient of variation (COV) is 0.07. This comparison shows
that the macroscale model for strength envelopes can yield accurate predictions of the

ultimate bending strengths of biaixally loaded CFST slender beam-columns.

2.3 Load-deflection responses

The numerical model was used to predict the load-deflection responses of specimens
tested by by Bridge [8]. Fig. 1 shows a comparison of experimental and computational
load-deflection curves for specimen SCH-3. The figure demonstrates that numerical
results are in excellent agreement with experimentally observed behaviors. It is noted
that the initial stiffness of the tested specimen slightly differs from that predicted by the
numerical model. This is likely attributed to the uncertainty of the actual concrete
stiffness and strength as the average concrete compressive strength was used in the
numerical analysis. It can be seen from Fig. 2 that the numerical model predicts well the

load-deflection curve for the tested specimen SCH-6 up to the ultimate axial load. The
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predicted initial stiffness of the column is almost identical to that of the experimentally
observed value. However, the experimental load-deflection curve slightly differs from
the computed one at the axial load higher than 600 kN. This is likely caused by the

uncertainty of the actual concrete stiffness and strength of the specimen.

3. Parametric study

Parametric studies were carried out to examine the effects of concrete compressive
strength, loading eccentricity, depth-to-thickness ratio and column slenderness on the
ultimate axial strength, steel contribution ratio, concrete contribution ratio and strength
reduction factor of full-scale high strength CFST slender beam-columns under axial
load and biaxial bending. In the present study, the initial geometric imperfection at the
mid-height of the beam-column was taken as £/1000. The yield and tensile strengths of
the steel were 690 MPa and 790 MPa respectively while the Young’s modulus of steel
material was 200 GPa. The effects of local and post-local buckling were considered in

all analyses.

3.1 Ultimate axial strengths

The ultimate axial strengths of high strength CFST slender beam-columns under axial
load and biaxial bending were determined by performing load-deflection analyses. The
beam-columns with a cross-section of 700 x 700 mm and under the eccentric load
applied at an angle of 60°with respect to the y-axis were analyzed. The following basic

parameters were specified in the parametric study. The loading eccentricity ratio (e/ D)
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was 0.4. The concrete compressive strength was 80 MPa. The column slenderness ratio
(L/r) of 60 and depth-to-thickness ratio (D/t) of 70 were used in parametric study.
Each parameter was varied to examine its individual effects on the ultimate axial

strengths.

Fig. 3 shows the effects of concrete compressive strengths ranging from 25 to 120 MPa
on the ultimate axial strengths of high strength thin-walled CFST slender beam-
columns. It can be seen from Fig. 3 that increasing the concrete compressive strength
significantly increases the ultimate axial strengths of biaxially loaded slender beam-
columns. When increasing the concrete compressive strength from 30 MPa to 70 MPa
and 120 MPa, the ultimate axial strength is found to increase by 32.2% and 59.6%,
respectively. The ultimate axial load ratio is described in Fig. 4 as a function of the

loading eccentricity ratio ranging from zero to 2.0. As shown in Fig. 4, the ultimate

axial strength of the slender beam-column under eccentric loading (Pn)was normalized

by the ultimate axial load of the slender column under axial compression (Poa) It can be

observed from Fig. 4 that the ultimate axial strength of a CFST slender beam-column is
significantly reduced by increasing the loading eccentricity ratio. For the end

eccentricity ratios of zero and 2.0, the axial load ratios are 1.0 and 0.103 respectively.

The effects of D/t ratio ranging from 20 to 100 on the ultimate axial loads of CFST
slender beam-columns are demonstrated in Fig. 5. The figure illustrates that increasing

the D/t ratio remarkably reduces the ultimate axial loads of CFST slender beam-
columns under biaxial loads. When the D/t ratio increases from 20 to 60 and 100, the

reduction in the ultimate axial strength of the slender beam-columns is 50% and 64.1%,
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respectively. The relationship between the ultimate axial strength and the column
slenderness ratio ranging from zero to 100 is demonstrated in Fig. 6, where P, is the

ultimate axial strength of the cross-section under eccentric loading. It would appear
from Fig. 6 that increasing the column slenderness ratio causes a significant reduction in
the ultimate axial load of the beam-column. The ultimate axial load ratio is 0.93, 0.71

and 0.39 for the columns with a L/r ratio of 20, 50 and 100 respectively.

3.2 Steel contribution ratio

The numerical model was employed to study the effects of various parameters on the
steel contribution ratio which is defined as the calculated ultimate axial strength of the
slender hollow steel tube to the ultimate axial strength of the CFST slender beam-
column [24]. A thin-walled CFST beam-column with a cross-section of 700 x 800 mm
was considered. The axial load was applied at an angle of 45° for biaxial bending. For
this case, the basic parameters were the depth-to-thickness ratio of 50, loading
eccentricity ratio of 0.4, slenderness ratio of 35 and the concrete compressive strength
0of 90 MPa. Each of these parameters was varied to quantify its individual effects on the

steel contribution ratio.

The relationship between the steel contribution ratio and the concrete compressive
strength ranging from 25 to 120 MPa obtained by the numerical model is demonstrated
in Fig. 7. The figure shows that the use of higher strength concrete in CFST slender
beam-columns results in a remarkable decrease in the steel contribution ratio. This is

because increasing the concrete compressive strength significantly increases the
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ultimate axial strength of the CFST beam-column but has not effect on the strength of
the hollow steel tube. The steel contribution ratio of a CFST slender beam-column with
concrete compressive strength of 35 MPa is 0.70, while it is only 0.48 for a CFST
slender beam-column with the concrete compressive strength of 120 MPa. Fig. 8
illustrates that the steel contribution ratio is a function of the loading eccentricity ratio
ranging from zero to 2.0. It can be observed from Fig. 8 that the larger the loading
eccentricity, the higher the steel contribution ratio. This is attributed to the fact that the
ultimate axial strengths of both the hollow steel tube and the CFST column are reduced
by increasing the loading eccentricity, but the CFST column has a greater reduction in
its ultimate axial strength than the hollow steel tube. For loading eccentricity ratio of 0.0
and 2.0, the steel contribution ratio of a slender CFST beam-column is 0.41 and 0.75

respectively.

Fig. 9 presents the steel contribution ratio of CFST columns with D/¢ ratios ranging
from 20 to 100. It can be seen from the figure that the steel contribution ratio decreases
with an increase in the depth-to-thickness ratio. This means that the reduction in the
ultimate axial strength of the hollow steel tube is greater than that in the one filled with
concrete due to the same increase in the D/f ratio. In other words, the D/t ratio has a
lesser effect on the capacity of CFST columns than on the hollow steel tubes. For depth-
to-thickness ratio of 20, 40 and 100, the steel contribution ratio is 0.76, 0.59 and 0.30
respectively. The relationship between the steel contribution ratio and the column
slenderness ratio ranging from 5 to 100 is shown in Fig. 10. The figure shows that the
more slender of the CFST beam-column, the more contribution of the steel tube to the

capacity of the CFST beam-column. It is noted that increasing the column slenderness
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significantly reduces the ultimate axial strengths of both the hollow steel tube and CFST
column, but the reduction in the CFST column is greater than that in the hollow steel
tube. The steel contribution ratio is 0.5, 0.57 and 0.65 for the column with the column

slenderness ratio L/r of 20, 50 and 100 respectively.

3.3 Concrete contribution ratio

The concrete contribution ratio, which is defined as (P, — P,)/P, [24], was studied using

the numerical model. Numerical analyses were undertaken on thin-walled CFST slender
beam-columns with a cross-section of 600 x 600 mm and under the axial load applied at
an angle of 30° with respect to the y-axis. The basic parameters examined in the study
included the depth-to-thickness ratio of 60, loading eccentricity ratio of 0.4 and the

slenderness ratio of 40 and the concrete compressive strength of 100 MPa.

The concrete contribution ratios of thin-walled CFST slender beam-columns with
concrete compressive strengths ranging from 25 to 120 MPa are given in Fig. 11. The
figure demonstrates that increasing the concrete compressive strength significantly
increases the concrete contribution ratio. This implies that the axial strength
performance of a CFST slender beam-column can be improved significantly by using
high strength concrete as infill. The calculated concrete contribution ratio for the
concrete compressive strength of 25 MPa, 75 MPa and 120 MPa is 0.29, 0.51 and 0.60
respectively. The concrete contribution curve is described in Fig. 12 as a function of the
loading eccentricity ratio ranging from zero to 2.0. It appears from Fig. 12 that the

concrete component has a lesser contribution to the ultimate axial strength of a CFST
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slender beam-column when subjected to a larger loading eccentricity. To increase the
axial load capacity of CFST slender beam-columns with a large loading eccentricity, the
steel area and strength should be increased rather than the concrete. The concrete

contribution ratio of the rectangular CFST slender beam-column with a zero eccentricity

is 0.68, while it is only 0.36 with a e/D ratio of 2.0.

The effects of the D/t ratio ranging from 20 to 100 on the concrete contribution ratio of
biaxially loaded CFST slender beam-columns are shown in Fig. 13. The concrete
contribution ratio is found to increase significantly with an increase in the D/¢ ratio.
This may be explained by the fact that increasing the D/f ratio reduces the axial load

capacity of the steel tube and increases the cross-sectional area of the concrete core,

thereby increasing the contribution of the concrete component. The concrete

contribution ratio of the CFST slender beam-column with a D/t ratio of 20 is 0.28,

while it is 0.73 for the column with a D/t ratio of 100. Fig. 14 presents the results of

the concrete contribution ratios calculated by varying the column slenderness ratios
ranging from zero to 100. It appears that the concrete contribution to the ultimate axial
strength of CFST slender beam-columns decreases when increasing the column

slenderness ratio.

3.4 Strength reduction factor

In Eurocode 4 [25], the strength reduction factor is used to account for the effect of

column slenderness in the calculation of the ultimate axial load of a slender composite

column under axial compression. In this section, the strength reduction factor [24] was
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studied by varying the concrete compressive strengths, loading eccentricity, depth-to-
thickness ratio and column slenderness. Biaxially loaded CFST slender beam-columns
with the cross-section of 600 x 700 mm were considered. The angle of the applied axial
load was 45°. The basic parameters studied were the depth-to-thickness ratio of 70,
loading eccentricity ratio of 0.4, the column slenderness ratio of 100 and concrete
compressive strength of 110 MPa. Each parameter was varied to examine its effects on

the strength reduction factor.

Fig. 15 presents a strength reduction factor curve as a function of the concrete
compressive strength ranging from 25 to 120 MPa. The figure indicates that increasing
the concrete compressive strength considerably reduces the strength reduction factor of
CFST slender beam-columns. It should be noted that the concrete compressive strength
has a pronounced effect on the axial strength of a CFST column section but has a lesser
effect on slender columns. When the concrete compressive strength is increased from 30
MPa to 60 MPa, 90MPa and 120 MPa, the strength reduction factor is found to be
reduced from 0.25 to 0.20, 0.17 and 0.15 respectively. The strength reduction factors
were obtained by varying the loading eccentricity ratio from zero to 2.0. Fig. 16 clearly
shows that a large loading eccentricity leads to a significant reduction in the ultimate

axial strength of a CFST slender beam-column.

Fig. 17 demonstrates the effects of the D/t ratio ranging from 20 to 100 on the strength
reduction factor of slender beam-columns. It can be observed from the figure that the

strength reduction factor decreases considerably with an increase in the D/z ratio of the

same size cross-section. It is known that increasing the D/ ratio causes a reduction in
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the ultimate axial strengths of both the section and the CFST slender beam-column.
However, the D/t ratio has a lesser effect on the strength of a slender beam-column than
on its cross-section. The strength reduction factor is 0.19, 0.17 and 0.14 for the column
with D/t ratio of 20, 50 and 100 respectively. The strength reduction factor of the
slender beam-columns was determined by varying the column slenderness ratio ranging
from zero to 100 and the results are presented in Fig. 18. The figure indicates that the
column slenderness has a pronounced effect on the ultimate axial strengths of CFST
beam-columns. The strength reduction factor is significantly reduced by increasing the
column slenderness ratio. The strength reduction factor of CFST columns under biaxial
bending with the column slenderness ratio of 10, 50 and 100 is 0.41, 0.29 and 0.15

respectively.

3.5 Strength envelopes

The inelastic stability analyses of high strength thin-walled CFST slender beam-
columns were undertaken to examine the effects of the column slenderness ratio on the
strength envelopes. The cross-section of 500 x 500 mm was considered. The D/t ratio
of the high strength steel tube was 50. The beam-column was filled with high strength
concrete of 120 MPa. The angle of the axial load was fixed at 60° with respect to the y-

axis. The eccentricity ratio ¢/D of 0.4 was considered.

The strength envelopes of rectangular CFST beam-columns with the column

slenderness ratios of 0.0, 22 and 30 are presented in Fig. 19. The ultimate axial strength

was normalized to the ultimate axial load of the axially loaded column (Poa) while the
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ultimate moment was normalized to the ultimate pure bending moment of the beam-
column (M 0). The curve for L/r =0 represents the strength envelope of the composite

section which is not affected by the global stability analysis. It appears from Fig. 19 that
reducing the L/rratio of the beam-column enlarges the normalized the strength
envelope of the beam-column. For beam-columns under the same axial load level,

increasing the column slenderness ratio Z/r reduces the ultimate bending strengths.

4. Conclusions

The verification of a multiscale numerical model and an extensive parametric study on
the behavior of high strength thin-walled rectangular CFST slender beam-columns
under axial load and biaxial bending and with local buckling effects have been
presented in this paper. Verification studies were undertaken by comparing
computational ultimate axial loads, ultimate bending strengths and complete load-
deflection responses of CFST slender beam-columns to experimentally observed
behavior reported by other researchers. Good agreement between computer solutions
and experimental results was obtained. The fundamental behavior of high strength thin-
walled CFST slender beam-columns under biaxial loads was described, including the
ultimate axial strength, steel contribution ratio, concrete contribution ratio, strength
reduction factor and strength envelope. It has been demonstrated that the ultimate
strength and behavior of high strength thin-walled CFST slender beam-columns under
biaxial bending are affected by many parameters including the concrete strength,
loading eccentricity, depth-to-thickness ratio and column slenderness. The design

methods given current composite design codes may yield very conservative designs of
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biaxially loaded high strength thin-walled CFST slender beam-columns with local
buckling effects. Benchmark numerical results presented in this paper overcome the
limitations of current composite design codes and are useful not only for the design of

CFST slender beam-columns but also for validating other numerical models.
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Figures and tables

Table 1. Ulatimate axial strengths of biaxially loaded CFST slender beam-columns.

ccimend 22 | ope] £ e [o [ e [ @ T [ 2] i [ e [ o [Brcsp| B Bnen|
(mm) (mm) | (mm) mm) MM (°) (mm) (MPa) | (MPa) | (MPa) {(GPa)| (kN) | (KN) | Puexp :
SCH-3 200x 200 x 10.03| 20 |2130 38 | 60 |0.79| 37.2 | 313 430 | 205 | 2180 |2201.1| 1.01
SCH-4 |200x 200 x9.88 | 20 |2130 38 | 45 |0.56] 39.2 | 317 430 | 205 | 2162 |2259.2| 1.04
SCH-5 [200x 200 x 10.01| 20 |3050 38 | 60 [0.28] 443 | 319 430 |205| 2037 |2135.2| 1.05 A
SCH-6 |200x 200 x9.78 | 20 |3050 64 | 45 |1.12] 36.1 | 317 430 | 205 | 1623 |1601.2| 0.99
R6 80x120 x 5 24 3210 16 | 24 P28.8433.69 38.25(343.3 | 430 |205| 268 [271.5| 1.01 | [9]
M2 80x120 x 5 24 (3210 8 | 12 |14.4233.69 36.21| 341 430 | 205| 348 |331.5| 095
M3 80x120 x 5 24 3210 | 28 | 42 [50.48[33.69, 39.27| 341 430 |205|198.5]212.9 | 1.07
M4 80x120 x 5 24 3210 | 40 | 24 #6.6559.03 36.04 | 362.5 | 430 |205|206.8 |197.1 | 0.95
M5 80x120 x 5 24 3210 16 | 60 62.1014.93 34.68 | 362.5 | 430 | 205 |209.8 |228.6| 1.09 1ol
M7 100x150 x 5 30 (3210 10 | 15 |18.03]33.69 39.27 | 346.7 | 430 [209.6] 596.2 | 569.9 | 0.96
M9 100x150 x 5 30 {3210 | 50 | 75 190.14]33.69 40.12| 340 430 [208.6| 254.6 | 270.9 | 1.06
Mean 1.01
Standard deviation (SD) 0.05
Coefficient of variation (COV) 0.05

Table 2. Ultimate bending strengths of biaxially loaded CFST slender beam-columns.

pecimens BxDxt D/t L ex | ¢y e a Up fc' fsy fsu Eg MnAexp My num f.num Ref.
(mm) (mm) f(mm){(mm)mm)| () (mm){(MPa)| (MPa) | (MPa) (GPa)| (kNm) | (kNm) | M
SCH-3 [200x 200 x 10.03{ 20 (2130 38 | 60 |0.79|37.2 | 313 | 430 |205| 82.84 | 85.32 1.03
SCH-6 [200x 200 x 9.78 | 20 |3050 64 | 45 |1.12|36.1 | 317 | 430 |205|103.87 |101.03 | 0.97 a
R6 80%x120 x 5 24 |3210| 16 | 24 [28.84[33.69 38.25|343.3 | 430 [205| 7.73 8.00 1.03 [9]
M4 80%x120 x 5 24 |3210| 40 | 24 ¥6.65[59.03 36.04|362.5 | 430 [205| 9.65 8.66 0.90
M9 100x150 x5 | 30 (3210 50 | 75 [90.14{33.69 40.12| 340 | 430 [208.6] 22.95 | 25.15 1.10 o]
Mean 1.00
Standard deviation (SD) 0.08
(Coefficient of variation (COV) 0.07
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Fig. 1. Comparison of computational and experimental axial load-deflection curves for
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Fig. 2. Comparison of predicted and experimental axial load-deflection curves for
specimen SCH-6.
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4.5 CONCLUDING REMARKS

A multiscale numerical model has been presented in this chapter for the design and
nonlinear analysis of high strength thin-walled rectangular CFST slender beam-columns
under axial load and biaxial bending. The multiscale numerical model was formulated
based on the fiber element method. Miiller’s method algorithms were developed. These
algorithms were implemented in the numerical model and used to iterate the neutral axis
depth in a composite cross-section and adjust the curvature at the column ends in a
slender beam-column. Axial load-deflection and axial load-moment interaction analysis
procedures have been presented. Steel contribution ratio, concrete contribution ratio and
strength reduction factor were proposed to quantify the performance of thin-walled
rectangular CFST slender beam-columns. The effects of concrete compressive
strengths, steel yield strengths, loading eccentricity ratios, column slenderness ratios
and depth-to-thickness ratio on the ultimate axial load, concrete contribution ratio, steel

contribution ratio and strength reduction factor were investigated.

The multiscale numerical model can predict the complete axial load-deflection
responses and axial load-moment interaction diagrams. The ultimate axial load of CFST
beam-columns is found to increase with an increase in concrete compressive strength
but decreases with increasing the loading eccentricity ratio, depth-to-thickness ratio and
column slenderness ratio. The results indicate that increasing concrete compressive
strength and depth-to-thickness ratio decreases the steel contribution ratio. However, the
steel contribution ratio of CFST beam-columns increases with an increase in the loading

eccentricity ratio and column slenderness ratio.
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Chapter 5

CIRCULAR AND RECTANGULAR CFST
SLENDER BEAM-COLUMNS WITH PRELOAD

EFFECTS

5.1 INTRODUCTION

In the construction of a composite building, hollow steel tubes are erected first. These
hollow steel tubes are subjected to preloads from upper floors before infilling of the wet
concrete. These preloads induce initial stresses and deformations which have a
significant effect on the performance of CFST slender beam-columns. The nonlinear
inelastic behavior of preloaded high strength CFST slender beam-columns is discussed
in this chapter. Fiber element models are developed for the nonlinear analysis of circular
and rectangular CFST slender beam-columns with preload effects. Material models for
confined concrete and structural steels are incorporated in the numerical model. The
effects of local buckling and concrete confinement are also considered in the fiber
element model. In addition, initial geometric imperfection of the slender beam-columns

is incorporated in the numerical model. The fiber element model is validated against
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tests conducted by independent researchers on circular and rectangular CFST slender
beam-columns. Furthermore, important parameters that influence the structural

performance of CFST slender beam-columns are investigated in a parametric study.

This chapter includes the following papers:

[1] Patel, V. I, Liang, Q. Q. and Hadi, M. N. S., “Numerical analysis of circular
concrete-filled steel tubular slender beam-columns with preload effects”,
International Journal of Structural Stability and Dynamics, 2013, 13(3), 1250065
(23 pages).

[2] Patel, V. 1, Liang, Q. Q. and Hadi, M. N. S., “Nonlinear analysis of rectangular
concrete-filled steel tubular slender beam-columns with preload effects”, Journal

of Constructional Steel Research (submitted on 16 August 2012).
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Nonlinear analysis of rectangular concrete-filled steel
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ABSTRACT

This paper is concerned with the nonlinear analysis and behavior of biaxially loaded
thin-walled rectangular concrete-filled steel tubular (CFST) slender beam-columns with
preload effects. An effective theoretical model is developed for the nonlinear analysis of
biaxially loaded CFST slender beam-columns that considers the effects of preloads,
local buckling, initial geometric imperfections and second order. Deflections caused by
preloads are treated as initial geometric imperfections in the global stability analysis of
CFST slender beam-columns. Analysis procedures are proposed that computes the
complete load-deflection responses and strength envelopes of thin-walled CFST slender
beam-columns considering preload effects. The theoretical model is validated by
comparisons with existing experimental results. The behavior of thin-walled CFST
slender beam-column under combined axial load and biaxial bending is studied by using
the computer program developed based on the proposed theoretical model. Parameters

examined include local buckling, preload ratio, depth-to-thickness ratio, column

* Corresponding author. Tel.: 61 3 9919 4134; fax: +61 3 9919 4139.
E-mail address: Qing.Liang@vu.edu.au (Q. Q. Liang)
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slenderness, loading eccentricity and steel yield strength. The results obtained indicate
that the preloads on the steel tubes significantly reduce the stiffness and strength of
CFST slender beam-columns with a maximum strength reduction of more than 15.8%.
The theoretical model proposed allows for the structural designer to analyze and design
biaxially loaded CFST slender beam-columns made of compact, non-compact or slender
steel sections subjected to preloads from the upper floors of a high-rise composite

building during construction.

Keywords: Concrete-filled steel tubes; Biaxial bending, Local buckling; Nonlinear

analysis; Slender beam-columns.

1. Introduction

Rectangular concrete-filled steel tubular (CFST) slender beam-columns have been
widely used in the construction of modern high-rise composite buildings because of
their high strength and stiffness performance. During the construction of a high-rise
composite building, hollow steel tubes are subjected to preloads arising from
construction loads and permanent loads of the upper floors before infilling of the wet
concrete. The stresses and deformations in the hollow steel tubes induced by the
preloads might significantly reduce the ultimate strengths of CFST slender beam-
columns. Experimental and theoretical studies on biaxially loaded thin-walled
rectangular CFST slender beam-columns with preload effects have not been reported in
the literature. Therefore, an effective theoretical model for the nonlinear analysis and
design of biaxially loaded thin-walled CFST slender beam-columns incorporating

preload effects is much needed.
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Extensive experimental studies on the behavior of CFST columns without preload
effects have been conducted [1-11]. Test results demonstrated that the confinement
effect provided by the rectangular steel tube did not increase the compressive strength
of the concrete core but considerably improved its ductility [1]. In addition, local
buckling of the steel tubes was found to remarkably reduce the ultimate strength and
stiffness of thin-walled CFST columns [12-17]. Moreover, Liang et al. [16, 17] utilized
the finite element method to investigate the local and post-local buckling behavior of
steel plates in double skin composite panels and thin-walled CFST columns under axial
load and biaxial bending. They proposed a set of formulas for determining the initial
local buckling stresses and post-local buckling strengths of steel plates in CFST
columns under stress gradients. These formulas can be incorporated in numerical
models to account for local buckling effects in the nonlinear analysis of thin-walled

CFST columns under biaxial bending.

There have been very limited experimental investigations on CFST columns with
preload effects. The effects of preload on the ultimate axial strengths of eccentrically
loaded circular CFST slender beam-columns were studied experimentally by Zha [18]
and Zhang et al. [19]. Han and Yao [20] described experimental investigations on
eccentrically loaded normal strength rectangular CFST columns including preload
effects. The constant preload was applied to the steel tube by pre-stressing bars before
filling the wet concrete. Test parameters included the preload ratio, column slenderness
and loading eccentricity. Test results indicated that the preload on the steel tube caused

initial deflections which reduced the ultimate axial strengths of CFST beam-columns.
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Liew and Xiong [21] undertook tests on axially loaded circular CFST short and slender
columns with preloads on the steel tubes. Their study showed that the preload on the
steel tube might reduce the ultimate axial strength of the circular CFST slender beam-
column by 15%, provided that it was greater than 60% of the ultimate axial strength of
the hollow steel tube. The strength and behavior of short circular CFST columns were

not affected by preloads.

Analytical and numerical models have been developed for simulating the nonlinear
inelastic behavior of CFST columns without preload effects [22-24]. A semi-analytical
model was presented by Lakshmi and Shanmugam [25] that simulates the behavior of
CFST slender columns under axial load and biaxial bending. A generalized
displacement control method was employed in the model to solve nonlinear equilibrium
equations. Liang [26, 27] developed a performance-based analysis (PBA) technique for
predicting the ultimate strength and ductility of biaxially loaded thin-walled CFST short
beam-columns without preload effects. The PBA technique incorporated effective width
formulas proposed by Liang et al. [17] to account for the effects of progressive local
buckling. Moreover, numerical models that do not consider preload effects were
developed by Patel et al. [28, 29] and Liang et al. [30] that simulate the load-deflection
responses and load-moment interaction diagrams of high strength thin-wall rectangular

CFST slender beam-columns under combined axial load and bending.

Xiong and Zha [31] utilized the finite element analysis ABAQUS program to study the
behavior of eccentrically loaded circular CFST slender beam-columns considering

preload effects. It was observed that the ultimate axial strengths of CFST columns
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decreased with increasing the preloads on the steel tubes. They proposed a simplified
formula for calculating the ultimate strength of CFST beam-columns subjected to axial
or eccentric loading. However, their model and formula are applicable only to circular
CFST slender beam-columns. Liew and Xiong [21] proposed a design method for
determining the strength of axially loaded circular CFST slender columns incorporating
preload effects. A numerical model was proposed by Patel et al. [32] for predicting the
load-deflection behavior of eccentrically loaded circular CFST slender beam-columns
accounting for the effects of preloads, initial geometric imperfections, concrete

confinement and second order.

This paper has two aims. It presents firstly a theoretical model for the nonlinear inelastic
analysis of biaxially loaded rectangular CFST slender beam-columns incorporating
preload effects. Theoretical analyses of cross-sections and slender beam-columns
accounting for the effects of preloads and local buckling are described together with
analysis procedures and numerical solution algorithms. The second aim of this paper is
to investigate the fundamental behavior of biaxially loaded thin-walled CFST slender
beam-columns with various preload ratios, depth-to-thickness ratios, columns

slenderness ratios, loading eccentricities and steel yield strengths.

2. Nonlinear analysis of cross-sections

2.1. Fiber element method
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The inelastic behavior of CFST cross-sections is modeled by the fiber element method
[26]. The column cross-section is divided into fine fiber elements as shown in Fig. 1.
Each fiber element can be assigned either steel or concrete material properties. Fiber
stresses are calculated from fiber strains using material uniaxial stress-strain
relationships. It is assumed that there is no slippage between the steel tube and the
concrete so that the plane section remains plane after deformation. This results in a

linear strain distribution throughout the depth of the section as depicted in Fig. 1. Note
that the fiber strain is a function of the curvature (), and orientation (9) and depth (dn)

of the neutral axis in the section under axial load and biaxial bending.

For 0° <6<90°, the beam-column is subjected to biaxial bending and the strains in

concrete and steel fibers can be calculated by the following equations given by Liang

[26]:
B D d
=[x — Zltang +| = — %= 1
Vui =% 2‘ [2 cos@j D
¢|yz _yn,i COSG for yi 2yn,i

2)

i

cosf  fory,<y,;
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where y, . is the distance from the centroid of each fiber to the neutral axis, x; and y,
are the coordinates of the fiber i, B and D are the width and depth of the cross-section
and & is the strain at the ith fiber element. For 6 =90", the beam-column is subjected

to uniaxial bending and fiber strain calculation is given by Liang [26]. In the strain

calculation, compressive strains are taken as positive while tensile strains are taken as
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negative. The strain at the extreme fiber (gt) is the product of the neutral axis depth and

the curvature.

2.2. Constitutive models for concrete and steel

The general stress-strain curve for concrete in rectangular CFST columns suggested by
Liang [26] is shown in Fig. 2. The confinement effect which increases the ductility of
concrete in rectangular CFST columns is included in the stress-strain curve for concrete.
The concrete stress from O to A on the stress-strain curve is calculated based on the

equations given by Mander et al. [33] as:

o)
&
o, =—"5 3)
A-1 +( 8," j
gCC
PR @
£-(%)
gCC
E, =3320,/y.f. +6900 (MPa) (5)

where o, is the compressive concrete stress, £, is the effective compressive strength
of concrete, f, is the compressive strength of concrete cylinder, &, is the compressive
concrete strain, £, is the strain at £, . The Young’s modulus of concrete E, is given

by ACI 318-11 [34]. The effective compressive strength 7. in Eq. (3) is taken asy,f. ,
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where y.is the strength reduction factor proposed by Liang [26] to account for the

column section size effects and is expressed by

7. =1.85D%"% (0.85<y, < 1.0) (6)

where D, is taken as the larger of (B—2¢) and (D —2¢) for a rectangular cross-section

and ¢ is the thickness of the steel tube wall.

The strain &, corresponding to £, is taken as 0.002 when the effective compressive
strength of concrete is under 28 MPa while it is taken as 0.003 for concrete strength
over 82 MPa. The strain ¢, is determined by the linear interpolation for the effective

compressive strength of concrete between 28 and 82 MPa.

The concrete stress from A to D on the stress-strain curve is calculated using on the

following equations given by Liang [26]:

e for g, <&,<0.005
o, ={B.f. +100(0.015-£)(f. - B.f.)  for0.005<z, <0.015 %
Bt forg, >0.015

where f. was proposed by Liang [26] based on experimental results presented by

Tomii and Sakino [35] to account for the confinement effect on the post-peak behavior

and is given by
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1.0 for%ﬁ24
1 B B
=<15-—= for 24 < =5 <48 8
P 48 t ¢ (8)
0.5 forﬂ>48
t

where B, is taken as the larger of B and D for a rectangular cross-section.

The stress-strain curve for concrete in tension is shown in Fig. 2. In the theoretical

model, the tensile strength of concrete is taken as 0.6,/ f.. while the ultimate tensile

strain is taken as 10 times of the strain at concrete cracking.

Fig. 3 shows the stress-strain curves for structural steels. The steel generally follows the
same stress-strain relationship under the tension and compression. For mild structural
steels, an idealized tri-linear stress-strain curve is assumed as shown in Fig. 3. A linear-
rounded-linear stress-strain curve is used for cold-formed steels but the rounded part is
replaced by a straight line for high strength steels. The rounded part for cold-formed

steels as shown in Fig. 3 can be modeled by the formula given by Liang [26]. For high

strength and cold-formed steels, the hardening strain ¢, is taken as 0.005 while it is
considered to be 10&, for mild structural steels in the theoretical model. The ultimate

strain &, of steels is assumed to be 0.2.

2.3. Local and post-local buckling
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Thin steel plates in contact with concrete are constrained to buckle locally outward
when subjected to compressive stress gradients as depicted in Fig. 4. Local buckling
significantly reduces the strength and stiffness of CFST beam-columns with large
depth-to-thickness ratios. Liang et al. [17] proposed formulas that consider the effects of
geometric imperfections and residual stresses for estimating the initial local buckling
stresses of thin steel plates under stress gradients. Their formulas have been

implemented in the theoretical model and are expressed by

% _ a, +a, [éj +a, (éj +a, (éj 9)
£, t t t

where o, is the maximum edge stress in a steel tube wall when initial local buckling
occurs, fsy is the yield strength of the steel tube, 5 is the clear width of a steel flange or

web in a CFST column section and the constants a,, a,, a; and a, are given by Liang

et al. [17].

The effective width concept is commonly used to describe the post-local buckling

behavior of thin steel plates under uniform compression or stress gradients as illustrated
in Fig. 4. The effective widths b, and b,, of the steel plate under stress gradients as

shown in Fig. 4 are given by Liang et al. [17] as
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2 3
0.2777+0.01019 (éj -1.972x107* (éj +9.605x107 (é) fora, > 0.0
b _ t t t (10)

2 3
0.4186—0.002047 (éj +5.355x107 (%) ~4.685x1077 (%} fora, =0.0
t

bel
b

"2 (1+9) (11)

where ¢ =1-a, and o, is the stress gradient coefficient which is the ratio of the

minimum edge stress o, to the maximum edge stress o, acting on the plate.

The post-local buckling behavior of thin steel plates can also be described by the
effective strength concept. Liang et al. [17] proposed effective strength formulas for
determining the post-local buckling strengths of steel plates in thin-walled CFST beam-
columns under axial load and biaxial bending. The ultimate strength of steel plates

under a stress gradient greater than zero can be calculated approximately by

T~ (1+0.54, ) (0<¢<1.0) (12)

where o, is the ultimate stress that corresponds to the maximum edge stress o, at the
ultimate state and o, is the ultimate stress of the steel plate under uniform compression.

For intermediate stress gradients, the ultimate stress o,is calculated by linear

interpolations.

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 192



Chapter 5: Circular and Rectangular CFST Slender Beam-columns with Preload Effects

The progressive post-local buckling is modeled by gradually redistributing the normal
stresses within the steel tube walls under increasing compression load based on the
stress levels as suggested by Liang [26]. After initial local buckling, steel fiber stresses

are updated to account for post-local buckling effects.

2.4. Stress resultants

The internal axial force and bending moments of the CFST column section can be

determined by the following equations:

p= i oA+ i O A ; (13)
i1 =
M, = Zas,iAs,iyi +Zac,jAc,jyj (14)
il =
M, = iav,iAv,ixi +i06,j14,;,jx‘, (15)
i1 =1

where P is the axial force, o ; is the stress of steel fiber i, A4 ; is the area of steel

S,

is the stress of concrete fiber j, A

fiber i, o o

e is the area of concrete fiber j, M is

the bending moment about the x-axis, M is the bending moment about the y-axis, x;

and y, are the coordinates of steel element i, x; and y; are the coordinates of concrete

element j, ns is the total number of steel fiber elements and nc is the total number of

concrete fiber elements.
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3. Nonlinear analysis of slender beam-columns

3.1. Theory

The load control analysis procedure proposed by Patel et al. [32] is used to determine
the mid-height deflection u,, of the hollow steel tube subjected to preload. In the
analysis, the internal moment M,k at the mid-height of the hollow steel tube is
determined from the load-moment-curvature relationship. The curvature ¢, at the mid-
height of the steel tube is adjusted until the moment equilibrium is obtained at its mid-
height. The deflection u,,, at the mid-height of the hollow steel tube can be calculated
from the curvature @, . It is assumed that the hollow steel tube does not buckle under

the given preload. The preload ratio is defined as

PV@
B.=— (16)

where P, is the preload applied to the hollow steel tube and £, is the ultimate axial

strength of the hollow steel tube including local buckling effects.

The curvature at the mid-height of the CFST beam-column can be obtained as

4, = [fj u, (17)
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where Lis the effective length of the CFST beam-column and u,is the mid-height

deflection of the CFST beam-column.

The mid-height deflectionu, of the steel tube caused by preloads is treated as the initial

geometric imperfection in the CFST beam-column. The external moment at the mid-

height of the CFST beam-column with preload effects can be determined as

M =P(e+u0+umo+um) (18)

me

where P is the applied load, e is the eccentricity of the applied load, u,is the initial

geometric imperfection at the mid-height of the hollow steel tube and u,,, 1s the mid-

height deflection of the hollow steel tube under the preload.

In the nonlinear analysis of CFST slender beam-column, the mid-height deflection u,, of

the CFST slender beam-column under axial load and biaxial bending is gradually

increased until the ultimate axial strength is obtained or deflection limit is reached. The

curvature ¢, at the mid-height of the CFST beam-column can be calculated from the
deflectionu,, . For this curvature, the applied axial load P is determined by solving for
the internal force that satisfies the equilibrium condition in which the external moment
M, is equal to the internal moment M, at the mid-height of the CFST beam-column.

The Miiller’s method [36] is used to adjust the depth and orientation of the neutral axis
in order to maintain the moment equilibrium at the mid-height of the CFST slender

beam-column. The equilibrium equations for beam-columns under biaxial loads are:
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me mi (19)

M
tana — Vy =0 (20)

where M, is the resultant internal moment which is calculated as M,, = \|[M; — M

and « is the angle of the applied load with respect to y-axis as depicted in Fig. 1.
3.2. Analysis procedure

Computational algorithms are shown in Fig. 5 that compute the load-deflection
responses of rectangular CFST slender beam-columns with preload and local buckling

effects. The main steps of the analysis procedure are given as follows:

(1) Input data.

(2) Discretize the composite section into fine fiber elements.

(3) Calculate the mid-height deflection u,, of the hollow steel tube using the load

0

control procedure.
(4) Set u, =u, +u,,.
(5) Initialize the mid-height deflection of the CFST beam-column: u,, = Au,, .
(6) Calculate the curvature ¢, at the mid-height of the CFST beam-column.
(7) Adjust the neutral axis depth d, using the Miiller’s method.

(8) Compute stress resultants P and M, considering local buckling.
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(9) Calculate the residual momentr, =M, —M, ..

(10) Repeat Steps (7)-(9) until |7

<g,.

(11) Compute bending moments M and M .

(12) Adjust the orientation (&) of the neutral axis using the Miiller’s method.

(13) Calculate the residual moment 7’ = tanor — Vy .

(14) Repeat Steps (7)-(13) until‘r,i’ ‘ <g.
(15) Increase the deflection at mid-height of the CFST beam-column byu, =u,, +Au,, .

(16) Repeat Steps (6)-(15) until the ultimate axial load P, is obtained or the deflection

limit is reached.

(18) Plot the load-deflection curve.

In the above analysis procedure, the convergence tolerance &, is set to10™. The

computational procedure proposed can predict the complete load-deflection responses
of biaxially loaded rectangular CFST slender beam-columns with preload and local

buckling effects.

3.3. Development of strength envelopes

The load-deflection analysis procedure can be used to generate strength envelopes by
varying the loading eccentricity. The ultimate axial strength P is calculated by
specifying the eccentricity e of the applied load in the load-deflection analysis. The

ultimate bending strength M, for a given loading eccentricity e and ultimate axial load
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P, is calculated as M, =P xe. A pair of the ultimate bending strength M and the

n

ultimate axial load P, is used to plot the strength envelope. Note that the pure axial load

P is calculated by specifying the eccentricity of the applied load to zero in the load-
deflection analysis procedure. However, the load-deflection procedure is not efficient
for determining the pure bending strength. Therefore, the pure bending strength of a
slender beam-column is obtained by specifying the axial load to zero in the load-

moment interaction analysis procedure proposed by Liang et al. [30].

4. Solution algorithms

Computational algorithms based on the Miiller’s method [36] are developed to iterate

the neutral axis depth (dn) and orientation (@) in the cross-sectional analysis. The
Miiller’s method requires three initial values of the d, and @ to start the iterative process.

In the theoretical model, three initial values of the neutral axis depth d,,, d,, and d,,

n1»

are taken as D/4,Dand (d,,’l+d,,’3)/2respectively while the initial values for the
orientation of the neutral axis 6,, 6, and 6, are assigned to «/4, « and (‘91 + 0, )/ 2

respectively. For these three initial values, the moment residualsr, |, 7,, and 7, ;are

ml> "m
calculated. The depth and orientation of the neutral axis are adjusted by the following

equations:

W, =0, — 2¢, (21)

b, * \/bni —4a,c,
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(a) a)3)( Vms) (0)1 a)S)(mZ ’”m,a)

" o)) -o) =
_(a)1_a)3) (rm2 rm}) (a)z 603) (rml_rm})

T @-e)o-o)o-e) =

Cp =13 (24)

where w,, w, and o, are the design variables which represent d, and 6. The sign in the
denominator of Eq. (21) is taken as the same as that of b, . Patel et al. [28] reported that

the values ofw,, w,and @, and the corresponding residualsr, , 7, , and 7, ; need to

ml’ m,
switch in order to obtain converged solutions. Eq. (21) and the exchange of design
parameters and moment residuals are executed repetitively until the convergence

is satisfied.

5. Comparisons of computer solutions with experimental results

Experimental results of uniaxially or concentrically loaded square CFST slender
columns with or without preload effects given by Han and Yao [20] were used to verify
the accuracy of the theoretical model developed. In the present study, an initial

geometric imperfection of L/1000 at the mid-height of the beam-columns was taken

into account in the analyses of Specimens L-2 to LP-6. It was assumed that the
eccentricity of the preload on the hollow steel tube was the same as that of the applied
compressive load on the CFST beam-column. The compressive strength of concrete
cylinder was taken as 0.85 times the concrete cube strength. As shown in Table 1, good

agreement between computational results and test data is obtained. The mean value of
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the predicted to the experimental ultimate axial strength (P’Wm /mep) is 0.93 with a

standard deviation of 0.04 and a coefficient of variation of 0.04. The theoretical model
yields conservative predictions of the ultimate axial strengths of rectangular CFST

slender beam-columns considering preload effects.

The load-deflection responses of specimens tested by Han and Yao [20] were simulated
by the theoretical model. Fig. 6 shows a comparison of predicted and experimental axial
load-deflection curves for Specimen LP-1. The figure demonstrates that the theoretical
model predict well the initial stiffness of the specimen. However, after the loading level
of about 170 kN, the experimental curve slightly departs from the computational one. In
addition, the theoretical model also predicts well the stiffness of the tested specimen in
the post-peak range. The discrepancy between predicted and experimental results is
likely attributed to the uncertainty of the actual concrete compressive strength and
stiffness as the average concrete compressive strength was used in the analysis. The
predicted and experimental axial load-deflection curves for Specimen LP-6 are depicted
in Fig. 7. As indicated in this figure, the results obtained by the model are generally in
good agreement with test data. In the post-peak range, the theoretical model also yields
good predictions of the stiffness of the tested specimen. However, it is noted that the
initial stiffness of the specimen predicted by the theoretical model is slightly higher than
that of the experimental one. This is likely caused by the uncertainty of the actual

concrete stiffness and strength of the specimen.

6. Fundamental behavior with preload effects
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The theoretical model developed was used to investigate the effects of local buckling,

preload ratio, depth-to-thickness ratio (D/t), column slenderness ratio (L/r), loading
eccentricity ratio (¢/D) and steel yield strength ( fsy) on the behavior of biaxially loaded

normal and high strength thin-walled CFST slender beam-columns. It was assumed that
the eccentricity of the preload on the steel tube was the same as that of the applied axial
load on the CFST beam-column. In addition to this, local buckling of the steel tubes
under preloads is prevented in the study as it would not be expected in the real
construction of CFST columns. The initial geometric imperfection at the mid-height of

the hollow steel tube was considered to be L/1000. The Young’s modulus of the steel

tubes was 200 GPa.

6.1.Effects of local buckling

The theoretical model developed was utilized to study the effects of local buckling on
the behavior of normal strength rectangular CFST slender beam-columns. The beam-
column with a cross-section of 600 x 600 mm and under the eccentric load applied at an

angle of 45° with respect to the y-axis was analyzed. The D/t ratio of the section was

90 while the L/r ratio was 40. The e/D ratio of 0.2 was specified in the analysis.

Normal strength concrete with compressive strength of 50 MPa was filled into the steel
tube. The yield and tensile strengths of the steel tube were 300 MPa and 430 MPa
respectively. The preload ratio of 0.3 was considered. The CFST slender beam-column

was analyzed by considering and ignoring local buckling effects respectively.
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Fig. 8 depicts the predicted load-deflection curves for the CFST slender beam-column.
The figure indicates that local buckling remarkably reduces the stiffness and ultimate
axial strength of the CFST slender beam-column with the same preload ratio. The
ultimate axial load of the slender beam-column is overestimated by 8.7% if local
buckling was not considered. Fig. 9 illustrates the effects of local buckling on the

strength envelope of the CFST slender beam-column. In each interaction curve shown
in Fig. 9, the ultimate axial strength was normalized to the ultimate axial load (Poa) of
the axially loaded slender column including local buckling effects, while the ultimate
moment was normalized to the pure bending moment (M 0) of the slender beam-column
with local buckling effects. It can be observed that for the same preload ratio, the
ultimate bending strength is reduced by local buckling when the axial load is greater

than 30% of the ultimate axial strength P, .

6.2. Effects of preloads

The effects of the preload ratio on the behavior of a normal strength steel tube filled

with high strength concrete were investigated herein. A CFST beam-column with a
cross-section of 700 x 700 mm was considered. The D/t ratio of the column cross-

section was 30. The angle of the applied load was 30° for biaxial bending. The steel

yield strength of the welded mild steel tube was 300 MPa and its tensile strength was
430 MPa. The compressive strength of infill concrete was 60 MPa. The L/r ratio of 40
and the e/D ratio of 0.2 were specified in the analysis. The preload ratios of 0.0, 0.4

and 0.8 were considered in the investigations.
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Load-deflection curves for the CFST slender beam-column with various preload ratios
are presented in Fig. 10. The figure shows that the ultimate axial strength and flexural
stiffness of the CFST slender beam-column decrease with increasing the preload ratio.
In addition, it is seen that the higher the preload ratio, the larger the mid-height
deflection in the CFST beam-column at the ultimate load. Increasing the preload ratio
from 0.0 to 0.4 reduces the ultimate axial strength of the CFST beam-column by 6%.
However, this strength reduction could be up to 14.1% when the preload ratio is

increased from 0.0 to 0.8. The strength envelopes of the CFST slender beam-column
with preload ratios of 0.0 and 0.4 are given in Fig. 11, where F,, is the ultimate axial
load of the axially loaded slender column including preload effects. It can be seen from
Fig. 11 that considering preload effects narrows the strength envelope of the slender

beam-column. It should be noted that pure bending strength of the slender beam-column

is not affect by the preload on the hollow steel tube.

6.3.  Effects of preloads and depth-to-thickness ratio

The fundamental behavior of a rectangular CFST slender beam-column is influenced by

the D/t ratio. The CFST slender beam-columns with a square cross-section of 800
x800 mm were considered in the analysis. The D/¢ ratio of the steel section was varied
from 20 to 50 by changing the thickness of the section. The L/r ratio was 80 while the
e/ D ratio was taken as 0.2 in the analysis. The axial load was applied at an angle of 60°

for biaxial bending. The yield and tensile strengths of the steel tubes were 690 MPa and
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790 MPa respectively. The concrete compressive strength of 40 MPa was considered.

The preload ratios of 0.0, 0.3 and 0.6 were used in the analysis.

The effects of D/t ratio on the ultimate axial strengths of CFST slender beam-columns
with various preload ratios are demonstrated in Fig.12. It can be seen from the figure
that the ultimate axial strengths of rectangular CFST slender beam-columns decrease
considerably with increasing the D/t ratio under the same preload ratio. This may be
attributed to the fact that the cross-sectional area of steel and the post-local buckling
strength of the steel tube decrease with an increase in the D/t ratio. Fig. 13 shows the
reduction in the ultimate axial strength caused by preloads. The corresponding strength
reduction with the D/t ratio of 20 and the preload ratio of 0.3 is 5.3% while for a CFST
slender beam-column with the D/t ratio of 50, the preload with a ratio of 0.6 causes a

12% reduction in its ultimate axial strength.

6.4. Effects of preloads on column strength curves

The effects of preloads on the column strength curves for high strength steel tubes filled
with high strength concrete were examined. The width and depth of the rectangular steel

tube were 600 mm and 800 mm respectively. The L/r ratio varied from 0 to 100 while
the dimension of the section was not changed. The e/D ratio of 0.2 was specified in the
analysis of the CFST beam-columns with various L/r ratios. The angle of the applied
axial load was 30° while the D/t ratio of 50 was specified in the analysis. The CFST

beam-columns were made of high strength steel tubes with the yield and tensile
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strengths of 690 and 790 MPa respectively filled with high strength concrete of 70 MPa.

The preload with a ratio of 0.0, 0.3 and 0.6 was applied to the steel tube respectively.

The normalized column strength curves for biaxially loaded CFST beam-columns with

various preload ratios are presented in Fig. 14, in which P is the ultimate axial load of

the biaxially loaded CFST beam-column and P, is the ultimate axial strength (Po) of the

column section under axial compression. It appears from Fig. 14 that the ultimate axial
strength of CFST slender beam-columns under the same preload ratio is strongly
affected by the columns slenderness. Increasing the column slenderness ratio
significantly reduce the ultimate axial load of CFST beam-columns regardless of the
preload ratios. The strength reduction-column slenderness curves with preload ratios of
0.3 and 0.6 are illustrated in Fig. 15. The figure shows that the strength reduction
increases with increasing the column slenderness ratio as well as the preload ratio. As

presented in Fig. 15, the preload having a ratio of 0.6 reduces the ultimate axial strength

of the CFST column with an L/r ratio of 100 by 15.8%. However, for the short beam-

column with an L/r ratio of 22, the preload with a ratio of 0.3 reduces the ultimate
axial strength of the CFST column by only 0.7%. This means that the preload effect can

be ignored in the design of CFST short beam-columns with an L/r ratio less than 22.

6.5. Effects of preloads and loading eccentricity ratio

The behavior of normal strength slender steel tubes filled with normal strength concrete
and with various e/D ratios were studied. A CFST slender beam-column with a cross-
section of 700 x 800 mm and loading eccentricities ranged from 0 to 2 were analyzed

using the computer program developed. The angle of the axial load was fixed at 45°
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with respect to the y-axis. The depth-to-thickness ratio of the section was 50 while the
L/r ratio of the beam-column was 80. The yield and tensile strengths of the steel tubes

were 300 MPa and 430 MPa respectively. The concrete compressive strength was 40

MPa. The preload ratios were taken as 0.0, 0.3 and 0.6 in the analyses.

Fig. 16 shows the ultimate axial load ratio as a function of the e¢/D ratio. The ultimate

axial strengths of CFST slender beam-columns are shown to decrease with an increase
in the loading eccentricity ratio regardless of preload ratios. The strength reduction-
loading eccentricity curves for CFST slender beam-columns with preload ratios of 0.3
and 0.6 are given in Fig. 17. The figure illustrates that the strength reduction increases
with increasing the loading eccentricity ratio from 0 to 0.4. After reaching the maximum
value, the reduction in the ultimate axial load decreases with an increase in the loading
eccentricity ratio. It is interesting to note that the preload on the hollow steel tube causes
a maximum reduction in the ultimate axial strength of a CFST beam-column when the

e/ Dratio is equal to 0.4. For the axially loaded CFST slender column with preload

ratios of 0.3 and 0.6, the strength reduction caused by the preload is 1.2% and 2.7%

respectively. However, the preload having a ratio of 0.6 leads to a reduction of 8.2% in

the ultimate axial load of the CFST slender beam-column with an e/ D ratio of 0.4.

6.6. Effects of preloads and steel yield strengths

In this section, the effects of steel yield strengths on the strength and behavior of square
steel tubes with various yield strength filled with high strength concrete of 80 MPa were
studied. A column cross-section of 650 x 650 mm was considered in the parametric

study. The depth-to-thickness ratio of 65, the column slenderness ratio of 80 and the
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loading eccentricity ratio of 0.2 were used to examine the effects of preloads and steel
yield strengths. The steel yield strength was varied from 250 MPa to 690 MPa. The
applied axial load angle was fixed at 60° with respect to the y-axis. The preload ratios

were taken as 0.0, 0.3 and 0.6 in the analysis.

Fig. 18 gives the normalized ultimate axial strengths of CFST slender beam-columns
with various preload ratios and steel yield strengths. It can be seen from Fig. 18 that
regardless of the preload ratio, the ultimate axial strength ratio of CFST slender beam-
columns increases as the steel yield strength increases from 250 MPa to 450 MPa.
However, the strength ratio tends to decrease when the steel yield strength increases
from 450 MPa to 690 MPa. This is attributed to the fact that the ultimate axial strengths
of both the CFST column section and the CFST column are increased by increasing the
steel yield strength, but CFST column section has a greater increment in its ultimate
axial strength than the CFST column. The percentage reduction in the ultimate axial
strength caused by preloads is shown in Fig. 19. It can be observed from this figure that
for a CFST slender beam-column with the steel yield strength of 250 MPa, the preload
with a ratio of 0.3 causes a 3.6% reduction in its ultimate axial strength. However, when
increasing the steel yield strength from 250 MPa to 690 MPa and the preload ratio from

0.3 to 0.6, the strength reduction could be as much as 13.2%.

7. Conclusions

This paper has presented an effective theoretical model for the nonlinear analysis and

design of biaxially loaded thin-walled rectangular CFST slender beam-columns with
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preload effects. The method of nonlinear analysis and computational algorithms
together with solution schemes have been developed for simulating the load-deflection
responses and strength envelopes of thin-walled CFST slender beam-columns,
incorporating the important effects of preloads on the steel tubes and of progressive
local buckling of the steel tube walls under stress gradients. The theoretical model
developed was verified by existing experimental results with a good agreement and
utilized to study the fundamental behavior of biaxially loaded thin-walled CFST slender

beam-columns by varying various important parameters.

Based on the results obtained from the present study, the following important

conclusions are drawn:

(1) Local buckling of the steel tubes considerably reduces the stiffness and strength of
rectangular thin-walled CFST slender beam-columns and thus must be taken into
account in the nonlinear analysis and design.

(2) Preloads on the steel tubes increase the lateral deflections of CFST slender beam-
columns and remarkably reduce the ultimate strengths of CFST slender beam-
columns.

(3) The ultimate axial strengths of thin-walled CFST slender beam-columns are found

to decrease with increasing the D/tratio regardless of the preload ratio. For a
slender beam-column with a D/fratio of 50, the preload having a ratio of 0.6 may

cause a strength reduction of 12%.
(4) The effect of preloads on the ultimate axial strength of the CFST beam-columns

increases with increasing the column slenderness ratio. The preload might reduce

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 208



Chapter 5: Circular and Rectangular CFST Slender Beam-columns with Preload Effects

)

(6)

the ultimate axial strength of CFST slender beam-columns by more than 15.8%,
providing that the column slenderness ratio is greater than 100 and the preload ratio
is 0.6. However, the preload effect on CFST short beam-columns with an L/r ratio
less than 22 can be ignored in design.

The strength reduction due to the preload effects increases with an increase in the

e/D ratio up to 0.4. When the e/D ratio is greater than 0.4, however, the strength
reduction tends to decrease with increasing the e/D ratio. The preload has the most
pronounced effect on CFST slender beam-columns with ane/D ratio of 0.4.

The strength ratio of CFST beam-columns increases with increasing the steel yield
strength up to 450 MPa. However, the strength ratio is found to decrease with

increasing the steel yield strength which is higher than 450 MPa.
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Figures and tables

Table 1. Ulatimate axial strengths of square CFST beam-columns with preload effects.

P
Specimens E(?;Lr)nx)t D/t (mLm) (:non) (mem) (I\/{;a) (]\nga) (I\ZSI;la) ((f}fa) F&Til)d I:L;&exfx)p 1;:{(.%,” ﬁ Ref.
S-1 120 x 120 x2.65| 45.2 | 360 0 0 17.09 | 340 |439.6| 207 0 640 |579.07| 0.90
SP-1 120 x 120 x2.65| 45.2 | 360 0 0 17.09 | 340 |439.6| 207 211 664 |580.31( 0.87
S-2 120 x 120 x2.65| 45.2 | 360 0 14 17.09 | 340 |439.6| 207 0 533 |478.67| 0.90
SP-2 |120 x 120 x2.65| 45.2 | 360 0 14 17.09 | 340 |439.6| 207 211 538 |480.85| 0.89
S-3 120 x 120 x2.65| 45.2 | 360 0 0 30.6 340 |439.6| 207 0 816 [754.39| 0.92
SP-3 120 x 120 x2.65| 45.2 | 360 0 0 30.6 340 |439.6| 207 211 812 [753.41| 0.93
S-4 120 x 120 x2.65| 45.2 | 360 0 14 30.6 340 |439.6| 207 0 600 [610.29( 1.02
SP-4 120 x 120 x2.65| 45.2 | 360 0 14 30.6 340 [439.6| 207 211 622 |613.28( 0.99
SP-5 120 x 120 x2.65| 45.2 | 360 0 14 30.6 340 |439.6| 207 127 650 |613.54| 0.94
SP-6  |120 x 120 x2.65| 45.2 | 360 0 31 30.6 340 |439.6| 207 198 500 |481.38( 0.96 201

L-2 120 x 120 x2.65| 45.2 |1400(L/1000| 0O 30.6 340 |439.6| 207 0 769 |716.93| 0.93
LP-2 |120 x 120 x2.65| 45.2 |1400|L/1000{ O 30.6 340 |439.6| 207 194 730 |715.31| 0.98
L-1 120 x 120 x2.65| 45.2 |1400(L/1000| 14 30.6 340 |439.6| 207 0 590 |536.83| 0.91
LP-1 120 x 120 x2.65| 45.2 |1400(L/1000{ 14 30.6 340 |439.6| 207 194 560 |527.24| 0.94
LP-3 120 x 120 x2.65| 45.2 |1400(L/1000{ 14 30.6 340 |439.6| 207 272 552 |522.52| 0.95
LP-4 [120 x 120 x2.65| 45.2 |1400|L/1000| 31 30.6 340 |439.6| 207 194 452 |403.89| 0.89
L-5 120 x 120 x2.65| 45.2 [1400|L/1000{ 31 25.5 340 |439.6| 207 0 412 |385.47| 0.94
LP-6 [120 x 120 x2.65| 45.2 |1400|L/1000| 31 25.5 340 |439.6| 207 117 397 |378.81| 0.95
Mean 0.93
Standard deviation (SD) 0.04
Coefficient of variation (COV) 0.04
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Concrete fibers Steel fibers zfn’

Fig. 1. Fiber strain distribution in CFST beam-column section under axial load and
biaxial bending.
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Fig. 2. Stress-strain curve for concrete in rectangular CFST columns.
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Fig. 3. Stress-strain curves for structural steels.
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Fig. 4. Effective and ineffective areas of steel tubular cross-section under axial load and
biaxial bending.
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Fig. 5. Computer flowchart for predicting the axial load-deflection responses of CFST
beam-columns with prleoad effect
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Fig. 6. Comparison of computational and experimental axial load-deflection curves for
specimen LP-1.
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Fig. 7. Comparison of predicted and experimental axial load-deflection curves for
specimen LP-6.

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 218



Chapter 5: Slender Beam-Columns with Preload Effects

12000

10000 | Tl

8000 |/

6000

Axial load (kN)

4000

Local bucklingignored
2000

Local buckling considered

0 . . . .
0 30 60 90 120 150
Mid-height deflectionu,,, (mm)

Fig. 8. Effects of local buckling on the axial load-deflection curves for CFST slender
beam-column (A, =0.3).
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Fig. 9. Effects of local buckling on the strength envelopes for CFST slender beam-
column (8, =0.3).
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Fig. 11. Effects of preloads on the strength envelopes for CFST slender beam-column.
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Fig. 13. Strength reduction caused by preloads in CFST beam-column with various
depth-to-thickness ratios.

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 221



Chapter 5: Slender Beam-Columns with Preload Effects

o
o

o
o)

e
w

Ultimate axial load P, /P,
o
N

e
o

it
=

(=)

(=]

20 40 60 80 100 120
Slenderness ratio L/r

Fig. 14. Effects of preloads on the column strength curves.
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Fig. 15. Strength reduction caused by preloads in CFST beam-columns with various
slenderness ratios.
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Fig. 17. Strength reduction caused by preloads in CFST beam-columns with various
loading eccentricity ratios.
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Fig. 18. Effects of preloads and steel yield strengths on the ultimate axial strength.
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Fig. 19. Strength reduction caused by preloads in CFST beam-columns with various
steel yield strengths.
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5.5 CONCLUDING REMARKS

Numerical models for simulating the behavior of eccentrically loaded circular and
rectangular CFST slender beam-columns with preload effects have been developed in
this chapter. The effects of preloads, local buckling, concrete confinement, initial
geometric imperfections and second order have been considered in the numerical
models. The inelastic behavior of composite cross-sections with local buckling effects is
modeled using the accurate fiber element method. Deflections caused by preloads on the
steel tubes are incorporated in the inelastic stability analysis of CFST slender beam-
columns as additional geometric imperfections. Computational procedures have been
developed for simulating the load-deflection responses of CFST slender beam-columns
under axial load and bending. The accuracy of the numerical models developed has
been established by comparisons of computer solutions with existing experimental
results. The numerical models were used to investigate the effects of the preload ratio,
depth-to-thickness ratio, column slenderness and loading eccentricity on the behavior of

thin-walled CFST slender beam-column under axial load and bending.
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Chapter 6

RECTANGULAR CFST SLENDER BEAM-

COLUMNS UNDER CYCLIC LOADING

6.1 INTRODUCTION

This chapter presents a numerical model for simulating the cyclic behavior of high
strength thin-walled rectangular CFST slender beam-columns with cyclic local buckling
effects. Uniaxial cyclic stress-strain relationships for the concrete core and structural
steels are incorporated in the numerical model. The effects of initial geometric
imperfections, high strength materials and second order are also taken into account in
the numerical model for CFST slender beam-columns under constant axial load and
cyclically varying lateral loading. Miiller’s method algorithms are developed and
implemented in the numerical model to iterate the neutral axis depth in a thin-walled
CFST beam-column section. The ultimate lateral loads and cyclic load-deflection curves

for thin-walled CFST beam-columns predicted by the numerical model are verified by
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experimental data. The numerical model is then utilized to investigate the effects of
cyclic local buckling, column slenderness ratio, depth-to-thickness ratio, concrete
compressive strengths and steel yield strengths on the cyclic load-deflection responses

of CFST slender beam-columns.

This chapter includes the following paper:

[1] Patel, V. 1., Liang, Q. Q. and Hadi, M. N. S., “Numerical analysis of high-strength
concrete-filled steel tubular slender beam-columns under cyclic loading”, Journal

of Constructional Steel Research, 2013 (submitted).
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ABSTRACT

The effects of cyclic local buckling on the cyclic behavior of concrete-filled steel
tubular (CFST) slender beam-columns were approximately considered in existing
analytical models by modifying the stress-strain curve for the steel tube in compression.
This modified stress-strain curve method, however, cannot simulate the progressive
cyclic local and post-local buckling of the steel tubes. This paper presents a new
numerical model for predicting the cyclic performance of high strength thin-walled
rectangular CFST slender beam-columns accounting for the effects of progressive cyclic
local and post-local buckling of steel tube walls under stress gradients. Uniaxial cyclic
constitutive laws for the concrete core and steel tubes are incorporated in the fiber
element formulation of the model. The effects of initial geometric imperfections, high
strength materials and second order are also included in the nonlinear analysis of CFST

slender beam-columns under constant axial load and cyclically varying lateral loading.
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The Miiller’s method is adopted to solve nonlinear equilibrium equations. The accuracy
of the numerical model is examined by comparisons of computer solutions with
experimental results. A parametric study is conducted to investigate the effects of cyclic
local buckling, column slenderness ratio, depth-to-thickness ratio, concrete compressive
strength and steel yield strength on the cyclic responses of CFST slender beam-
columns. It is shown that the numerical model predicts well the experimentally
observed cyclic lateral load-deflection characteristics of CFST slender beam-columns.
The numerical results presented reflect the cyclic local and global buckling behavior of
high strength rectangular CFST slender beam-columns, which have not been reported in

the literature.

Keywords: Concrete-filled steel tubes; Cyclic loading; High strength; Local and post-

local buckling, Nonlinear analysis, Slender beam-columns.

1. Introduction

High strength thin-walled rectangular CFST slender beam-columns have increasingly
been used in composite buildings and bridges in seismic regions due to their high
structural performance such as high strength, high stiffness, high ductility and large
energy absorption capacity. In seismic regions, thin-walled CFST slender beam-
columns may be subjected to a constant axial load from upper floors and cyclically
varying lateral loading due to the earthquake. These cyclically loaded beam-columns
may undergo cyclic local and global interaction buckling, which makes the predictions

of their cyclic performance highly complicated. Cyclic local buckling reduces the
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strength and ductility of thin-walled CFST slender beam-columns. It is therefore
important to incorporate cyclic local buckling effects in nonlinear analysis techniques so
that the cyclic performance of thin-walled CFST slender beam-columns under cyclic

loading can be accurately predicted.

Experimental studies on the ultimate strengths of CFST columns under monotonic axial
load or combined monotonic axial load and bending have been very extensive in the
past [1-12]. However, only limited tests have been conducted on CFST beam-columns
under cyclic loading. Experiments on square CFST beam-columns under axial load and
cyclic lateral loading were performed by Varma et al. [13,14]. These test specimens
were made of high strength concrete of 110 MPa and steel tube with yield stress ranging
from 269 MPa to 660 MPa. Their studies indicated that the cracking of the infilled
concrete and local buckling of the steel tubes reduced the flexural stiffness of CFST
beam-columns. Han et al. [15] investigated experimentally the effects of the depth-to-
thickness ratio, concrete compressive strength and axial load level on the cyclic
behavior of square and rectangular CFST beam-columns. They reported that local
buckling of CFST beam-columns occurred after the steel yielded. Tests on normal
strength square CFST beam-columns under cyclic loading were undertaken by Wu et al.
[16]. It was observed that the steel tube walls buckled outward after the concrete was

damaged.

Various nonlinear analysis techniques for predicting the cyclic responses of CFST
beam-columns have been reported in the literature. Varma et al. [13] developed a fiber

element model for rectangular CFST beam-columns under cyclic loading. The uniaxial
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cyclic stress-strain relationships for steel and concrete were derived from the nonlinear
finite element analyses of CFST beam-columns. The stress-strain curve for steel in
compression was modified to approximately account for the effects of local buckling.
Gayathri et al. [17,18] proposed an efficient fiber element technique for the nonlinear
analysis of CFST short and slender beam-columns under monotonic and cyclic loading.
Their technique was formulated for normal strength CFST beam-columns where local
buckling effects were not included. Chung et al. [19] presented a fiber element model
for the analysis of cyclically loaded square CFST beam-columns. The effect of local
buckling was approximately taken into account in the model by modifying the stress-
strain curve for steel in compression. However, their model did not consider concrete
tensile strength and high strength materials. Zubydan and ElSabbagh [20] proposed a
mathematical model for the nonlinear analysis of normal strength rectangular CFST
beam-columns where local buckling was approximately considered by modifying the
stress-strain curve for steel in compression. The fiber element model presented by Wu et
al. [16] could be used to analyze normal strength square CFST beam-columns,
providing that the steel sections are compact. It should be noted that the modified stress-
strain curve method used in the above mentioned models might overestimate or
underestimate the cyclic local buckling strengths of steel tubes under stress gradients.
This is because they cannot model the progressive cyclic local buckling of the steel tube
from the onset to the post-local buckling, which is characterized by stress redistributions

within the buckled tube wall.

The local buckling problem of thin-walled CFST columns has been studied

experimentally by various researchers [21-24]. Liang et al. [25] proposed a fiber
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element model for the nonlinear analysis of thin-walled CFST short columns under axial
compression, accounting for progressive local buckling effects by using effective width
formulas. Liang [26,27] developed a numerical model for simulating the axial load-
strain responses, moment-curvature relationships and axial load-moment interaction
diagrams of high strength rectangular CFST short beam-columns under axial load and
biaxial bending. The effects of local buckling of steel tube walls under stress gradients
were incorporated in the model by using initial local buckling equations and effective
width formulas proposed by Liang et al [28]. Patel et al.[29,30] and Liang et al. [31]
extended the numerical models developed by Liang et al. [25] and Liang [26,27] to the
nonlinear analysis of eccentrically loaded high strength thin-walled rectangular CFST
slender beam-columns considering the effects of local buckling, geometric

imperfections, second order and high strength materials.

The above literature review indicates that there is relatively little numerical study on the
fundamental behavior of cyclically loaded high strength rectangular CFST slender
beam-columns with large depth-to-thickness ratios. In this paper, a numerical model is
developed to simulate the cyclic performance of high strength thin-walled rectangular
CFST slender beam-columns incorporating cyclic local buckling effects. Comparative
study is undertaken to verify the numerical model. The fundamental cyclic behavior of
CFST slender beam-columns under constant axial load and cyclically varying lateral
loading is investigated using the computer program developed and the results obtained
are discussed.

2. Material constitutive models
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2.1 Cyclic constitutive models for concrete

The confinement provided by the steel tube increases only the ductility of the concrete
core in a rectangular CFST column but not its strength. This confinement effect is
considered in the cyclic stress-strain curves schematically depicted in Fig. 1. The cyclic
stress-strain relationships account for the effects of stiffness degradation and crack
opening and closing characteristics of concrete under cyclic loading. The envelope
curve for the concrete under cyclic axial compression can be characterized by the
monotonic stress-strain curve of the concrete, which is divided into ascending, constant,
linearly descending and constant parts as shown in Fig. 1. The longitudinal compressive
concrete stress for the ascending part from O to A is calculated based on the equation

given by Mander et al. [32] as:

f;jcz/L 6"0 J
SCC
o =47 (1)
A-1+| &
£,
A= L (2)

where /. is the effective compressive strength of concrete, &,is the longitudinal

compressive strain of concrete, ., is the strain at /. and E_is the Young’s modulus of

concrete which is given by ACI 318-11 [33] as
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E, =3320,/ f. +6900 (MPa) 3)

'
cc

The effective compressive strengths of concrete ( f. ) is taken as A_f,, where A, is the

strength reduction factor proposed by Liang [26] to account for the column size effects

and expressed as

A, =1.85D°'% (0.85< 4, <1.0) (4)

in which D, is taken as the larger of (B—2¢) and (D —2t)for a rectangular cross-

section, where B is the width of the cross-section, D is the depth of the cross-section,

and?is the thickness of the steel tube wall.

In the numerical model, the strain &, corresponding to £., is taken as 0.002 for the
effective compressive strength less than or equal to 28 MPa and 0.003 for /., >82MPa.

For the effective compressive strength between 28 and 82 MPa, the strain &, is

determined by the linear interpolation.

The parts AB, BC and CD of the stress-strain curve for concrete in CFST columns as

shown in Fig. 1 are defined by the following equations given by Liang [26]:

fo fore,, <&, <0.005
o, ={B.f.+100(0.015-¢,)(f. - B.f.)  for0.005<z,<0.015 (5)
B.f. fore, >0.015
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where S, was proposed by Liang [26] based on experimental results presented by Tomii

and Sakino [34] as follows:

1.0 for%é24
1 B B
=<{1.5——= for24<—=<48 6
2 48 ¢ t (6)
0.5 fori>48
t

in which B, is taken as the larger of Band D for a rectangular cross-section.

The concrete under compression is initially loaded up to an unloading strain and then
unloaded to a zero stress level. The reloading of the concrete from the zero stress up to
the envelope curve is characterized by the linear stress-strain relationships. For the
unloading of concrete, the parabolic curve of the concrete is defined by the following

equations [32]:

E.—&
l c un
s

pl un
O-c = un vy (gpl < 80 < gun) (7)
l _1+ gc gun
U
gpl _gun
E
A, = ‘ (8)

where f,, is the compressive stress of concrete at the unloading, ¢,,1is the strain at f,,,

un

& ,, 1s the plastic strain which is proposed by Mander et al. [32] as:
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& = — fl:lngltl’l + ﬁmgg (9)
pl un f + E <
un c“a

in which ¢, is given as

& =aye, ¢ (10)

where a is taken as the larger of &,/ (g;c + 5”) and 0.09¢,, /¢, for a rectangular cross-

un

section.

In Eq. (8), E, is the initial modulus of elasticity at the unloading proposed by Mander et

al. [32] and is expressed by:

E:[f—j % |p (11)

in which (f,,/ £.)>1.0, and /&, /¢,, <1.0.

For the reloading of concrete, a linear stress-strain relationship is assumed as follows:
O-c :Er(gc_gro)—'_ﬁo (8p1<€c <87‘0) (12)

where E, is given by
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gro - gre

Er ﬁo _f;,e (13)

is the strainat f_, and &,, and

ro

in which £, is the concrete stress at the reloading, &

f.. are the return strain and stress on the monotonic curve as shown in Fig. 1.

The envelop stress-strain curve for concrete under tension is divided into the linear
descending and ascending parts as shown in Fig. 1. The concrete tensile stress linearly
increases with the tensile strain of concrete up to concrete cracking. After concrete
cracking, the tensile stress of concrete is inversely proportional to the tensile strain of

concrete up to the ultimate tensile strain. The tensile strength of concrete is taken as

0.6,/ f.. . The concrete tensile stress is considered zero at the ultimate tensile strain. The

ultimate tensile strain is taken as 10 times of the strain at cracking.

For unloading from a compressive envelope curve, the stress in the concrete fiber under

tension can be given by:

fule.~¢,)
l ’ ’
S fore, <& <e,
£, —&
ct u
0, = 7 ( ) (14)
£, —¢&
> - l ’
e fore, <, <¢,
gCl
in which
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, £,
fct :fd[ __]'}J (15)

cc

g;t = gct + gpl (16)

For unloading from a tensile envelope curve, the reloading the concrete cannot carry the

load up to the tensile strength so that the reloading branch follows the unloading branch.
2.2. Cyclic constitutive models for structural steels

The cyclic stress-strain relationship for the structural steels is shown in Fig. 2. The mild

structural steels have a linear stress-strain relationship up to 0.9/, , where £, is the

steel yield strength. The parabolic curve for cold-formed structural steels can be defined

by the equation proposed by Liang [26]. The parabolic curve is replaced by the straight

line for high strength steels. The hardening strain ¢, is assumed to be 0.005 for high
strength and cold-formed steels and 10 &, for mild structural steels in the numerical

model. The ultimate strain of steels is taken as 0.2.

For the cyclic stress-strain curve, the unloading follows a straight line with the same
slope as the initial stiffness as shown in Fig. 2. The unloading part of the structural

steels can be defined by the following equation:

o,=E (s —gmo) (50 <g <¢g, ) (17)

s N N
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where o is the stress in a steel fiber, £ is the Young’s modulus of steel, ¢, is the

strain in the steel fiber and ¢,, is given by:

(18)

in which ¢, is the strain at the unloading, f, is the stress at the unloading.

The reloading curve for steels is described by the equations given by Shi et al. [35] as:

O-s =Es(8s_8mo)_77(Es_EkX€s_go) (8m0<8sggb ) (19)
E =—2r (20)
gb _gmo

where 7 is proposed by Shi et al. [35] as:

1048 - forle, —5,|>0.04
r % 10.05
B g,—¢€, N
7= 0.08
1.074-————— forle, —¢&,| < 0.04
Zs %0 40.08
gb _gu

For the reloading, the initial value of the strain &, is taken as 0.9¢,. The stress f, at

the strain &, can be determined from the monotonic stress-strain curves. For the strain
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greater than the strain ¢,, the cyclic skeleton curve is used to predict the stress in the

steel fiber. After initial reloading, the reloading is directed toward the previous

unloading.

3. Modeling of cross-sectional strengths

3.1. Strain calculations

The behavior of composite cross-sections is modeled using the accurate fiber element
method. The cross-section is divided into fiber elements as shown in Fig. 3. Each fiber
element can be assigned with either steel or concrete material properties. Fiber element

stresses are calculated from fiber strains using cyclic stress-strain relationships. The
strain &, at the top fiber of the cross-section can be determined by multiplication of the
curvature ¢ and the neutral axis depthd,. For bending about the x-axis, strains in

concrete and steel fibers can be calculated by the following equations proposed by

Liang [26]:

D

== _d 22
ynl 2 n ( )
de,i = ‘yz - yn,i (23)
. fory. >y .

. = ¢, Vi Z Vi 24)

- We,i fOf yi < yn,i
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in which d, is the neutral axis depth, d,, is the orthogonal distance from the centroid

of each fiber element to the neutral axis, y, is the coordinates of the fiber i and &, is

the strain at the ith fiber element.

3.2. Initial local buckling of steel tube walls under stress gradients

The steel tube walls of a CFST column are restrained by the concrete core so that they
can only buckle outward. The edges of the tube wall can be assumed as clamped. Liang
et al. [28] developed nonlinear finite element models to study the local and post-local
buckling behavior of clamped steel plates that form a CFST column under stress
gradients. The models accounted for geometric imperfection of 0.1¢ at the plate centre

and compressive residual stresses of 0.25f , which were balanced by the tensile

residual stresses locked in the same plate. Based on the finite element results, Liang et
al. [28] proposed a set of formulas for determining the initial local buckling stress of
steel tube walls subjected to compressive stress gradients. These formulas are
incorporated in the numerical model to determine the onset of cyclic local buckling of

thin-walled CFST slender beam-columns.

3.3. Post-local buckling of steel tube walls under stress gradients

The effective width concept is usually used to determine the post-local buckling
strengths of thin steel plates. Liang et al. [28] proposed a set of effective width formulas

for steel tube walls of CFST columns under compressive stress gradients. The effective

width is a function of the width-to-thickness ratio (b/¢) and compressive stress gradient
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(a,). Their formulas are incorporated in the numerical model to determine the ultimate

strengths of steel tube walls subjected to stress gradients. Fig. 3 shows the effective and

ineffective areas of a steel cross-section under axial load and uniaxial bending. The
effective widths b,, and b,, of a steel tube wall under stress gradients are given by

Liang et al. [28] as

2 3
0.2777+0.01019(9J—1.972x104[éj +9.605x107(éj fora, >0.0
b__ t t t 25)

2 3
0.4186 - 0.002047(?] +5.355x107 (éj ~4.685x1077 (éj fora, =0
t t

b, b
Ze2 _(2— Zel 26
=2-a) (26)

where b is the clear width of a steel flange or web in the section, and @, =0, /0, o, is

the maximum edge stress acting on the steel tube wall and o, is the minimum edge

stress acting on the same steel tube wall. It is noted that the effective width formulas
were proposed for clamped steel plates with /¢ ratio ranging from 30 to 100. For a plate

with a b/f ratio less than 30, the plate is treated as compact.

The post-local buckling of a thin steel plate is characterized by the gradual
redistribution of stresses within the buckled plate. After the onset of local buckling, the
ineffective width of the plate increases with increasing the compressive load until the
plate attains its ultimate strength, which is governed by the effective widths given by
Egs. (25) and (26). In the present study, the progressive post-local buckling of steel tube

walls under stress gradients is modeled by gradually redistributing the normal stresses
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within the steel tube wall. This can be done by assigning the steel fiber elements located

in the ineffective areas to zero stress (Liang 26).

3.4. Stress resultants

The internal axial force and bending moment carried by a composite cross-section under

axial load and uniaxial bending are determined as the stress resultants, which are

expressed by:
P =2.0,4,+2.0,4, (27)
i=1 =
M, =204,y + 2,045, (28)
i=1 =

where P, is the internal axial force, M is the internal bending moment about the x-axis,
o,, is the longitudinal stress at the centroid of steel fiber i, 4, is the area of steel fiber

8,1

i, o,; Is the longitudinal stress at the centroid of concrete fiber j, A, . is the area of

concrete fiber j, y; is the coordinates of steel element i, y, is the coordinates of

concrete element j, ns is the total number of steel fiber elements and nc is the total

number of concrete fiber elements.

3.5. The Miiller’s method
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The Miiller’s method [36] is an efficient numerical technique for solving nonlinear
equilibrium equations. It is a generalization of the secant method, which has been used
to obtain nonlinear solutions to CFST short beam-columns under axial load and biaxial
bending by Liang [26]. Computational algorithms based on the Miiller’s method are

developed to iterate the neutral axis depth in a rectangular CFST cross-section. The

Miiller’s method requires three initial values of the neutral axis depthd,,,, d,, and d,,,.

nl>

The corresponding residual forcesr,,, 7

,» and r, ; are calculated based on the three

initial values of the neutral axis depth. The new neutral axis depth d,, is determined by

the following equations:

d,y=d,;— = (29)

(dn,Z _dn,3)(rp,l _rp,3>_(dn,l _dn,3)(rp,2 _rp,3)

= (dn,l - dn,Z)(dn,Z - dn,3 )(dn,l - dn,3) (30)

b = (dn,l -d,; )2 (rp,Z _rp,3)_(dn,2 -d,; (rp,l _”p,3) 31)
! (dn,l - dn,Z )(dn,Z - dn,3 )(dn,l - dn,3)

Co=T,3 (32)

The values of the neutral axis depth d,,, d,, and d,, and corresponding residual
forces r,,, r,, and r,, need to be exchanged as discussed by Patel et al. [29]. Eq. (29)
and the exchange of the neutral axis depths and residual forces are iteratively executed

until the convergence criteria of ‘rp‘ < ¢, is satisfied. The sign of the square toot term in

the denominator of Eq. (29) is taken as the same sign of b, .
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4. Modeling of cyclic load-deflection responses
4.1. Formulation

A cantilever column under a constant axial load (P)and cyclically varying lateral
loading (F') is considered in the numerical model. The deflected shape and coordinate
system for the cantilever column are depicted in Fig. 4, where L represents the actual

length of the column and u, demotes the lateral deflection at the tip of the column. The

effective length of the cantilever column is taken as 2L. The deflected shape of the
cantilever column is assumed to be part of a sine wave which is described by the

following displacement function:
. nz
=u,sin| — 33
u=u, ( > L] (33)
The curvature along the length of the cantilever column can be derived from Eq. (33) as

Pu_ (2, ™
p= o _[2Lj u,sm(zLj (34)

The curvature at the base of the cantilever column is given by

(=Y
¢b_(2LJ u (35)
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The external moment at the base of the cantilever column can be determined as

M, =FL+Ple+u +u,) (36)

in which e is the eccentricity of the axial load and it is taken as zero for the pure axial
load in the present study, u,, is the initial geometric imperfection at the tip of the

cantilever columns.

The column must satisfy the force and moment equilibrium conditions at its base as

follows:
P -P=0 (37)
FL+Ple+u, +u,)-M_ =0 (38)

where M _ is the internal bending moment of the cross-section at the column base.

The lateral load can be determined as:

(39)

4.2. Computational procedure
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An incremental-iterative numerical scheme based on the displacement control method
was employed in the computational procedure to predict the cyclic load-deflection

responses of slender beam-columns. The lateral deflection at the tip of the beam-column

is initialized. The curvature @, at the column base is calculated from the given lateral

deflection u, using Eq. (35). The neutral axis depth of the composite cross-section is
iteratively adjusted using the Miiller’s method. The force and moment equilibriums are
maintained at the base of the cantilever column. The internal bending moment M is

determined from axial force and curvature relationship. The cyclic lateral load F at the
tip of the cantilever column is calculated using Eq. (39). The lateral deflection at the tip
of the cantilever column is gradually increased up to the predefined unloading
deflection. After the unloading deflection, the lateral deflection is gradually decreased
up to the reloading level. Note that the stresses of the steel and concrete fiber elements
depend not only on the strain of the element, but also on the complete stress-strain
history. The stresses and strains of the fiber elements for each lateral deflection are
recorded in the numerical analysis. The process is repeated until the ultimate cyclic
lateral load is obtained or the deflection limit is reached. The main steps of the
computational procedure are given as follows:

(1) Input data.

(2) Discretize the composite cross-section into fiber elements.

(3) Initialize the first unloading deflection u,,
(4) Initialize the lateral deflection at the tip of the cantilever column u, =Au, .
(5) Calculate the curvature @, at the base of the cantilever column.

(6) Set Au, =—Au, if u, >(uu1 —Aul) or u, <(—uul —Au,).
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(7) Define the next unloading deflection u,, if (u, —u, mtXu, st —Wio d)< 0 and
u, > Ut

(8) Recall the unloading strains and stresses at the unloading deflection.

(9) Adjust the neutral axis depth (dn) using the Miiller’s method.

(10) Calculate fiber strains and stresses using cyclic stress-strain relationships.

(11) Check cyclic local buckling and update steel fiber stresses.

(12) Calculate resultant force P considering local buckling effects.

(13) Compute the residual force r, = P, — P.

(14) Repeat Steps (9)-(13) until |r, | < &,

(15) Compute the internal bending moment M .

(16) Calculate the cyclic lateral force F using Eq. (39).

(17) Record the deflection v, ,, =u,,,, and v, , =y,

(18) Store the fiber strains and fiber stresses under the current deflection.

(19) Increase the deflection at the tip of the cantilever column by u, =u, +Au, .

(20) Repeat Steps (5)-(19) until the ultimate cyclic lateral load £ is obtained or the
deflection limit is reached.
(21) Plot the cyclic load-deflection curve.

. 4. . .
The convergence tolerance ¢, is taken as 10 in the numerical analysis.

5. Validation of the numerical model
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The accuracy of the developed numerical model is evaluated by comparing the
numerical solutions with experimental results given by Verma et al. [14]. The ultimate
cyclic lateral loads and cyclic load-deflection curves for high strength thin-walled
square CFST beam-columns are considered in the verification of the numerical model

developed.

5.1. Ultimate cyclic lateral loads

The dimensions and material properties of high strength CFST beam-columns tested by

Varma et al. [14] are given in Table 1. In the table, F

u.exp

represents the experimental

ultimate cyclic lateral load and F, denotes the ultimate cyclic lateral load predicted

by the numerical model. Specimens were tested under rotating axial load and cyclic
loading using special clevises-pins supports. All specimens had a square cross-section

of 305 x 305 mm. The depth-to-thickness ratios (D/t) ranged from 34 to 52 while the

length of the column was 1200 mm. The steel tube of the specimens was filled with
high strength concrete of 110 MPa. It should be noted that the concrete compressive

strength given in Table 1 is the cylinder compressive strength. The yield strengths ( ﬁ})

of the steel tube varied from 269 MPa to 660 MPa. The experimental axial load applied
to each specimen was employed in the numerical analysis. It can be observed from
Table 1 that the ultimate cyclic lateral loads predicted by the numerical model are in
good agreement with experimental results. The mean ultimate cyclic lateral load
predicted by the numerical model is 99% of the experimental value with a standard

deviation of 0.11 and a coefficient of variation of 0.11.
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5.2. Cyclic load-deflection curves

Cyclic load-deflection curves provide useful information on the initial stiffness, ultimate
cyclic lateral load, unloading stiffness, reloading stiffness and post-peak behavior of
thin-walled CFST beam-columns. To examine the accuracy of the proposed numerical
model, cyclic load-deflection curves predicted by the numerical model are compared

with experimental results reported by Varma et al. [14] in Figs. 5-7.

The D/t ratios of these columns ranged from 34 to 52. Therefore, the local buckling of

the steel tube wall under stress gradients was considered in the numerical model. It can
be seen from Figs. 5-7 that the numerical model predicts well the ultimate cyclic lateral
loads when compared to test results. The predicted ultimate cyclic lateral load for
specimen CBC-32-80-10 1s 95% of the experimental value. Reasonable agreement
between computed and experimental cyclic load-deflection curves is achieved for
specimens CBC-48-80-10, CBC-48-80-20, CBC-32-46-20, CBC-48-46-10 and CBC-
48-46-20. The ratios of computed ultimate cyclic lateral load to experimental value for
specimens CBC-48-80-10, CBC-48-80-20, CBC-32-46-20, CBC-48-46-10 and CBC-
48-46-20 are 1.14, 1.06, 0.86, 1.07 and 1.07, respectively. The predicted post-peak
behavior of the cyclic load-deflection curves for specimens is in reasonable agreement
with experimental data. The unloading and reloading stiffness of the cyclic load-
deflection curves predicted by the numerical model slightly differ from experimental

ones. This is likely due to the uncertainty of the actual concrete stiffness and strength.

6. Parametric study
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In the parametric study, the axial load was taken as 10% of the ultimate axial strength of
the column cross-section. The computer program developed by Liang et al. [25] was
used to determine the ultimate axial strengths of column cross-sections under axial
compression. In the present study, the initial geometric imperfection at the tip of the

beam-column was taken as L/1000. The Young’s modulus of steel material was 200

GPa. The yield stress of 690 MPa and the tensile strength of 790 MPa were assumed for
steel tubes, except where specially indicated. The effects of cyclic local and post-local
buckling were considered in all analyses. The typical cyclic loading pattern used in the

parametric study is illustrated in Fig. 8.

6.1. Effects of local buckling

The numerical model was employed to investigate the effects of cyclic local buckling
on the cyclic load-deflection curves for high strength CFST slender beam-columns
under constant axial load and cyclically varying lateral loading. A thin-walled CFST
beam-column with a cross-sectional dimension of 700 x 800 mm was considered. The
thickness of the steel tube was 8 mm so that its depth-to-thickness ratio (D/t) was 100.
The compressive cylinder strength of concrete was 80 MPa. The column slenderness

ratio (Le / r) was 22. The applied axial load was 4623.1 kN. Analyses of the beam-

column were carried out by considering and ignoring cyclic local buckling effects

respectively.
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Fig. 9 shows the effects of cyclic local buckling on the cyclic load-deflection curves for
thin-walled CFST beam-columns. It can be seen from Fig. 9 that cyclic local buckling
considerably reduces the stiffness and ultimate cyclic lateral load of the slender beam-
column with the same axial load level. The ultimate cyclic lateral load of the slender
beam-column is overestimated by 4.3% if local buckling was not considered. More
reduction in the ultimate cyclic lateral load would be expected if higher axial load was
applied to the column. In addition, cyclic local buckling tends to reduce the ductility of
the column under cyclic loading, which is important for seismic design of composite
buildings. These highlight the importance of considering cyclic local buckling in the

analysis and design.

6.2. Effects of column slenderness ratio

The numerical model developed was used to examine the important effects of the
column slenderness ratio. High strength thin-walled CFST slender beam-columns with a

cross-section of 700 x 700 mm were considered. The depth-to-thickness ratio of the
section was 70. Column slenderness ratios (Le / r) of 22 and 30 were considered in the

parametric study. The steel tubes were filled with high strength concrete of 70 MPa. The

axial load 0of4131.2 kN was applied to the beam-column.

The cyclic load-deflection curves for high strength thin-walled CFST slender beam-
columns with L,/rratios of 22 and 30 are presented respectively in Figs. 10(a) and

10(b). The ultimate lateral load of thin-walled CFST slender beam-columns tends to

decrease when increasing the column slenderness ratio of the beam-columns under the
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same axial load level. Columns with a smaller L, /r ratio are shown to be less ductile

than the ones with a larger L,/r ratio. The lateral deflection at the ultimate cyclic

lateral load of the beam-columns increases with increasing the column slenderness ratio.
When increasing the column slenderness ratio from 22 to 30, the ultimate cyclic lateral
load of the slender beam-column decreases by 28.7%. This demonstrates that the
column slenderness has a significant effect on the cyclic lateral load capacities of CFST

slender beam-columns.

6.3. Effects of depth-to-thickness ratio

Local buckling of thin-walled rectangular CFST slender beam-columns depends on its

depth-to-thickness ratio (D/t). The numerical model was employed to investigate the
effects of D/t ratio on the cyclic load-deflection curves for high strength CFST slender
beam-columns with an L, / r ratio of 30 and subjected to a constant axial load of 4450.9
kN and cyclically varying lateral loading. The dimensions of the composite section
analyzed were 600 x 600 mm. The D/t ratios of the column sections were calculated as

50 and 80 by changing the thickness of the steel tubes. The compressive strength of the

in-filled concrete was 100 MPa.

Fig. 11 illustrates the effects of the D/sratio on the cyclic load-deflection curves for

thin-walled CFST slender beam-columns. It can be seen from the figure that the

ultimate cyclic lateral load and stiffness of the CFST slender beam-columns decrease

with an increase in the D/t ratio for the same size composite section. This is because
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the column section with a larger D/t ratio has a lesser steel area and it may undergo
local buckling which reduces the ultimate strength of the column. When the D/ ratio is

increased from 50 to 80, the ultimate cyclic lateral load of the beam-column is found to
decrease by 31.1%. The results suggest that the cyclic lateral load capacity of a CFST
slender beam-column can be significantly increased by using a smaller D/f ratio for the

cross-section in the design.

6.4. Effects of concrete compressive strengths

The effects of concrete compressive strengths on the cyclic load-deflection responses of
high strength CFST slender beam-columns with cyclic local buckling effects were
studied by the numerical model. The compressive cylinder concrete strengths used in

the parametric study were 60 MPa and 100 MPa. The dimensions of the cross-section
were 700800 mm with a D/t ratio of 80. The column slenderness ratio (Le / r)of 30 was

specified. The applied axial load was 4119.5 kN.

The computed cyclic load-deflection curves for high strength rectangular CFST slender
beam-columns with different concrete compressive strengths are depicted in Fig. 12.
The ultimate cyclic lateral loads of CFST slender beam-columns increase with an
increase in the concrete compressive strength. Increasing the concrete compressive
strength from 60 MPa to 100 MPa increases the ultimate cyclic lateral strength by 7.2%.
However, the initial flexural stiffness of the slender beam-columns has a slight increase

due to the use of higher strength concrete. The results indicate that the use of high
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strength concrete will not lead to significant increase in the cyclic lateral load capacity

and flexural stiffhess.

6.5. Effects of steel yield strengths

Square thin-walled CFST slender beam-columns with different steel yield strengths and

a cross-section of 650 x 650 mm were analyzed using the numerical model. The depth-
to-thickness (D/t) ratio of the section was 65. The yield strengths of the steel tubes
were 300 MPa and 690 MPa and the corresponding tensile strengths were 430 MPa and
790 MPa respectively. The column slenderness ratio (L/r) of 30 was used in the

parametric study. The steel tube was filled with 60 MPa concrete. A constant axial load

0f 2606.9 kN was applied to the columns.

Fig. 13 gives the cyclic lateral load-deflection curves for CFST slender beam-columns
with different steel yield strengths. It can be observed from figure that the steel yield
strength does not have an effect on the initial flexural stiffness of the beam-columns.
However, the ultimate cyclic lateral load of slender beam-columns is found to increase
significantly with an increase in the steel yield strength. By increasing the steel yield
strength from 300 MPa to 690 MPa, the ultimate cyclic lateral load of the slender beam-
column is found to increase by 91.3%. This is because the moment capacity of the
cantilever column is significantly increased by increasing the steel yield stress.
Consequently, the use of high strength steel tubes leads to a significant increase in the

cyclic lateral load capacities of CFST slender beam-columns.

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 258



Chapter 6: Rectangular CFST slender Beam-Columns under Cyclic Loading

7. Conclusions

This paper has presented a numerical model for the nonlinear inelastic analysis of high
strength thin-walled rectangular CFST slender beam-columns under constant axial load
and cyclically varying lateral loading. The model accounts for the important effects of
progressive cyclic local buckling of steel tube walls under stress gradients by gradually
redistributing the normal stresses within buckled steel tube walls. This method gives a
more accurate simulation of the actual cyclic post-local buckling behavior of steel tubes
than the modified stress-strain curve approach, which cannot model the progressive
cyclic local and post-local buckling. Moreover, geometric and material nonlinearities
are taken into account in the numerical model. The comparative study shows that the
numerical model developed predicts well the cyclic load-deflection responses of thin-

walled CFST slender beam-columns.

Based on the parametric study, the following important conclusions are drawn:

(1) The cyclic local buckling considerably reduces the ultimate cyclic lateral loads and
ductility of CFST slender beam-columns.

(2) Increasing the column or section slenderness ratio significantly reduces the ultimate
cyclic lateral loads of CFST slender beam-columns.

(3) The use of high strength concrete does not result in a significant increase in the
ultimate cyclic lateral loads of CFST slender beam-columns.

(4) The use of high strength steel tubes leads to a significant increase in the cyclic

lateral load capacities of CFST slender beam-columns.
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Figures and tables

Table 1 Ultimate cyclic lateral loads of thin-walled CFST slender beam-columns.

Specimens BxDxt o | E f, fo | fau | Es P vesp | Fon | Funm | Ref.
(mm) (Mm) | (\pay | (MPa) | (MPa)| (GPa) KN) Ny | kN) | Bl
CBC-32-80-10| 305 x305x8.9 | 34.29 [1200| 110 600 674 200 1523 | 729.55 | 696.5 | 0.95
CBC-32-80-20| 305 x305x8.9 | 34.29 [1200| 110 600 674 200 3050 | 743.18 | 698.2 | 0.94
CBC-48-80-10| 305 x 305 x6.1 | 50.00 {1200 | 110 660 737 200 1355 495 562.7 | 1.14
CBC-48-80-20| 305 x 305 x6.1 | 50.00 {1200| 110 660 737 200 2715 | 54545 | 5784 | 1.06
CBC-32-46-10| 305 x305x8.6 | 3529 [1200| 110 269 429 200 1255 | 429.55 | 370.1 | 0.86 1
CBC-32-46-20| 305 x305x8.6 | 3529 [1200| 110 269 429 200 2515 | 47045 | 404.8 | 0.86
CBC-48-46-10| 305 x 305 x5.8 | 52.17 [1200| 110 471 534 200 1178 | 388.66 | 415.7 | 1.07
CBC-48-46-20| 305 x 305 x5.8 | 52.17 {1200 110 471 534 200 2270 | 41591 | 445.0 | 1.07
Mean 0.99
Standard deviation (SD) 0.11
Coefficient of variation (COV) 0.11
o.
A
unyEun)
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8 rey,Ere
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Fig. 1. Cyclic stress-strain curves for concrete in rectangular CFST columns.
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Fig. 3. Effective area of steel tubular cross-section under axial load and uniaxial
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Fig. 5. Comparison of predicted and experimental cyclic load-deflection curves for

specimens CBC-32-80-10 and CBC-48-80-10.
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Fig. 7. Comparison of predicted and experimental cyclic load-deflection curves for
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Fig. 9. Effects of local buckling on the cyclic load-deflection curves for thin-walled
CFST slender beam-columns.
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thin-walled CFST slender beam-columns.
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Fig. 11. Effects of D/t ratio on the cyclic load-deflection curves for thin-walled CFST

slender beam-columns.
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Fig. 12. Effects of concrete compressive strengths on the cyclic load-deflection
curves for thin-walled CFST slender beam-columns.
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Fig. 13. Effects of steel yield strengths on the cyclic load-deflection curves for thin-
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6.4 CONCLUDING REMARKS

In this chapter, a numerical model has been extended to the nonlinear analysis of high
strength thin-walled rectangular CFST slender beam-columns under constant axial load
and cyclically varying lateral loading. The numerical model simulates the progressive
local and post-local buckling by gradually redistributing the normal stresses within the
steel tube walls. The ultimate lateral loads and cyclic load-deflection curves for thin-
walled CFST beam-columns predicted by the numerical model were compared with
experimental results reported in the literature. Good agreement between numerical and
experimental results was achieved. The numerical model developed has been employed
to investigate the effects of cyclic local buckling, column slenderness ratio, depth-to-
thickness ratio, concrete compressive strengths and steel yield strengths on the ultimate
lateral loads and cyclic load-deflection curves of thin-walled CFST beam-columns. The

results obtained have been discussed.
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Chapter 7

CONCLUSIONS

7.1 SUMMARY

New numerical models based on fiber element formulations for simulating the nonlinear
inelastic behavior of CFST slender beam-columns under uniaxial loads, biaxial loads,
preloads or cyclic loading have been presented. The effects of concrete confinement,
initial geometric imperfections, second order and high strength materials were taken
into account in the numerical models. Effective width formulas were incorporated into
the numerical models to account for local buckling effects of the tube walls under stress
gradients. The progressive local buckling of thin-walled steel tubes in CFST beam-
columns was simulated by gradually redistributing the normal stresses within steel tube

walls.
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Axial load-moment-curvature relationships were computed from the cross-section
analysis of CFST beam-columns. Miiller’s method algorithms were developed and
implemented in the numerical models to obtain solutions. Deflections caused by
preloads on the steel tubes were considered in the analysis of CFST slender beam-
columns. Computational procedures for determining the axial load-deflection responses
and axial load-moment interaction diagrams of thin-walled CFST slender beam-

columns under various loading conditions have been presented.

The ultimate strengths, ultimate lateral loads, axial load-deflection curves and cyclic
load-deflection responses were compared with experimental results reported in the
literature. The numerical models can effectively generate complete axial load-deflection
curves, axial load-moment strength interaction diagrams and cyclic load-deflection
responses for thin-walled CFST slender beam-columns with local buckling effects. A
set of performance indices was proposed and implemented in the numerical models to
quantify the performance of CFST beam-columns. The verified numerical models were
utilized to undertake parametric studies on the behavior of CFST slender beam-columns

with a wide range of parameters.

7.2 ACHIEVEMENTS

This thesis has made significant contributions to the area of CFST slender beam-

columns. Research achievements are summarized as follows:

V. L. Patel: Nonlinear Inelastic Analysis of Concrete-Filled Steel Tubular Slender Beam-Columns 273



Chapter 7: Conclusions

(1)

)

)

4)

)

(6)

(7

®)

Developed a numerical model for high strength rectangular CFST slender beam-
columns under axial load and uniaxial bending with local buckling effects.
Developed a numerical model for biaxially loaded high strength rectangular CFST
slender beam-columns with local buckling effects.

Developed a numerical model for circular high strength CFST slender beam-
columns with preload and confinment eftects.

Developed a numerical model for high strength thin-walled rectangular CFST
slender beam-columns with preload and local buckling effects.

Developed a numerical model for high strength thin-walled rectangular CFST
slender beam-columns under axial load and cyclic loading with local buckling
effects.

The numerical models developed provide structural designers with advanced
analysis and design tools that can be used to design safe and economical
composite buildings.

Performance indices proposed can be used to quantify the contribution of the
concrete core and steel tube to the ultimate strengths of CFST slender beam-
columns in order to achieve designs.

The numerical models proposed overcome the limitations of traditional plastic
analysis methods which are applicable to compact steel sections only. The
proposed numerical models allow the designer to analyse and design CFST beam-
columns made of the compact, non-compact or slender steel sections with any

strength grades and high strength concrete.

7.3 FURTHER RESEARCH
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The numerical models developed have been shown to be accurate computer simulation

tools which can be used to investigate the fundamental behavior of CFST slender beam-

columns. Further research is still needed to extend the numerical models developed to

composite columns under other loading conditions. The recommendations for further

research are summarized as follows:

(1)

2

3)

The numerical models developed can be directly used in the design of high
strength CFST beam-columns at room temperature. The effects of temperature
dependent material properties on the behavior of CFST beam-columns have not
been incorporated in the numerical models. Therefore, research on the
development of efficient and accurate numerical techniques for simulating the
nonlinear inelastic behavior of CFST slender beam—columns at elevated
temperature is needed.

The numerical model presented in the thesis have been developed for high
strength CFST slender beam-columns and are not applicable to concrete encased
composite columns. Further research is needed to extend the numerical models to
concrete encased composite columns at ambient and elevated temperatures.

The numerical models developed can be implemented in the advanced analysis
programs for the nonlinear analysis of composite frames with short-term loading.
The behavior of CFST beam-columns may change with time. The limitation of the
proposed model is that it did not account for the effects of long-term loading on
the behavior of CFST beam-columns. Therefore, the numerical models need to be
extended for the nonlinear time-dependent analysis of slender steel-concrete

composite beam-columns.
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(4) The proposed numerical models allow for the analysis and design of rectangular
thin-walled CFST beam-columns with a depth-to-thickness ratio up to 100.
Further research is needed to extend the numerical models developed to the
nonlinear inelastic analysis of thin-walled CFST beam-columns with depth-to-

thickness ratios greater than 100.
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