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ABSTRACT

Rectangular thin-walled concrete-filled steel tubular (CFST) slender columns under axial
and eccentric loads may undergo local and global interaction buckling when exposed to
fire. Computational studies on the fire and post-fire behavior of rectangular short and
slender CFST columns including local buckling effects have been extremely limited. This
thesis presents new computational models for predicting the responses of rectangular and
square CFST short and slender columns under fire exposure and after being exposed to
fire. The models incorporate important features, which include local and global
interaction buckling, air gap between the steel tube and concrete, concrete moisture
content, emissivity of exposure surfaces, initial geometric imperfections, second-order,

and material nonlinearities at elevated temperatures.

Computational models are formulated by using the fiber approach for simulating the fire
resistance, fire behavior and post-fire performance of rectangular CFST short and slender
columns loaded concentrically and eccentrically. The progressive local buckling of steel
tube walls at elevated temperatures is included in the formulation by using the local and
post-local buckling models proposed. Computer simulation procedures sequentially
coupling the nonlinear thermal and stress analyses are developed. The temperature
distribution within a CFST column exposed to fire is determined by the thermal analysis.
The modeling procedures capture the axial load-strain behavior, axial load-deflection
responses, and fire-resistance of loaded CFST columns exposed to fire. Numerical
solution algorithms implementing Miiller’s method are developed to solve the nonlinear

equilibrium equations of loaded CFST columns under fire exposure.
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The existing experimental and numerical results are utilized to validate the fiber-based
computational models, which are employed to study the fire and post-fire responses of
CFST short and slender columns with various important parameters. It is shown that the
computational models are capable of predicting well the responses of rectangular CFST
short and slender columns exposed to fire and after being exposed to fire. The computed
results on the fires resistance and fire and post-fire behaviors of CFST rectangular
columns with local buckling effects are given in the thesis for the first time. The research
findings presented provide a better understanding of the fire and post-fire performance of
short and slender CFST columns incorporating local buckling, 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 COLUMNS

Concrete-filled steel tubular (CFST) columns are constructed by filling concrete into
hollow steel tubular columns. The most commonly used CFST columns are illustrated in
Figure 1.1, which include circular, rectangular and square cross-sections. The
applications of CFST columns in buildings, sport stadia, bridges, industrial buildings and
offshore structures have been widespread. In the last two decades, CFST columns were
used to construct many high-rise buildings around the world. Some of the practical

applications of CFST columns in tall buildings are listed in Table 1.1.

The widespread applications of CFST columns are attributed to their structural and
construction advantages over reinforced concrete and steel columns. Filling concrete into
a steel tubular hollow rectangular column significantly improves not only the strength
and stiffness but also the fire resistance of the steel tubular hollow column. When a
rectangular CFST column is compressed, the concrete prevents the inward local-buckling
of thin-walled steel tube and forces it buckles locally outward (Liang 2014). This
unilateral local buckling mode considerably improves the resistance of the steel tube to

local buckling and thereby the ultimate strength of the CFST column (Liang et al. 2007,
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Chapter 1 Introduction

Liang 2014). In a rectangular CFST column, the concrete is encased by the steel tube
completely, which increases the concrete ductility. Moreover, the steel tube is utilized as
the permanent formwork as well as longitudinal steel reinforcement for the concrete. This
remarkably reduces not only the material and labor costs and but also the construction
time. The thermal conductivity of concrete is low when compared to steel so the concrete
infill markedly improves the fire-resistance of the hollow tubular steel column. Owing to
their high strength performance, the cross-sections of CFST columns can be reduced to
increase the space usage in a composite building. In the composite construction of a tall
building, hollow steel tubes and floor systems are usually erected several stories ahead of
pumping the wet concrete into the steel tubes at the ground level. This significantly speeds

up the construction process and thus reduces the construction time.

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

Figure 1.1. Different ordinary shapes of concrete filled steel tubular beam-columns.
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Chapter 1 Introduction

Table 1.1. High-rise buildings with CFST columns

Building Name City Architectural height (m) Completion Year
Bank of China Tower Hong Kong 367 1990

Casselden Place Melbourne 166 1992

CITIC Plaza Guangzhou 390 1996

Shun Hing Square Shenzhen 384 1996

Petronas Twin Tower 1 Kuala Lumpur 452 1998

TAIPEI 101 Taipei 508 2004

Shanghai World Financial Center Shanghai 492 2008

Bank of America Tower New York City 366 2009
International Commerce Centre Hong Kong 484 2010
Guangzhou International Finance Center Guangzhou 439 2010

Shanghai Tower Shanghai 632 2015

Guangzhou CTF Finance Centre Guangzhou 530 2016

Ping An Finance Center Shenzhen 599 2017

Wilshire Grand Center Los Angeles 335 2017

Lotte World Tower Seoul 555 2017

Comcast Technology Center Philadelphia 342 2018

Merdeka PNB118 Kuala Lumpur 644 2021 (under construction)

The CFST columns of rectangular sections in tall buildings may be subjected to fire
effects in their intended design life. Fire is one of the most detrimental risks that threaten
the sustainability of CFST columns. The fire generates high temperatures that
significantly degrade the material properties of steel and concrete in terms of stiffness and
strength and induces nonlinear responses in CFST columns (Wang 2002). Consequently,
the fire effects greatly reduce the load-carrying capacities of CFST columns. Thin-walled
high-strength steel tubes are increasingly utilized to fabricate CFST columns in order to
achieve economical designs. However, this gives rise to the local buckling of steel tubes,
which markedly decreases the load-carrying capacities of CFST columns (Liang et al.
2007). Standard fire tests on the resposnes of CFST columns indicated that square short
columns failed by the unilateral local-buckling of steel tubes while slender square and

rectangular columns failed by the local-global interaction buckling (Lie and Chabot 1992;
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Chapter 1 Introduction

Sakumoto et al. 1994; Han et al. 2003; Lu et al. 2009; Espinos et al. 2015a; Rodrigues
and Laim 2017). Test results showed that the local-global interaction buckling remarkably
redcued the resistance to fire as well as the strength of CFST slender rectangular columns
under fire exposure. It would appear that the influences of local buckling as well as
interaction local-global buckling must be incorporated in computational models to
accurately predict structural behavior of CFST columns of rectangular sections subjected

to fire effects.

After CFST columns were exposed to fire, they were damaged in some degrees by the
fire effects but might not collapse. The post-fire repair of fire-damaged CFST columns
requires the evaluation of their residual strength and stiffness in order to develop a cost-
effective solution. Post-fire tests on the structural behavior of CFST columns
demonstrated that short columns failed by the outward local buckling whereas slender
columns failed by the local and global interaction buckling (Han et al. 2002, 2003; Han
and Huo 2003; Jiang et al. 1020; Rush et al. 2015). Although the residual strengths of
CFST columns could be assessed by post-fire tests, the tests are not only highly time-
consuming but also expensive. Moreover, it is impossible to conduct the destructive post-
fire tests on CFST columns in real buildings to ascertain their residual stiffness and
strength. Therefore, nonlinear post-fire computer models including local buckling need

to be developed to ascertain the post-fire responses of loaded CFST rectangular columns.

1.2 SIGNIFICANCE OF RESEARCH PROJECT
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Chapter 1 Introduction

Rectangular CFST columns including square ones are efficient and important structural
members, which have been frequently incorporated in frame systems in tall buildings to
transfer loads from upper floor systems to the foundations. This is owing to not only their
high strength, ductility and fire resistance performance but also their aesthetic appearance
and ease of connection with steel beams. Although a number of mathematical models
have been developed for the predictions of the fire and post-fire behaviors of CFST
columns, the effects of important features, such as local buckling, interaction local-global
buckling, air gap at the steel-concrete interface, concrete tensile behavior and
deformations induced by preloads, have not been taken into consideration in these
existing models (Lie and Irwin 1995; Han et al. 2002; Han and Huo 2003; Yang et al.
2008; Yin et al. 2006; Chung et al. 2008; Schaumann et al. 2009; Ibanez et al. 2013).
There are lacks of accurate and efficient computational models using the approach of fiber
element analysis for the simulations of the fire and post-fire responses of CFST
rectangular columns loaded concentrically and eccentrically including local buckling
effects. These have hindered the development of economical and safe composite
buildings and infrastructure. These lacks have become much more important due to the
climate changes, which demand low costs, lightweight, high performance and sustainable
construction of composite buildings. Therefore, there is an urgent need for developing
computationally efficient and accurate mathematical models, which can predict the fire

and post-fire behavior of CFST columns of rectangular sections.

The interaction local-global buckling response of CFST slender rectangular columns
under fire exposure and after being exposed to fire is highly complicated and is a

challenging problem in structural mechanics. This research project develops
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Chapter 1 Introduction

mathematical models based on the method of fiber analysis, which can accurately predict
the fire and post-fire responses of CFST columns of rectangular sections incorporating
local-global interaction buckling. The important features, which have not been taken into
account in other existing theoretical models, are also taken into account in the
formulations. The anticipated outcomes of the project will significantly advance the
present state of knowledge and lead to accurate and robust computer simulation
technologies, which will be widely used by international researchers, practicing engineers
and code writers. The industry and communities can be benefited by employing advanced
technologies developed to design more economical, safe and sustainable composite
buildings and infrastructure and to evaluate the residual strength and stiffness of CFST

columns after fire exposure.

1.3 AIMS OF THE RESEARCH PROJECT

This research mainly aims at developing accurate and efficient computational models that
can simulate the fire responses of rectangular CFST short and slender columns at high
temperatures and the post-fire residual strengths of CFST columns after fire exposure.
The computational models consider the influences of local buckling, interaction local-
global buckling, air gap at the steel-concrete interface, tensile concrete behavior and
deformations induced by preloads. The computer software ANSYS is utilized to simulate
the nonlinear behavior of local and post-local buckling in steel plates of rectangular CFST
columns exposed to fire. Expressions for calculating the critical local-buckling stresses
in addition to the strengths of post-local buckling of steel plates subjected to high

temperatures are developed and implemented in the mathematical models to consider
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Chapter 1 Introduction

local buckling influences on the fire and post-fire behavior of CFST columns. The
available test results as well as numerical solutions are employed to verify the numerical
models. The verified mathematical models are utilized to demonstrate the significance of

important parameters on the fire and post-fire responses of CFST columns.

Specific aims are to:

e Develop design equations for quantifying the critical stresses at the onset of local-
buckling in addition to the post-local buckling strengths of steel plates in CFST
rectangular columns exposed to fire.

e Develop a computational model that can compute the fire resistance of short CFST
columns loaded axially exposed to high temperatures.

e Develop a computational model for fire-response nonlinear analysis of slender
CFST columns loaded concentrically exposed to high temperatures.

e Develop a mathematical modeling technique for quantifying the fire responses of
eccentrically loaded CFST slender columns exposed to fire loads.

e Develop a computer model for predicting the post-fire behavior of CFST shot
columns after being exposed to high temperatures generated by fire.

e Verify the computational models developed by existing experimental and
numerical results.

e Use computer models developed to demonstrate the significance of geometric and
material parameters on the fire and post-fire performance of CFST short and

slender columns.
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Chapter 1 Introduction

1.4 LAYOUT OF THE THESIS

This thesis contains seven chapters. Chapter 2 provides a literature review on the most
relevant studies on the behavior of CFST columns at ambient and high temperatures.
Firstly, a review on the publications on the initial local buckling as well as post-local
buckling of thin steel plates exposed to ambient and high temperatures is presented.
Numerical works in addition to experiments on the structural performance of CFST
columns at ambient temperature are then discussed. Extensive reviews are devoted to
experimental and computational investigations on CFST columns under fire exposure.
Finally, research work on the post-fire structural behavior of CFST columns is

highlighted.

Chapter 3 is devoted to the material and geometric nonlinear analysis of steel plate
elements subjected to non-uniform stresses in rectangular CFST columns exposed to fire.
Finite element models are created using the program ANSYS to determine the critical
local buckling in addition to the post-buckling responses of steel plates exposed to high
temperatures. The finite element models consider the initial geometric imperfection of
plates as well as residual stresses in addition to the temperature-dependent material
properties of steel. Formulas are proposed that can be used to quantify the critical local-
buckling stresses and the post-local buckling strengths of steel plates subjected to stress
gradients and exposed to high temperatures. Effective width expressions that determine
the post-local buckling strength of steel plates at different levels of temperatures are also
proposed. The equations proposed are verified by means of comparisons with

independent solutions. These equations can be implemented in computational techniques
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Chapter 1 Introduction

to include local-buckling effects on the structural responses of CFST columns exposed to

fire.

In Chapter 4, a computational model for thermal and stress nonlinear analysis of
concentrically loaded CFST short columns exposed to fire loading considering local
buckling is developed. A sequentially coupled analysis procedure is proposed for the
thermal and stress analyses. The model uses the method of fiber analysis to discretize the
column cross-section. In the thermal analysis, the finite difference approach is utilized to
ascertain the temperature distribution in cross-sections. The temperature-dependent
stress-strain relations of concrete and steel are employed in the formulation of the
computational model. The expressions, which are used to estimate the critical stresses of
local-buckling and the strength of post-local buckling of steel plates presented in Chapter
3 are incorporated in the computer modeling procedure to consider their influences on the
fire behavior of CFST columns. Parametric studies are carried out by means of employing
the computational modeling technique developed to ascertain the influences of important
features, such as section geometry, loading ratio in addition to local buckling on the

strength and fire resistance of CFST short columns exposed to elevated temperatures.

Chapter 5 describes the computational models developed for the simulations of the fire
resistance and behavior of CFST slender columns loaded concentrically and eccentrically
considering local-global interaction buckling. The temperature fields in cross-sections are
determined by the thermal analysis. The formulation of the computer model accounts for
the effects of air gap at the concrete-steel interface, temperature-dependent material

behavior, concrete tensile strength, initial geometric imperfection, second order,
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Chapter 1 Introduction

deformations caused by preloads, and local-global interaction buckling. The computer
procedure is proposed and described, which can calculate the interaction local-global
buckling responses and fire resistance of CFST slender columns loaded concentrically
and eccentrically under fire exposure. The accuracy of the computational model is
established by means of comparisons with experimental results and employed to examine

the structural responses of loaded CFST columns to fire loading.

A nonlinear post-fire computational model including local buckling effects for
quantifying the residual stiffness and strengths of CFST stub columns loaded
concentrically to failure and after being exposed to fire is presented in Chapter 6. The
mathematical model implements the post-fire material constitutive relations of steel and
concrete. The gradual post-local buckling of steel tubes is modeled by using the concept
of effective widths. The established experimental data is utilized to validate the nonlinear
post-fire computer model. The significance of local buckling, material strengths and
width-to-thickness ratio on the post-fire performance of CFST short columns is

demonstrated by the post-fire computer simulation technique.

Chapter 7 highlights the most important remarks concluded from the research study. The
remarkable achievement are summarized, and the further research studies are

recommended.
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Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

Structural fire engineering research is to quantify the performance of structural systems
under fire exposure and has been an important and active research area for a few decades.
The research findings are utilized to propose design guides for the structural fire
engineering design of structural systems. During fire exposure, structural members and
systems experience ambient temperature, heating by fire, cooling and post-fire. The
heating and cooling process significantly alters material properties and induces nonlinear
responses in structural members. The behavior of structural members at different
temperatures during fire exposure is significantly different and can be evaluated by both
experimental and numerical methods. This thesis focuses on numerical studies on the fire
and post-fire responses of thin-walled rectangular concrete-filled steel tubular (CFST)

columns where thin-walled steel tubes buckle locally outward.

This chapter presents a literature review on structural and structural fire engineering
research studies on CFST columns. Although this thesis focuses on the fire performance
and post-fire behavior of CFST rectangular columns, research investigations on the

structural behavior of circular and rectangular CFST columns at ambient temperature are
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also reviewed in order to understand important issues associated with CFST columns.
Several books and design guides have been published on steel-concrete composite
structures and CFST columns (Wang 2002; Zhao et al. 2010; Liang 2014; Liew and Xiong
2015; Patel et al. 2015a; Patel et al. 2018; Han et al. 2018). Published work dealing with
the critical local buckling as well as post-local buckling of thin steel plates at ambient and
high temperatures is firstly reviewed. This is followed by discussions on experimental
and numerical studies of CFST columns at ambient temperature. Extensive reviews are
devoted to publications on CFST columns at elevated temperatures, including standard
fire testes on CFST columns and their nonlinear analyses under fire exposure. Finally,

published papers on the post-fire structural behavior of CFST columns are discussed.

2.2 LOCAL AND POST-LOCAL BUCKLING OF STEEL PLATES

2.2.1 Thin steel plates at ambient temperature

There have been many studies on the critical local and post-local buckling behavior of
steel plates at ambient temperature (Timoshenko and Gere 1963; Bulson 1970). Usami
(1982) derived effective width expressions for estimating the post-buckling strengths of
rectangular plates subjected to in-plane bending and compression. Usami (1993) extended
the previous study by performing elastic-plastic large displacement finite element
analyses considering residual stresses and initial imperfection to introduce a set of
formulas to predict the effective width of simply supported steel plates. Azhari and
Bradford (1991) utilized the method of semi-analytical finite strip to quantify the elastic

local buckling loads of steel I-sections where the webs were stiffened longitudinally
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subjected to bending. The study was to optimize the location of the longitudinal stiffeners

for obtaining higher buckling resistances.

Wright (1993, 1994) presented a theoretical investigation into the elastic local buckling
characteristics of thin steel plates that were restrained by concrete. The theoretical model
was formulated on the basic of the energy method presented by Timoshenko and Gere
(1963). The initial imperfection of the plate was considered in the analysis while residual
stresses were explicitly included by applying a safety factor to the yield strength of steel
plates. The width-to-thickness limits on steel plates restrained by concrete against local
buckling were derived for the design of such plates in steel-concrete composite members

with various boundary conditions.

Liang and Uy (1998, 2000) investigated numerically the critical local and post-local
buckling responses of clamped thin steel plates in rectangular CFST columns loaded
concentrically. The steel plates under investigation were subjected to uniform in-plane
stresses. They utilized the finite element analysis system STRAND 6.1 to develop finite
element models to simulate the nonlinear critical local and post-local buckling behavior
of steel plates with clamped boundary conditions. The significance of width-to-thickness
ratios, residual stresses and geometric imperfections on the post-local buckling strengths
of thin plates was studied. Liang et al. (2004) employed the finite element software
STRAND?7 to quantify the critical local buckling stresses as well as the post-local
buckling strengths of steel skins in double-skin steel-concrete composite panels subjected
to in-plane shear and biaxial compression. The initial imperfection was taken as 0.003b,

where b stands for the plate element width. The four edges of a steel plate element
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between stud connectors were clamped, which reflected the restraint offered by the rigid

concrete in real construction.

Liang et al. (2007) performed numerical investigations into the critical local and post-
local buckling responses of steel plates that formed a CFST column of rectangular cross-
section that were loaded biaxially. The steel tube walls of the CFST rectangular column
were restrained rotationally by the rigid concrete infill so that square steel plates with
clamped edge conditions were considered based on the suggestion given by Liang and
Uy (2000). The finite element model was developed for the nonlinear inelastic analysis
of thin steel plates that accounted for the influences of residual stresses in addition to
geometric imperfection. Steel plates under investigations were subjected to gradient
stresses, which included non-uniform and uniform edge compressive stresses and bending
stresses. Mathematical expressions for the determination of the initial local buckling
stresses of clamped steel plates subjected to stress gradients were developed based on
finite element results. The effective strength and width equations were also derived for
thin steel tube walls of CFST columns loaded biaxially. These analytical models proposed
can be incorporated in computer modeling procedures to consider the influences of local

and post-local buckling on the structural behavior of thin-walled CFST columns.

Bedair (2009) investigated the effects of the interaction of flanges and web on the critical
local buckling stresses and the post-local buckling strengths of steel H-shape columns.
The restraints on the edges of the plate accounted for the influence of the geometry of
flanges and web and its effect on the local buckling and ultimate strength of steel columns

was included in the analytical method. Ragheb (2010) employed an analytical model to
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investigate the local buckling behavior of pultruded fiber-reinforced polymer (FRP)
columns loaded eccentrically. The model ignored the geometry imperfection. Although
this model could be applied to other sections, the parametric study was conducted on I-
section columns only. Ragheb (2015) presented an inelastic stability model considering
residual stresses for determining the local-buckling loads of flanges and web in steel I-
beams taking the interaction of flange and web into account. It was shown that the
predicted results differed from the calculations by the codified methods. The width-to-
thickness ratios of flanges and web were found to have a remarkable influence on the

local buckling of web and flange plate elements.

2.2.2 Thin steel plates at elevated temperatures

Knobloch and Fontona (2006) proposed a strain-based method of effective widths for
estimating the post-local buckling strengths of stiffened and unstiffened plate elements in
steel sections exposed to high temperatures. The method accounted for the influences of
plastic strain, distribution of plastic stress and material nonlinear strain-dependent
properties of steel at high temperatures. The method of effective width underlying the
strain principle does not require the classification of steel cross-sections and can be used
directly in the design of unstiffened and stiffened plates in steel cross-sections under fire
exposure. It was reported that there was a good correlation between calculations by the

strain-based effective width method and finite element analysis results.

Heidarpour and Bradford (2007) employed the method of semi-analytical finite strip to

investigate the local buckling behavior of flange outstands in steel beams exposed to high
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temperatures. The cubic functions were used to describe the buckling displacements of
flange outstands exposed to high temperatures. The formulation considered residual
stresses presented in the flange outstands in steel beams. Based on the finite strip analysis
results, the limits of slenderness on flange outstands subjected to high temperatures were
proposed, which recognized the degradation in material properties at high temperatures.
The analysis was used to obtain the critical local buckling temperatures for flange
outstands with pinned or clamped edge supports. It was shown that residual stresses had

an insignificant influence on the buckling strength of flange outstands.

The finite element software SAFER was used by Quiel and Garlock (2010) to undertake
nonlinear analyses on steel plates exposed to high temperatures. It was assumed that the
unloaded edges of the steel plate were either fixed or simply-supported whereas the
loaded edges were simply-supported. The finite element model of steel plates did not
include residual stresses. The plate geometric imperfections of b/200 and 0.1t, where b
stands for the width of the plate and t its thickness, were considered in the nonlinear
analysis. Steel plates subjected to uniform compressive stresses and stress gradients were
analyzed to determine their ultimate strengths when exposed to high temperatures.
Expressions for effective widths were developed based on AISC specifications (2005)

and Eurocode (EC3 2003 & 2004) for steel plates subjected to high temperatures.

Couto et al. (2014) conducted finite element analyses on the local buckling responses of
steel plates with simply-supported edge conditions under exposure to high temperatures.
The finite element software SAFER was utilized in the investigations. Rectangular steel

plates with an aspect ratio of 4 under either compressive edge stresses or in-plane bending
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were analyzed. The local buckling model of steel plates subjected to high temperatures
incorporated the residual stress pattern at room temperature. The geometric imperfection
of a steel plate was specified as its first buckling mode determined by the linear buckling
analysis. Effective width equations were derived for the estimation of the post-local

buckling strengths of plates with simply-supported edges exposed to high temperatures.

Experiments on the local-buckling behavior of axially-loaded short steel columns
exposed to high temperatures were performed by Wang et al. (2014). Twelve welded steel
H-section columns with two different yield strengths were fabricated and tested. It was
observed that all specimens tested at ambient temperature failed by local buckling before
attaining their section capacities. Under exposure to high temperatures, the strength of
steel columns with higher yield strength decreased rapidly and they were more vulnerable
to local buckling. The comparison of experiment with results computed by the design
approach given in Eurocode 3 (2004) indicated that the codified method generally
overestimated the strengths of short steel columns. The finite element program ABAQUS
was utilized to simulate the experimental behavior of short steel columns at elevated
temperatures accounting for residual stresses at ambient temperatures as well as

geometric imperfection of 0.01t.

Ragheb (2016) presented an inelastic stability model for ascertaining the critical local
buckling loads of I-section columns exposed to fire that ignored the effect of residual
stresses. Expression were given for the estimation of the critical local buckling loads of
the web and flanges in terms of the critical strain at which local buckling occurs. The

study showed that there was no difference in the critical strain in the steel plate element
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at different temperatures. The local buckling load of steel plate elements was sensitive to
the geometry of the flanges and web but not to the steel yield strength at elevated
temperatures. The study confirmed that the approach specified in AISC (2005)
overestimated the critical local bucking load of steel flanges and web in I-section steel

columns under exposure to high temperatures.

2.3 CFST COLUMNS AT AMBIENT TEMPERATURE

2.3.1 Experimental works on CFST columns

Research into the behavior of CFST columns has been undertaken since the early time of
the last century. Experiments on the strengths of CFST columns were pioneered by
Kloppel and Goder (1957). Furlong (1967) undertook tests to study the responses of
CFST short columns having circular and square sections loaded eccentrically. The
experimental program examined the significance of the width-to-thickness ratio as well
as the confinement offered by the steel tube on the ultimate strengths of CFST columns.
The width-to-thickness ratios of tested specimens varied from 29 to 98. It was found that
the concrete infill was confined by the circular steel tube so that the compressive strength
and ductility of concrete improved while the square steel tube exerted little confinement
to the concrete. Knowles and Park (1969) undertook experiments on square and circular
CFST columns to ascertain the effects of the confinement and column slenderness on the
column ductility and strength. Local buckling was not observed in the tested columns

owing to their small section slenderness ratios.
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Bridge (1976) conducted an experimental research into the structural behavior of pin-
ended square CFST slender beam-columns subjected to biaxial bending and axial
compression. The tested columns had the cross-sectional dimensions of 300x300 mm and
the width-to-thickness ratio of 20 so that the steel sections were compact. The sensitivities
of the ultimate strengths of CFST slender columns to the angle of applied loads, column
slenderness, and the loading eccentricity were examined in the experimental program. It
was observed that increasing either the column slenderness or the loading eccentricity
markedly reduced the ultimate strengths of biaxially loaded CFST columns of square
sections. However, the loading angle was found to have an insignificant influence on the
column ultimate strength. The evaluations of composite design rules for CFST columns
against experimental measurements were undertaken. It was reported that the simplified
design method underlying the equivalent pin-ended column model with moment
amplifications yielded un-conservative results for CFST columns. However, the design
method could produce satisfactory results if the effective flexural stiffness of composite

columns was used in the calculations.

Sahkir-Khalil and Zeghiche (1989) performed tests on seven full-scale slender
rectangular CFST beam-columns. One of the columns was loaded concentrically to
failure while every two other columns were loaded eccentrically about the strong axis,
the weak axis and both axes. The column cross-sections had the depth-to-thickness ratio
of 24 and width-to-thickness ratio of 16, which were considered compact. Shakir-Khalil
and Mouli (1990) undertook further experiments on uniaxially loaded CFST slender
rectangular columns with the depth-to-thickness ratios of 24, 30 and 40. The study

investigated the influences of concrete and steel strengths and the cross-sectional sizes in

G. M. Kamil: Nonlinear Analysis of Rectangular Concrete-Filled Steel Tubular Columns at Elevated Temperatures 19



Chapter 2 Literature Review

addition to the column slenderness ratio on the behavior of CFST columns. The
aforementioned tests showed that the cause for the failure of all tested columns was the

overall buckling without local plate buckling owing to small section slenderness ratios.

Experiments on the load-axial strain performance of square, circular and rectangular
CFST short columns under axial compression were undertaken by Schneider (1998). The
study investigated the significance of cross-sectional shape and depth-to-thickness ratio
on the performance of CFST columns. The depth-to-thickness ratios of these columns
ranged from 17 to 50. Circular CFST columns were shown to have higher initial axial
stiffness, ultimate strength and local buckling strength compared to other shapes. With
increasing the depth-to-thickness ratio, the ultimate strength of CFST columns decreased
significantly. It was observed that the strain-hardening behavior occurred in circular
CFST columns, but it occurred only in rectangular and square sections that had the depth-

to-thickness ratio less than 20.

Bridge and O’Shea (1998) studied experimentally the effect of the concrete filling on the
performance of CFST columns with width-to-thickness ratios ranging from 37 to 131
subjected to concentric loads. Test results showed that the unilateral local buckling of the
square steel tubes caused the failure of CFST square columns while inward local buckling
was effectively prevented by the concrete infill. It was evident that the ultimate axial
strengths of CFST columns were markedly reduced by local buckling. O’Shea and Bridge
(2000) also undertook experimental studies on the responses of short circular CFST
columns loaded axially. The diameter-to-thickness ratios of these circular columns ranged

from 60 to 220, which were relatively large. It was clearly shown that the unilateral local
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buckling of circular sections had a considerable effect on the column ultimate strengths.
It was concluded that the results predicted by the approach provided in Eurocode 4 (1992)
were conservative for eccentrically loaded CFST columns constructed by normal strength

concrete when compared with experimentally measured values.

Uy (2000) undertook experimental programs to study the local and post-local buckling
behavior of CFST columns with square thin-walled steel sections subjected to eccentric
loads. The width-to-thickness ratios of the 30 tested specimens varied from 40 to 50, 60,
80 and 100. It was reported that the failure modes of these square CFST columns having
large plate element slenderness ratios were the unilateral local buckling of steel tubes

coupling with concrete crushing.

The influences of the depth-to-width ratio and constraining factors on the structural
responses of rectangular CFST columns loaded axially were examined by Han (2002) by
means of conducting experiments. A confinement factor was proposed, which reflected
the composite action in composite section. The performance of short CFST columns of
rectangular sections under sustained loading was reported by Han and Yang (2003). The
parameters examined in the experiment were the steel ratio, preload load level, column
slenderness ratio, material properties, and the depth-to-thickness ratio. Design formulas
for estimating the ultimate strength of short CFST columns that were under long-term
sustained loads were proposed. Zhang et al. (2003) investigated the influences of the steel
ratio, load eccentricity and column slenderness ratio on structural behavior by testing

eight square CFST columns constructed with high strength concrete. The ultimate axial
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load of CFST beam-columns was decreased remarkably by the increase in the column

slenderness, load eccentricity and width-to-thickness ratio.

Fujimoto et al. (2004) determined the responses of high-strength short CFST columns of
square and circular sections subjected to eccentric loads by the experimental method. The
tested column sections had the depth-to-thickness ratios varying from 27 to 101. It was
found that the ductility of square CFST columns decreased with increasing the concrete
strength. With smaller diameter-to-thickness ratios, circular CFST columns could exhibit
very ductile behavior. The study highlighted the importance of incorporating the effect of

the unilateral local-buckling of steel tubes with large width-to-thickness ratios.

Reports on the structural behavior of CFST rectangular columns made of high strength
concrete that were loaded eccentrically to failure were given by Liu (2006). Both short
and slender steel columns filled 60 MPa concrete were considered in the experimental
investigations. It was observed that thin-walled steel tubes underwent the outward local
buckling owing to the restraint of the concrete infill. Test results were compared with
those predicted by the design method given in Eurocode 4 (2004). The comparison
showed that the codified approach estimated well the measured responses of CFST
columns under axial loading, but the margin of conservatism of the strength estimations
of uniaxially loaded columns increased with increasing the eccentricity ratio. Lue et al.
(2007) studied the performance of slender rectangular tubular steel columns having the
depth-to-thickness ratio of 33 that were filled with concrete having different strengths. It
was reported that the local buckling of steel tubes with thin-walled sections occurred in

tested columns constructed by higher strength concrete.
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Qu et al. (2013) performed experiments on the structural responses of 17 rectangular stub
CFST columns that were loaded eccentrically to failure. The cross-sections under
investigations had the depth-to-thickness ratios of 36, 45 and 52. The study aimed to
examine the significance of several parameters on the column performance, which
included material strengths, cross-sectional dimensions and loading eccentricity. The
columns were under axial compression and either uniaxial bending or biaxial bending.
The outward local buckling occurred on three tube walls in compression zones in columns
under uniaxial bending while it took place on the two adjacent tube walls in columns
loaded biaxially. A steel enhancing factor was introduced to consider the concrete

contribution to the steel tube resistance against the unilateral local buckling.

More recently, Li et al. (2018) presented an experimental study on the performance of
high strength stub CFST square columns that were constructed with high strength
concrete and loaded eccentrically. The width-to-thickness ratios of specimens were 25,
30 and 38, and eccentric loads with the eccentricity ratios of 0.133, 0.233, 0.333 and 0.433
were applied to the columns. The effects of loading eccentricity and steel ratio on the
strength and ductility of CFST columns were examined. Experimental observations

showed that local buckling took place in the compression zones of all specimens.

2.3.2 Nonlinear analysis of CFST columns

In comparison with experimental methods, nonlinear analysis techniques are cost-

effective alternatives that could be used to ascertain the structural behavior of short and

slender CFST columns made of circular, square and rectangular sections that are
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subjected to either concentric or eccentric loads. Generally, researchers have used either
commercial finite element programs, fiber-based numerical models or analytical models
to predict the structural behavior of CFST columns. Papers dealing with numerical

modeling of CFST columns subjected to mechanical loads are reviewed in this section.

Schneider (1998) presented a nonlinear three-dimensional model of the behavior of CFST
short columns with rectangular and circular sections. The model was created by utilizing
the finite element software ABAQUS. The inelastic behavior of materials was considered
in the simulation. The results obtained showed that the model of finite element was
capable of reproducing the measured responses of CFST columns with reasonable
accuracy. An analytical procedure was given by Vrcelj and Uy (2002), which calculated
the strengths of high-strength CFST square columns. However, the analytical procedure

ignored the effects of confinement on concrete ductility and local buckling of steel tubes.

Hu et al. (2003) utilized the ABAQUS package to simulate the responses of nonlinear
circular and square short CFST columns. The nonlinearities of concrete and steel
materials in addition to the interaction of concrete and steel components were taken into
consideration in the modeling. Confining pressure models and strength degradation
factors that were applied to confined concrete in CFST columns were developed by means
of the finite element simulations of measured responses of CFST columns. The proposed
constitutive laws of confined concrete can be implemented in computer modeling
techniques for the nonlinear simulations of CFST columns.

Liang et al. (2006) developed a computational model utilizing the approach of fiber

analysis for quantifying the strength and behavior of stub CFST columns of square and
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rectangular sections loaded concentrically to failure. The fiber model incorporated the
post-local buckling effect on the structural behavior of CFST short columns under axial
compression by means of employing the effective width equations developed by Liang
and Uy (2000). The developed model was verified by the established experimental data.
The model was employed to examine the sensitivities of the strengths of CFST columns
to important parameters, such as material strengths as well as the width-to-thickness
ratios. It was demonstrated that the unilateral local-buckling of thin-walled sections had

a marked influence on the ultimate axial loads of CFST columns.

Liang (2009a) developed a performance-based analysis (PBA) model for the simulation
of short rectangular CFST columns fabricated with thin-walled sections that are subjected
to biaxial bending and axial compression. The PBA technique was formulated by using
the method of fiber analysis. The critical local and post-local buckling models derived by
Liang et al. (2007) were implemented in the PBA procedure to taken into account the
influences of the gradual post-local buckling of steel tubes on structural behavior. For this
purpose, a numerical modeling scheme was specially developed that gradually
redistributed the in-plane stresses from the heavily buckled region to the edge strips in
the steel tube wall in accordance with the concept of effective widths. Computational
procedures were proposed for the predictions of the load-axial strain behavior and axial
load-moment-curvature responses of CFST columns considering local buckling.
Numerical solution algorithms were developed that implemented the secant method to
solve the dynamic nonlinear equilibrium equations generated in the incremental-iterative
analysis process. The developed PBA model was verified through available test results

with good accuracy by Liang (2009b). A computer program implementing the PBA
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models was written and employed to study the structural behavior of CFST columns
considering various parameters. Numerical results obtained formed the basis of the
fundamental behavior of CFST thin-walled columns subjected to biaxial loads. The PBA
technique can be employed to design and analyze biaxially loaded stub square and

rectangular CFST columns with slender, non-compact or compact steel sections.

A three-dimensional finite element model was described by Tao et al. (2011) by utilizing
ABAQUS package, which simulated the structural behavior of short concrete-filled
stainless-steel tubular (CFSST) columns loaded concentrically. The geometric
imperfection was considered using the formula presented by Tao et al. (2009), which had
the value 0of 0.01 times the width of the section for columns made of carbon steel. Residual
stresses were assumed to have an insignificant influence so that they were ignored in the
analysis. The width-to-thickness ratios of cross-sections varying from 18 to 54 were
considered in the parametric study. Investigations on the significance of the stainless-
steel grade, initial imperfection, enhanced strength of corners, concrete compressive
strength, proof strength and width-to-thickness ratio on structural performance were
undertaken. It was shown that stainless-steel composite columns possessed better
ductility and strength compared with the ones fabricated by carbon steel tubes. This was
owing to the strain-hardening characteristics of stainless-steel. A simple equation was

proposed for estimating the ultimate axial loads of short CFSST columns.

Liang (2011a) proposed a mathematical modeling technique for the predictions of the
structural responses of slender CFST circular beam-columns constructed by high-strength

materials loaded eccentrically to failure. The formulation of the mathematical model was
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based on the approach of fiber analysis. The mathematical model accounted for the
influences of concrete confinement that was provided by the circular steel tube, second
order induced by the interaction of axial load and deformations and initial deflections.
The part-sine wave displacement function was used to represent the deformed shape of
slender pin-ended CFST beam-columns. Computer simulation procedures were
developed that calculated the deflections and axial load-moment interaction envelops of
slender CFST columns that were subjected to combined bending and axial load. In
accordance with the secant method, computer algorithms were programed to produce
converged solutions to the dynamic nonlinear incremental equilibrium functions for
slender CFST beam-columns. The algorithms iteratively adjusted the depth of neutral axis
in the cross-section to satisfy the equilibrium of moment at the column mid-length in the
load-deflection analysis, and the curvature to meet the fore and moment equilibrium
conditions at the column mid-length in the analysis of load-moment interaction strength.
Liang (2011b) used the established experimental results to verify the computer model
proposed with good accuracy. The verified computer model was then employed to
undertake extensive parametric studies on the structural behavior of slender CFST
columns. The influence of concrete conferment on the column strength curves was

demonstrated by using the theoretical model.

Liang et al. (2012) developed a multiscale computational model for the predictions of the
structural responses of rectangular slender CFST pin-ended beam-columns made of high-
strength materials subjected to biaxial bending and axial load. The mesoscale model was
formulated by the method of fiber analysis that simulated the inelastic nonlinear behavior

of cross-sections under biaxial loads. The influence of the gradual post-local buckling of
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steel tubes made of thin-walled sections was taken into account in the formulation at the
mesoscale level. Expressions derived by Liang et al. (2007) were adopted to compute the
critical local-buckling stresses, post-local buckling strengths and effective widths of thin
steel plates that were subjected to stress gradients. The numerical simulation scheme
programed by Liang (2009a) was adopted to model the gradual post-local buckling of
steel tube that formed a CFST column based on the concept of effective widths. The
macroscale model was developed for the simulation of strength envelopes and deflection
responses of slender CFST columns that were loaded biaxially. Computer algorithms
underlying Miiller’s numerical method were programed to solve dynamic nonlinear
equilibrium functions of biaxially-loaded slender columns. Numerical modeling
procedures for computing strength envelopes as well as deflection responses of slender
CFST beam-columns were given. Patel et al. (2015b) verified the multiscale
mathematical model presented by Liang et al. (2012) by comparisons with independent
experimentally measured data. The multiscale model was used to demonstrate the
significance of important parameters on the axial strength, strength reduction factor and

steel and concrete contribution ratios of high-strength CFST slender columns.

Patel et al. (2012a) presented a nonlinear fiber modeling technique for analyzing high-
strength CFST rectangular beam-columns that were under axial load and uniaxial
bending. The models of local and post-local buckling derived by Liang et al (2007) were
utilized to take into account the local buckling effect of clamped steel plates in CFST
columns. The nonlinear inelastic material behavior was adopted in the simulations.
Miiller’s method was implemented in computational algorithms to solve the stability

equations of pin-ended slender CFST beam-columns. Computer algorithms for the
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predictions of the axial load-lateral deflection and strength interaction curves were
developed. Patel et al. (2012b) examined the accuracy of the mathematical model by
means of comparing computations with experimentally measured data on slender CFST
beam-columns. The agreement between theory and experiment was shown to be good.
An extensive parametric study was undertaken to highlight the influences of local
buckling, loading eccentricity and geometric properties and material strengths on the

nonlinear behavior of high-strength CFST columns subjected to uniaxial bending.

2.4 CFST COLUMNS AT ELEVATED TEMPERATURES

2.4.1 Standard fire tests on CFST columns

Lie and Chabot (1992) carried out standard fire tests to ascertain the fire resistance of
full-scale CFST slender columns of circular and square sections constructed by plain
concrete. In a standard fire test, the CFST column was exposed to heating in a furnace
that was specially constructed for testing columns loaded concentrically and
eccentrically. The temperatures generated by heating in the furnace were controlled so
that the average temperatures followed the standard temperature-time curve defined in
ASTM-E119 (1985) or CAN/ULC-S101 (1982). The sensitivities of fire responses of
CFST columns to the sectional dimension, section type, the applied load ratio, the column
slenderness, and loading eccentricity were investigated. Six square CFST columns were

loaded axially with the B / t ratios varying from 24 to 48. The compressive strengths of

concrete varied from 46.5 MPa to 58.3 MPa while steel tubes had a yield strength of 350

MPa. The tested columns had either fixed or pined support conditions. The length of all
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tested columns was 3810 mm. The test results indicated that slender CFST columns failed
by local and global interaction buckling or compression depending on the column
slenderness. The fire resistance of slender CFST columns made of circular steel sections
and fiber-reinforced concrete was studied experimentally by Kodur and Lie (1995). Six
full-scale specimens with a length of 3810 mm were tested in a furnace where the
temperatures created by heating followed the standard fire curve given in ASTM E199-
88 (1990). The columns tested had the depth-to-thickness ratios varying from 51 to 56.

Only one column failed by global buckling.

Fire tests on the fire behavior of square CFST slender columns fabricated by either fire-
resistant steel tubes of steel tubes or without protections loaded eccentrically were
conducted by Sakumoto et al. (1994). These columns had a length of 3500 mm and width-
to-thickness ratio of 33. It was confirmed that slender CFST columns failed by the local-

global interaction buckling and concrete crushing.

Han et al. (2003a) determined the fire behavior of CFST slender columns with and
without fire protected materials subjected to either axial or eccentric loading by means of
conducting standard fire tests. The experiment examined the significance of fire exposure
time, cross-sectional area, columns slenderness, load eccentricity and material strengths
of concrete and steel on the fire performance of CFST columns. Eleven columns with a
length of 3810 mm and pined support conditions were tested in a furnace where the
average temperatures followed the standard fire curve defined in ISO-834 (1975). The
study showed that material properties, loading eccentricity and steel ratio had a moderate

effect on the fire resistance. However, the fire resistance of CFST columns was
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significantly affected by the protection thickness, column slenderness and cross-sectional
area. The failure of square slender CFST columns was caused by the local and global

interaction buckling.

The fire performance of slender CFST square columns loaded axially was reported by
Choi et al (2005). The specimens made of normal strength concrete and steel had the
width-to-thickness ratios of 33.3 and 38.9. The columns were tested under pin-ended
support conditions that had a length of 3500 mm. However, only part of the CFST column
was heated in the furnace during exposure to high temperatures. The heated length of the

columns varied from 2400 mm to 3000 mm.

Experimental investigations into the structural responses of short CFST columns with
square and rectangular sections under fire exposure have been extremely limited. Lu et
al. (2009) conducted experimental studies on the fire behavior of square CFST stub
columns constructed with self-consolidation concrete. These columns were subjected to
constant loads during fire exposure that simulated the standard fire temperature-time
curve give in ISO-834 (1980). Two of the six columns were loaded eccentrically while
others were under axial compression. Other variables examined were section size and
loading level. The cross-sections of these columns had the width-to-thickness ratios of
30 and 33. It was reported that CFST short columns exhibited ductile performance and
the integrity of the columns was maintained during fire exposure. Short CFST columns

of square sections failed by the unilateral local buckling in addition to concrete crushing.
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Romero et al. (2011) undertook experimental research into the fire behavior of sixteen
concentrically loaded CFST slender circular columns made of either fiber-reinforced
concrete, steel rebar-reinforced concrete or plain concrete. The columns, which had a

length of 3810 mm and D /tg ratio of 26.5, were under an axial load with the load ratios

of 0.2 and 0.4. It was confirmed that using steel rebar-reinforced concrete markedly
improved the fire resistance of CFST columns. The tested results were utilized to verify
a design model proposed previously by the authors and it was extended to CFST column
with high strength concrete. It was shown that the simplified design approach given in
Eurocode 4 (2005) needed to be revised in order to yield realistic predictions of the fire

resistance of CFST columns under concentric loads.

Han et al. (2013) presented a report on the experimental results of CFSST columns under
fire exposure. Five square and circular full-scale CFSST slender columns subjected to
constant axial loads were tested in a furnace to investigate the influences of sectional
shape, cross-sectional dimension, and the axial load level on the structural responses to
fire effects. The depth-to-thickness ratios of sections were 60 and 63. The experiments
showed that the section dimensions as well as axial load levels had remarkable effects on

the fire performance of CFSST columns.

The fire behavior of elliptical and rectangular slender pin-ended CFST columns that were
loaded concentrically and eccentrically under standard fire exposure specified in ISO-834
was investigated experimentally by Espinos et al. (2015a). The width-to-thickness ratios
of rectangular cross-sections were 15, 25 and 35. The constant load applied to the columns

with a length of 3180 mm was equal to 20% of the column ultimate axial load at ambient
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temperature. The structural responses and fire resistance of six elliptical columns and
twelve rectangular columns subjected to fire effects were measured. The significance of
the percentage of reinforcement, cross-sectional shape as well as loading eccentricity on
the fire resistance was examined. Test results indicated that the failure of all circular
columns was caused by global buckling while rectangular columns failed by local and
global interaction buckling. It was found that the addition of reinforcing bars improved
the strengths of slender CFST columns and the loading eccentricity had a remarkable

effect on their fire resistance.

Espinos et al. (2015b) conducted standard fire tests on steel tubular slender columns made
of square and circular sections filled with rebar-reinforced concrete subjected to large
eccentricities. The parameters examined were section shape, section dimensions, and
reinforcement ratio as well as loading eccentricity. The loads with the eccentricity ratios
of 0.5 and 0.75 were applied to columns before heating and were maintained constant
during fire exposure. Square sections had the width-to-thickness ratios of 18.75 and 22.
The columns with a length of 3180 mm were pinned at both ends. It was found that the
failure of all columns tested was global buckling. The fire performance of circular
columns in terms of strength and fire resistance was higher than that of square ones.
Increasing the loading eccentricity remarkably reduced the fire resistance. However,
increasing the percentage of reinforcement markedly improved the fire resistance as well
as the column strength.

Experimental investigations on the structural responses of concentrically loaded CFSST
slender square and circular columns with pin-ended conditions to fire effects were

undertaken by Tao et al. (2016). All six columns tested had the section depth of 200 mm
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and a length of 1870 mm. The axial load ratios ranged from 0.28 to 0.48, which was
defined as the ratio of the axial load applied to the column to its ultimate axial strength
calculated in accordance with Eurocode 4 (2005). The significance of the reinforcement
ratio, sectional shape and axial load ratio on the fire performance was evaluated by
standard fire tests. Test observations indicated that all square and circular CFSST
columns under fire exposure failed by local and overall interaction buckling. Circular
CFSST columns had higher fire resistance than square columns. The fire resistance of

CFSST columns was increased by adding longitudinal steel reinforcement in the concrete.

Yang et al. (2017) conducted an experimental work on the fire behavior of square steel
tubular slender columns filled with recycled aggregate concrete. Standard fire tests on
nine specimens under concentric loading were undertaken to ascertain the influences of
the axial load ratio, the replacement ratio of recycled aggregate as well as the fire
protection thickness on the fire performance of CFST columns. Square steel sections had
the width-to-thickness ratio of 50.8. The length of specimens was 2750 mm and their
effective length taking into account the pin-ended supports was 3810 mm. The percentage
replacement of recycled aggregate ranged from 0.0% to 100%. The ratios of the axial
loads were 0.2, 0.3, 0.4 and 0.5, which were considered in the tests. The fire protection
thickness was taken as 0.0 mm, 3 mm, 6 mm and 9 mm, respectively. It was reported that
all slender columns failed by local and global interaction buckling in addition to concrete
crushing. The more serious local buckling occurred in unprotected steel tubes than
protected ones. The recycled aggregate replacement of 50% had an insignificant influence

on the resistance of CFST columns to fire effects. It was confirmed that the fire-resistance
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time of slender CFST columns was increased by either increasing the fire protection

thickness or reducing the axial load ratio.

The fire behavior of CFST slender columns made of reinforced concrete restrained axially
and rotationally by surrounding structures was experimentally investigated by Rodrigues
and Laim (2017). The parameters examined in the experimental program were the axial
and rotational restraints, sectional shape as well as column slenderness. Different cross-
sections were considered, which included circular, square, rectangular and elliptical
shapes with the depth-to-thickness ratios ranging from 15 to 35. The study demonstrated
that the stiffness of the surrounding structure had an insignificant influence on the fire
resistance. In addition, the section shape and the column slenderness had a remarkable
effect on the fire resistance. It was highlighted that the failure of slender rectangular CFST
columns with depth-to-thickness ratio of 35 was induced by local and global interaction

buckling with multiple local buckling half-waves along the column.

2.4.2 Nonlinear analysis and design of CFST columns exposed to fire

Mathematical models for calculating the temperatures, fire resistance and load-deflection
responses of slender rectangular and circular CFST columns made of fiber-reinforced
concrete, bar-reinforced concrete and plain concrete under fire exposure have been
proposed by Lie (1984, 1994), Lie and Chabot (1990), Kodur and Lie (1995), and Lie and
Irwin (1995). The models used the approach of fiber elements to mesh the cross-section
of a CFST column. The temperatures on the surface of a CFST column under fire

exposure were calculated by means of the standard temperature-time curve described in
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ASTME119 (1990). The method of finite difference was employed to compute the
temperature distribution within the column cross-section. For a specific time or
temperature, the analysis procedure for load-deflections was proposed to predict the
ultimate strength of the CFST slender column. The fire resistance of the column was
calculated by gradually increasing the fire time and repeating the above computation
process. The water content was considered in the thermal analysis. However, the
limitations of the mathematical models were that the concrete tensile strength,
deformations caused by preloads and the local buckling of rectangular thin-walled steel

sections on the fire resistance were not considered.

Wang and Kodur (1999) evaluated the accuracy of the design approach given in Eurocode
4 Part 1.2 (1994) for estimating the ultimate axial strength and flexural stiffness of
concentrically loaded CFST columns exposed to fire. For this purpose, the fire test results
on CFST columns made of fiber-reinforced concrete, bar-reinforced concrete and plain
concrete reported by Lie and Chabot (1992) were used. The comparisons showed that the
use of column buckling curve “c” and concrete models given in Eurocode 4 Part 1.2 yields
conservative predictions of structural behavior of CFST columns at elevated
temperatures. A simplified approach was proposed that estimated the resistance of CFST
columns to axial loading exposed to fire. The temperature distribution in column cross-
sections was evaluated by an approximate method derived using the results computed by

the heart transfer analysis in one-dimension.

A simple design formula was proposed by Kodur (1999) for estimating the fire resistance

of CFST columns having circular and square sections made of various types of concrete
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at elevated temperatures. The design formula incorporated the most important features
that affect the fire responses of CFST columns, including the loading eccentricity, type
of aggregate, concrete strength, column slenderness, axial load, cross-sectional
dimension, and type of concrete. The comparison with test results indicated that the
simple design formula yielded conservative fire resistances of CFST columns under

standard fire exposure.

Yin et al. (2006) described a theoretical model for calculating the fire resistance of short
CFST columns of square and circular sections under fire exposure and axial loading. The
standard fire curve given in ISO-834 (1980) was used to express the temperature-fire time
relationship for columns under fire exposure. The concrete model at elevated
temperatures given by Anderbergy and Thelandersson (1976) was adopted while Han’s
model (2001) for steel was used. The parametric study conducted demonstrated that the
circular CFST column had a slightly higher fire resistance than square one for the same
material strengths as well as steel and concrete area. However, the theoretical model did

not consider concrete moisture content and local buckling of square steel tubes.

Ding and Wang (2008) developed finite element models by utilizing the ANSYS package
to quantify the thermal and structural responses of square and circular CFST slender
columns under fire exposure. In the thermal analysis, 2D finite element model was created
to ascertain the distribution of temperatures within the cross-section of the CFST column
that was exposed to fire defined by the standard temperature-time curve provided in ISO-
834 (1980). The temperature-dependent stress-strain laws and thermal properties of

concrete and steel suggested in Eurocode 4 (2005) were used in the thermal and structural
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analyses. Important features that influenced the fire behavior were considered in the finite
element modeling, which included the air gap at the steel-concrete interface, slip between
concrete and steel components, initial deflection and concrete tensile behavior. The
results obtained confirmed that the slip between concrete and steel components was so
small that its influence on the fire resistance was minor and could be ignored. The
inclusion of an air gap at the concrete-steel interface improved the predictions of both
structural and thermal responses of CFST columns. The concrete tensile strength had an
insignificant influence on the fire resistance. The fire resistance of slender CFST columns
was considerably affected by the initial deflection. It was recommended that an initial
deflection of L/1000 at the mid-height of the column should be used in numerical
simulations. The numerical investigations presented provided useful remarks on the
realistic modeling of CFST slender columns exposed to fire, but the local buckling of

square thin-walled steel tubes was not taken into account.

A numerical model implementing the approach of fiber analysis was described by Chung
et al (2008) that predicted the fire behavior of CFST slender columns with square steel
cross-sections subjected to constant axial load. The method of finite difference was used
to quantify the distribution of temperatures in column cross-sections. It was assumed that
the thermal and stress analyses were uncoupled. The nonlinear stress analysis of CFST
columns was based on structural mechanics considering equilibrium and compatibility
equations. The numerical model was validated by experimentally measured data and was
employed to examine the influences of the available material models on the fire-resistance
of square CFST slender columns. The evaluations of material constitutive laws given by

Lie (1992), Yin et al. (2006), Eurocode 4 (2003) and AIJ code (1997) were conducted.

G. M. Kamil: Nonlinear Analysis of Rectangular Concrete-Filled Steel Tubular Columns at Elevated Temperatures 38



Chapter 2 Literature Review

The comparative studies showed that the material model specified in Eurocode 4 (2003)
produced reasonable predictions of the responses of CFST columns to fire effects. The
thermal properties and constitutive laws of concrete had a more significant effect on the
fire performance than those of structural steels. It was confirmed that the fire resistance
was markedly affected by the concrete compressive strength. The main drawbacks of the
numerical model described were: (a) the initial geometric imperfection was not included;
(b) the local buckling of steel tubes with square thin-walled sections was not considered;

(c) and the air gap and moisture content were not incorporated in the thermal analysis.

Chung et al. (2009) described a numerical model for determining the fire responses of
slender CFST square columns loaded eccentrically under fire exposure. The model used
the fiber element technique to discretize cross-sections in the thermal and stress analyses
as described by Chung et al. (2008). The numerical model was proposed to generate the
moment-curvature relationships as well as axial load-moment envelopes of eccentrically-
loaded CFST columns at elevated temperatures. Material models for steel and concrete
recommended in Eurocode 4 (2003) were adopted in the formulation of the theoretical
model. Numerical studies indicated that the steel tube had a remarkable influence on the
fire performance of CFST columns loaded eccentrically. After 30 minutes fire exposure,
the stiffness and ultimate moment capacity of CFST columns decreased rapidly. It was
confirmed that increasing the loading eccentricity decreased the fire resistance. However,
the limitations of the numerical model presented were that the effects of local buckling,
tensile strength of concrete, initial geometric imperfection and air gap between concrete

and steel components were not taken into consideration.
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Numerical models were developed by Hong and Varma (2009) for modeling the fire
behavior of slender square CFST columns loaded axially and eccentrically. A sequentially
uncoupled analysis procedure was used to conduct the fire response analysis of CFST
columns. The temperature-time curves applied to the surfaces of square CFST columns
were determined by using the available computer program Fire Dynamic Simulator. The
finite element program ABAQUS was employed to carry out the heat transfer analysis on
the CFST column to ascertain the temperature distribution within its cross-section. The
concrete moisture content of 7% was taken into account in the heat transfer analysis.
Three-dimensional models using ABAQUS were created to simulate the structural
responses of loaded CFST columns to fire effects determined from the heart transfer
analysis. The numerical models were employed to examine the sensitivities of the fire
behavior to important parameters, which included the material models for steel and
concrete, concrete tensile behavior, thermal expansion model, geometric imperfection,
composite interaction and local buckling. The sensitivity analysis indicated that the
temperature-dependent material laws of steel and concrete had significant influences on
the predicted fire performance. The continuum finite element model could not accurately
simulate the concrete tension cracking behavior. The fire responses of CFST slender
columns were considerably affected by the geometric imperfection. Since the analyzed
CFST columns had small width-to-thickness ratios that were in the range from 32 to 48,

the effect of local buckling on the fire behavior was not significant in these cases.

The finite element analyses were carried out by Lu et al. (2009) to investigate the fire
responses of square CFST short column that were constructed by high-strength steel tubes

and high-strength self-consolidating concrete. The sequentially coupled procedure of
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thermal and stress analysis in the finite element program ABAQUS was employed. The
temperature-dependent material model for concrete given by Han et al. (2003b) was used
in the analysis. The influences of concrete moisture content, concrete tensile behavior and
heat contact conductance at the steel-concrete interface were accounted for in the finite
element model. It was confirmed that the unilateral local buckling of the thin-walled steel
tubes took place before the CFST columns failed. The unilateral local-buckling and

crushing of concrete reduced the capacity of the CFST column.

Schaumann et al. (2009) employed BoFIRE a finite element software to study the
structural responses of circular and square CFST slender columns made of high-strength
concrete under fire exposure. The finite element model took the second order theory and
concrete moisture content of 10% into account. The effects of section size, cross-section
shape, column slenderness and the yield strength of steel on the structural performance
of CFST columns made of bar-reinforced concrete, fiber-reinforced concrete and plain
concrete under standard fire exposure were examined by the computer model. It was
pointed out that local buckling effects have not been incorporated in most computer
simulation techniques including BoFIRE, which might result in exaggerated results of

square CFST columns.

Three-dimensional models were developed by Espinos et al (2009, 2010) by means of
employing ABAQUS the finite element software for the simulations of the fire responses
of CFST columns of circular sections under axial loads and fire exposure. The
temperature-dependent stress-strain model for concrete proposed by Lie (1994) was used

together with concrete thermal properties at high temperatures suggested in Eurocode 2
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(2004). The computer model adopted the material constitutive relations as well as thermal
properties at elevated temperatures for structural steels specified in Eurocode 3 (2005). A
sequentially coupled procedure of thermal and stress analysis was employed in the
simulations of CFST columns under fire exposure that followed the standard fir curve
provided in ISO-834 (1980). The comparison of numerical results with fire test data was
reasonably good. The sensitivities of the fire responses of circular CFST columns to
several important parameters were investigated by Espinos et al. (2010) using the finite
element models, which included the slip between the steel and concrete, air gap at the
concrete-steel interface, geometric imperfection, material models at elevated

temperatures and moisture contents.

Dai and Lam (2012) presented numerical studies on the sensitivities of the fire behavior
of axially loaded CFST stub columns to various sectional shapes, including square,
rectangular, circular and elliptical sections. The ABAQUS software package was used to
develop 3D finite element models for the simulation of the fire behavior of stub CFST
columns under standard fire exposure. The CFST square columns had the with-to-
thickness ratios of 24.6, 23.78, 25.18 while rectangular sections had the depth-to-
thickness ratios of 33.8 31.7, 35.8 and width-to-thickness ratios of 16.9, 15.86, 17.9. The
material constitutive laws of steel and concrete at high temperatures as well as thermal
properties given in Eurocodes 3 (1993) and Eurocode 4 (1994) were used in the analysis.
Comparisons of the temperature distribution within cross-sections, critical temperatures
in steel tubes and fire resistances of CFST columns with different shapes were made.

Circular CFST columns were demonstrated to have higher fire resistance than other
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sections. However, local buckling was not incorporated in the modeling of CFST columns

with square and rectangular thin-walled sections under fire exposure.

A fiber-based finite element beam-column model was developed by Ibanez et al. (2013)
by means of utilizing the FedeasLab platform and MATLAB toolbox for the predictions
of the fire performance of circular CFST slender columns loaded concentrically to failure.
The cross-section of a circular CFAT column was meshed by fiber elements while the
column along its length was discretized into finite elements. The steel tube and concrete
components were modeled separately as individual elements in the longitudinal direction
but linked at the notes by link elements longitudinally and transversely. Mixed
formulation was employed to formulate the concrete and steel tube components. The
concrete model proposed by Lie (1994) and thermal properties of concrete given in
Eurocode 2 (2004) were adopted for normal strength concrete. The concrete model of
Kodur et al. (2004) and concrete thermal properties given by Kodur and Sultan (2003)
were used for high-strength concrete. The material laws for structural steel at high
temperatures recommended in Eurocode 3 (2005) was employed. The fiber-based model
used a sequentially coupled procedure of thermal and stress analysis to quantify the
structural behavior of CFST columns under fire exposure defined in ISO-834 (1980). The
temperature distribution within the cross-section was determined by the method of finite
difference. The gap conductance at the concrete-steel interface was considered in the
thermal analysis as well as the water content. In the nonlinear structural analysis, the
initial deflection of columns was included. It was reported that the finite element model
generally predicted well the measured fire responses of circular CFST slender columns

but could not be able to capture the responses at the last stages of fire exposure. It was
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also pointed out that further research should be focused on developing more accurate

concrete constitutive models that could be implemented in numerical simulations.

Wang and Young (2013) studied the fire performance of slender CFST circular columns
numerically. The ABAQUS package was utilized to create a three-dimensional model to
perform both nonlinear thermal and stress analyses of CFST columns. In the thermal
analysis, a 3D model was employed to determine the temperature distribution in cross-
sections. The thermal properties of concrete given in Eurocode 2 (2004) were adopted
while the steel thermal properties suggested in Eurocode 3 (2005) were used in the
thermal analysis. The moisture content, geometric imperfection, and air gap and slip
between the concrete and steel components were incorporated in the finite element
analysis. The columns were loaded with different load ratios ranged from 0.24 to 0.54. A
parametric study was undertaken to ascertain the significance of high-strength steel on
the fire behavior of CFST columns loaded axially to failure. It was reported that the
column diameter and concrete strength had more significant effects on the fire-resistance
than steel strength. If the same load ratio was applied to the column, the fire resistance

decreased by increasing the steel yield strength.

The fire responses of slender CFST columns fabricated by circular steel sections under
eccentric loads were studied numerically by Yao et al. (2016). Three-dimensional finite
element models were created by employed the ABAQUS package for the sequentially
coupled thermal and stress analyses of circular slender CFST columns under standard fire
exposure specified in ISO-834 (1980). The thermal analysis took into account an air gap

at the concrete-steel interface with a conductance of 150W/m?K. The finite element
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analysis employed the thermal properties of concrete and steel provided by Lie and Irwin
(1995), the temperature-dependent constitutive laws for concrete suggested by Han et al.
(2003b), and the temperature-dependent constitutive model for steel by Lie and Stringer
(1994). In the stress analysis, the concrete tensile strength was considered. The models of
finite elements were used to examine the significance of material strengths, reinforcement
ratio and loading eccentricity on the fire performance of CFST columns loaded
eccentrically and exposed to fire. It was shown that the concrete tensile strength had a

significant influence on the fire-resistance and the effect of stirrup ratio could be ignored.

2.5 POST-FIRE BEHAVIOR OF CFST COLUMNS

2.5.1 Post-fire tests on CFST columns

Han et al. (2002, 2005) conducted post-fire tests on twenty-six rectangular CFST short
columns and two square CFST stub columns loaded axially after being exposed to
temperatures ranging from 20 °C to 900 °C to study their post-fire performance. The
rectangular columns had the depth-to-thickness ratios of 35 and 45.5 while the square
ones had the depth-to-thickness ratios of 41.4. Before testing, a CFST column was
exposed to heat in an electric heating furnace at specific temperatures. After the column
had been cooled down to the room temperature of 20 °C, the column was tested under
axial compression to failure to determine its load-axial strain behavior, residual strength
and stiffness. It was found that the unilateral local buckling was the failure mode of short
CFST columns tested, which occurred in all tested specimens. In addition, the steel tube

local buckling exposed to higher temperatures occurred earlier and severer than those
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exposed to lower temperatures. Local buckling markedly reduced the residual stiffness
and strength of CFST columns. Specimens exposed to higher temperatures exhibited
strain-hardening behavior while those exposed to lower temperatures demonstrated

strain-softening behavior.

Post-fire experiments on twelve slender circular and square CFST columns with or
without fire protection after being exposed to fire were undertaken by Han and Huo
(2003). Square CFST columns had the depth-to-thickness ratios of 34. All columns before
testing were exposed to standard fire in a furnace where the average temperatures
followed the temperature-time curve defined in ISO-834 (1980). The fire exposure time
were 90 min for the unprotected specimens and 180 min for the protected ones. After the
specimen had been cooled down to the room temperature, it was tested under either axial
compression or eccentric loading to failure at room temperature. It was discovered that
all columns failed by the overall buckling coupling with rupture of steel tube in the tension
zone and unilateral local-buckling of steel tube in the compression zone. There was an

interaction of local and global buckling in these slender CFST columns.

Huo et al. (2009) undertook an experimental investigation to highlight the influences of
the cooling phase and preload on the residual stiffness and strength of CFST short
columns with circular sections loaded axially. The circular columns having the diameter-
to-thickness ratios of 36 and 37.5 subjected to constant axial load were heated to specific
temperatures in an electrical furnace and cooled down to the room temperature. The short
columns were loaded axially to failure at room temperature. The experimental program

examined the significance of the sectional dimensions, axial load level and the maximum
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exposure temperatures on the post-fire behavior of CFST stub columns. It was reported
that the preload and cooling phase had an insignificant effect on the residual strength of
fire-damaged CFST stub columns, but they had a noticeable influence on the residual
stiffness and deformations of CFST columns and should be considered in the assessment

of fire-damaged CFST columns.

Post-fire tests on fourteen short and slender CFST columns of rectangular sections loaded
biaxially were conducted by Jiang et al. (2010) to investigate their residual ductility and
strength after exposure to fire. The column cross-sections had the depth-to-thickness
ratios of 21.6, 32.4 and 43.2. Parameters under investigations included the loading angle,
column slenderness ratio, depth-to-width ratio of the sections and exposure temperatures.
Before testing, the columns were exposed to heating in a furnace where the targeted
temperatures were 20 °C, 400 °C, 600 °C and 800 °C. Test results demonstrated that the
failure of all columns was caused by global buckling in addition to local buckling of the
steel tube walls in compression at the column mid-height. It was found that the concrete
crushed at places where the tube wall buckled. It was observed that biaxially loaded CFST

columns after exposed to high temperatures still had good ductility.

Rush et al. (2015) performed post-fire experiments on the post-fire structural behavior of
circular and square CFST slender columns including or excluding fire protection and were
loaded eccentrically. The with-to-thickness ratios of square sections were 12 and 24,
which were relatively small and considered compact sections at ambient temperature. The
significance of important parameters on the residual strengths of CFST columns was

assessed in the experimental program, which included the coating thickness, concrete age,
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fire protection, type of concrete infill, tube thickness and sectional shape. The failure of
all square columns was caused by either local buckling or global buckling. Local buckling
occurred even in columns without being exposed to fire. The residual strength of slender
square CFST columns was more sensitive to the exposure of elevated temperature

compared with that of circular ones.

Post-fire tests on the behavior of reinforced concrete short columns confined by circular
steel tubes loaded axially and eccentrically were reported by Liu et al. (2014, 2016). The
specimens were heated in a furnace in which the temperatures were controlled by the
standard temperature-time curve defined in [ISO-384 (1980). During the heating process,
the specimens were not loaded. In the post-fire tests, the load was applied to the reinforced
concrete column only and the circular steel tube was not loaded directly with the role of
providing confinement to the concrete. It was found that all columns loaded
concentrically failed by shear and the local buckling of steel tubes did not occur before
the columns attained their ultimate loads. However, the failure of all columns loaded

eccentrically was due to the local buckling of steel tubes in addition to concrete crushing.

2.5.2 Post-fire response simulations

Han et al. (2002) proposed an analytical model for calculating the post-fire residual
strengths of rectangular CFST stub columns loaded concentrically to failure after
exposure to high temperatures. The analytical model incorporated the post-fire nonlinear
stress-strain laws with strain-hardening for structural steels given by Cheng (2001) and

constitutive relations of confined concrete suggested by Han et al. (2001). The post-fire
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residual concrete compressive strength and its corresponding strain were estimated by the
equations provided by Li and Guo (1993). The slip between the concrete and steel tube
was not considered while force equilibrium and deformation compatibility in the
longitudinal direction were ensured. The analytical model predicted the post-fire load-
axial strain responses of CFST short columns, which were in reasonable agreement with
measurements. However, the unilateral local buckling of steel tubes with thin-walled
sections observed in post-fire tests (Han et al. 2002) was not incorporated in the

formulation of the theoretical model.

An analytical model was proposed by Han and Huo (2003) that predicted the post-fire
axial load-deflection behavior of slender CFST columns having square and circular
sections under uniaxial bending and axial compression. The post-fire material constitutive
laws for structural steels presented by Cheng (2001) and for concrete given by Han et al.
(2001) and Li and Guo (1993) were adopted. The part-sine wave function was used to
describe the deflected shape of the slender columns. The analysis included an initial
deflection of L/1000 at the column mid-height. After verification, the analytical model
was employed to demonstrate the significance of various factors on the post-fire structural
behavior. However, the tensile behavior of concrete and local-global interaction buckling
were not incorporated in the nonlinear analyses of slender CFST square thin-walled

columns.

Yang et al. (2008) developed a fiber-based finite element model for determining the post-
fire responses of square and circular CFST slender columns that were loaded eccentrically

after being exposed to standard fire. The column cross-section was meshed into fiber
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elements while finite elements were employed to discretize the column along its length.
The expressions of Cheng (2001) were employed to model the post-fire stress-strain
relationship of structural steels while the concrete models by Han et al. (2001) and Li and
Guo (1993) were utilized. The proposed finite element model generated load-deflection
responses of eccentrically-loaded CFST columns after being exposed to fire, which were
in good correlations with post-fire experimental measurements. The parametric study
indicated that the cross-sectional dimensions, column slenderness and axial load ratio had
the most remarkable effects on the post-fire structural behavior. The limitations of the
finite element model proposed were that it did not incorporate the effects of tensile

concrete behavior and local and post-buckling.

Song et al. (2010) described a finite element model created by employing ABAQUS for
analyzing the post-fire performance of stub CFST columns constructed by rectangular
circular and square sections under axial compression at different stages of fire exposure
including heating, cooling and post-fire. The post-fire material models used by Yang et
al. (2008) were employed in the nonlinear analysis. The model was utilized to predict the
post-fire resistance of tested CFST short columns without initial loads and after being
exposed to high temperatures. However, the local buckling of square and rectangular

CFST columns was not included in the simulation of the post-fire structural behavior.

Yao and Hu (2015) presented an interaction approach to model the post-fire residual
strength of square and circular CFST columns after being subjected to different
temperatures cases including the standard fire curve ISO-834, the natural fire curve and

steady state temperatures. A 3D model was created by utilizing the ABAQUS package
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that employed the post-fire material models described by Han et al. (2002). The model of
finite elements was utilized to study the influence of material properties, load ratio and
cross-sectional dimensions on the structural responses. An analytical approach was
proposed for simple calculations of the residual capacities of CFST short columns after
being exposed to fire. It was observed that the local buckling of steel tubes was not

included in the finite element analysis.

Ibanez et al. (2018) extended the fiber-based finite element beam-column model proposed
by Ibanez et al. (2013) for the nonlinear modeling of loaded slender CFST circular
columns under fire exposure to the simulation of their post-fire structural behavior. The
method of fiber elements was employed to divide the column cross-section into fiber
elements while finite elements were used to mesh the column along its length. The CFST
column was simulated by means of modeling the hollow steel tubular column and
concrete column separately but they were connected at the notes by link elements
transversely as well as longitudinally. The gap conductance at the concrete-steel interface
and concrete moisture content were taken into consideration in the finite element
formulation. After verification against post-fire test data, the finite element model was
utilized to examine the post-fire structural performance by means of conducting a
parametric study. It was pointed out that it was important to include the preload on the

CFST slender columns in their post-fire simulations in order to yield realistic results.

2.6 CONCLUDING REMARKS

G. M. Kamil: Nonlinear Analysis of Rectangular Concrete-Filled Steel Tubular Columns at Elevated Temperatures 51



Chapter 2 Literature Review

This chapter has presented a review on publications that are most relevant to the current

research project. These included experimental and computational investigations on the

critical local-buckling as well as post-local buckling of thin steel plates at ambient and

high temperatures, axially and eccentrically loaded CFST columns exposed to ambient

and high temperatures, and the post-fire structural responses of CFST columns after being

exposed to fire.

The literature review has identified the following areas that need further research:

(1)

2)

)

4)

)

Analytical models have not been developed for computing the critical local-buckling
stresses as well as post-local buckling strengths of thin-walled steel tubes in
rectangular CFST columns under fire exposure;

Local and post-local buckling has not been incorporated in most of the existing
numerical techniques for the fire and post-fire simulations of square and rectangular
CFST stub columns;

The local-global interaction buckling has not been incorporated in computational
models using the method of fiber analysis for the predictions of the fire performance
of CFST slender columns;

The air gap at interface of steel and concrete has not been included in most of the
existing fiber models for the thermal simulation of CFST columns; and

The deformations induced by preloads have not been accounted for in the fiber-based

numerical models for slender CFST columns exposed to fire.
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Chapter 3

LOCAL AND POST-LOCAL BUCKLING OF STEEL

PLATES AT ELEVATED TEMPERATURES

3.1 INTRODUCTION

This chapter presents the nonlinear inelastic finite element analyses of clamped steel
plates subjected to non-uniform in-plane compressive stresses in CFST columns exposed
to elevated temperatures. The finite element software ANSYS is used to develop a finite
element model for the nonlinear analysis of steel plates at high temperatures incorporating
residual stresses and initial geometric imperfections. The thermal and mechanical
properties of steel at high temperatures recommended in Eurocode 3 is utilized in the
finite element model. The model is validated by comparisons with solutions provided by
other researchers. The local and post-local buckling behavior and strength of thin steel
plates with various parameters exposed to various high temperatures is investigated by
the finite element model. Based on the numerical results, equations are proposed for
predicting the initial local buckling stresses, post-local buckling strength and effective

widths of steel plates under high temperature exposure.
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This chapter includes the following paper:

Kamil, G. M., Liang, Q. Q. and Hadi, M. N. S. (2018) Local buckling of steel plates in
concrete-filled steel tubular columns at elevated temperatures, Engineering Structures, 168:

108-118.
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Local buckling remarkably reduces the strength of steel plates in rectangular thin-walled concrete-filled steel
tubular (CFST) columns at ambient temperature. This effect is more remarkable at elevated temperature.
However, there have been very limited experimental and numerical investigations on the local and post-local
buckling behavior of steel plates in CFST columns at elevated temperatures. This paper presents numerical
studies on the local and post-local buckling behavior of thin steel plates under stress gradients in rectangular
CFST columns at elevated temperatures. For this purpose, finite element models are developed, accounting for
geometric and material nonlinearities at elevated temperatures. The initial geometric imperfections and residual
stresses presented in steel plates are considered. Based on the finite element results, new formulas are proposed
for determining the initial local buckling stress and post-local buckling strength of clamped steel plates under in-
plane stress gradients at elevated temperatures. Moreover, new effective width formulas are developed for
clamped steel plates at elevated temperatures. The proposed formulas are compared with existing ones with a
good agreement. The effective width formulas developed are used in the calculations of the ultimate axial loads
of rectangular CFST short columns exposed to fire and the results obtained are compared well with the finite
element solutions provided by other researchers. The initial local buckling and effective width formulas can be
implemented in numerical techniques to account for local buckling effects on the responses of rectangular thin-

walled CFST columns at elevated temperatures.

1. Introduction

Filling concrete into a rectangular thin-walled steel tubular column
as shown in Fig. 1 results in a significant increase in its ultimate
strength and fire resistance as reported by Schneider [1], Sakino et al.
[2], Liang et al. [3] and Dundu [4]. However, the thin steel tube walls
of a rectangular concrete-filled steel tubular (CFST) column under ap-
plied loads may undergo outward local buckling, which remarkably
reduces the strength of the column as discussed by Liang [5]. In a fire
condition, the strength and stiffness of steel plates decrease sig-
nificantly with an increase in the elevated temperature [6,7]. As a re-
sult, the local buckling of thin steel plates at elevated temperatures is
more likely to occur than the ones at ambient temperatures. In addition,
the local and post-local buckling strengths of a thin steel plate at ele-
vated temperature are much lower than those of the plate at ambient
temperature. It is assumed that the steel tube walls of a rectangular
CFST column under axial load and bending have a clamped boundary
condition that recognizes the restraint provided by the rigid concrete
core and are subjected to in-plane stress gradients [5]. The CFST

* Corresponding author.
E-mail address: Qing.Liang@vu.edu.au (Q.Q. Liang).

https://doi.org/10.1016/j.engstruct.2018.04.073

Received 30 October 2017; Received in revised form 19 March 2018; Accepted 20 April 2018

0141-0296/ © 2018 Elsevier Ltd. All rights reserved.

columns have been widely used in high-rise composite buildings that
could be exposed to fire. The behavior of CFST columns at elevated
temperatures has been investigated by researchers [8-11]. However,
little attention has been devoted to the study of the local and post-local
buckling problem of clamped steel plates under stress gradients in CFST
columns at elevated temperatures. Therefore, this paper addresses this
challenging problem.

The local and post-local buckling behavior of steel plates under edge
stresses at ambient temperature has been investigated by many re-
searchers [12-17]. Shanmugam et al. [16] presented an analytical
study on the post-local buckling strengths of steel plates in thin-walled
steel box columns under biaxial loads. The steel plates of the hollow
steel box column were assumed to be simply-supported. Effective width
expressions were proposed by Shanmugam et al. [16] for calculating
the post-local buckling strengths of simply-supported steel plates under
stress gradients. Uy and Bradford [18] and Uy [19] conducted experi-
ments to examine the local buckling characteristics of thin steel plates
in rectangular CFST columns. Liang et al. [20] developed nonlinear
finite element models to study the critical local and post-local buckling
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Steel box

Concrete

Fig. 1. Cross-section of square CFST beam-column.

strengths of steel plates in biaxially loaded CFST columns where the
steel tube walls could be subjected to stress gradients. They proposed
design formulas for computing the critical local and post-local buckling
strengths of clamped steel plates under stress gradients. Moreover, ef-
fective width formulas were developed by Liang et al. [20] and im-
plemented in numerical models by Liang [21,22] to account for local
buckling effects on the strength and ductility of rectangular CFST col-
umns.

Thin steel plates at elevated temperatures are more susceptible to
local buckling because the elevated temperatures significantly reduce
their stiffness and strength [7,23]. Heidarpour and Bradford [24] used a
spline finite strip method of buckling analysis to investigate the local
buckling of flange outstands subjected to elevated temperatures and
proposed the plasticity and yield slenderness limits. The local buckling
temperatures of plates under certain boundary conditions were also
anticipated. Knoblock [7] investigated the local buckling behavior of
steel sections at elevated temperatures. He suggested that the methods
commonly used for calculating the strength of steel sections and for
section classification subjected to elevated temperatures should be re-
vised. Couto et al. [25] used a finite element analysis software to study
the local buckling of simply-supported steel plates at elevated tem-
peratures. These steel plates were subjected to in-plane bending or
compressive edge stresses. The residual stress pattern at ambient tem-
peratures was assumed for the plates at elevated temperatures. A con-
stant initial geometric imperfection at the plate center was considered
regardless of the plate thickness. Design formulas were proposed for
determining the ultimate strength of simply-supported plates at ele-
vated temperatures. Quiel and Garlock [26] utilized the computer
program SAFIR to determine the local buckling strengths of steel plates
exposed to fire. The loaded edges of the steel plate were assumed to be
simply-supported while the unloaded edges were either simply-sup-
ported or fixed. However, the effect of residual stresses was not con-
sidered in their study. They proposed expressions for estimating the
ultimate strengths of steel plates with various boundary conditions.

However, none of the studies reported in the literature investigated
the local and post-local buckling behavior of clamped steel plates under
stress gradients in CFST columns at elevated temperatures. There is a
lack of effective width formulas for steel plates that could be in-
corporated in numerical models to account for local buckling effects on
the strength of rectangular thin-walled CFST columns at elevated
temperatures. Therefore, to bridge the knowledge gap, this paper uti-
lizes the finite element program ANSYS 16 [27] to study the local and
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post-local buckling behavior of clamped steel plates under stress gra-
dients in rectangular CFST columns at elevated temperatures. The ef-
fects of residual stresses and initial geometric imperfections presented
in the steel plates are taken into account. Based on the results obtained
from the nonlinear finite element analyses, design formulas are pro-
posed for determining the initial local and post-local buckling strengths
of clamped steel plates under stress gradients at elevated temperatures
and verified by comparisons with the ones proposed by other re-
searchers and with finite element results on rectangular CFST short
columns at elevated temperatures.

2. Nonlinear finite element analysis of plates
2.1. General

The finite element analysis program ANSYS 16 [27] was employed
in the present study to investigate the critical local and post-local
buckling strengths of steel plates in CFST columns at elevated tem-
peratures. The steel tube walls of a rectangular CFST column under
compression can only buckle locally outward due to the restraint pro-
vided by the concrete core. This restraint effect was considered in the
finite element model by incorporating an initial geometric imperfection
caused by the lateral pressure applied on the plate. This implies that the
steel plate can only buckle locally outward in the nonlinear analysis.
The local and post-local buckling of steel plates in CFST columns at
ambient temperatures has been studied by Liang et al. [20] and the
effective width formulas proposed by them have been incorporated in
the fiber element models to accurately account for local buckling effects
on the behavior of CFST columns by Liang [21,22]. As suggested by
Liang et al. [20], the four edges of the steel tube wall were treated as
clamped due to the restraint provided by the rigid concrete core. The
boundary conditions of the clamped plate are schematically depicted in
Fig. 2. A square steel plate was chosen to simulate the webs and flanges
of a CFST column at elevated temperatures. The von Mises yield cri-
terion was used in the material models to treat the material plasticity.
The four-node shell/plate element SHELL 181 in ANSYS 16 was used to
discretize the steel plate into a 20 X 20 mesh. The sensitivity analysis of
the element size was conducted and the results obtained are shown in
Fig. 3, which indicates that the 20 X 20 mesh is suitable in terms of the
computational time and the accuracy of the results.

2.2. Applied edge stresses on steel plates

The two adjacent steel tube walls of a rectangular CFST columns
under axial load and biaxial bending may be subjected to non-uniform
compressive stresses while the other two adjacent walls are under in-
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Fig. 2. Boundary conditions of clamped steel plate under compressive edge
stresses.
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Fig. 3. Sensitivity analysis of element size on the load-deflection curves of
square steel plate under uniform edge compression.

plane bending stresses as discussed by Liang et al. [20], Liang [21,22]
and Liang [5]. Fig. 2 illustrates a steel plate under non-uniform edge
compressive stresses. For a rectangular CFST column under axial
compression, its four steel tube walls are subjected to uniform com-
pressive stresses. The top flange of the CFST column under uniaxial
bending is in uniform compression while other steel tube walls are
subjected to either tension or in-plane bending stresses. The stress
gradient coefficient is used to define the stress ratio of the non-uniform
compressive stresses on the steel plate. The stress gradient is main-
tained by the applied edge stresses on the plate as shown in Fig. 2. Only
steel plates under compressive edge stresses are considered in the
present study.

2.3. Geometric imperfections

The initial geometric imperfections have a significant effect on the
local buckling of thin steel plates. Feng et al. [28] conducted numerical
analyses to examine the effect of initial geometric imperfections on the
ultimate strengths of rectangular cold-formed hollow steel columns
exposed to uniform elevated temperatures. They concluded that the
magnitude of the initial imperfection had a remarkable effect on the
strength of the hollow steel columns. Liang et al. [20] used an initial
geometric imperfection of 0.1t (where t is the plate thickness) at the
plate center in the nonlinear local and post-local buckling analyses of
steel plates at ambient temperatures. Quiel and Garlock [26] examined
the effects of initial geometric imperfections of 0.1t and b/200 (where b
is the plate width) on the buckling strengths of steel plates at elevated
temperatures. The numerical results obtained indicated that there were
not much differences between the buckling strengths predicted using
these two initial geometric imperfections. Couto et al. [25] considered
an initial geometric imperfection of 80% b/t for the steel plates in their
models. In the present study, the initial geometric imperfection at the
plate center was taken as 0.1t. A lateral uniform pressure was applied to
the plate to induce the required initial geometric imperfection. The
value of the lateral pressure was determined by a trial-and-error
method and by conducting a nonlinear analysis on the plate until the
0.1t deflection at the plate center was obtained.

2.4. Residual stresses

The residual stress pattern depicted in Fig. 4 was applied to the steel
plate as suggested by Liang et al. [20] and Abambres and Quach [29].
The tensile residual stresses were presented at the welds while the rest
of the plate was subjected to the compressive residual stresses. The
compressive residual stress was taken as 25% of the steel yield strength.
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Fig. 4. Residual stress pattern in CFST beam-column.

In the finite element model, the residual stresses were applied to the
steel plate by prestresses. Research studies indicated that the residual
stresses locked in the steel plate were released at a temperature above
400 °C [30-34]. Therefore, the residual stresses were not considered for
steel plates at temperatures above 400 °C in the present study.

2.5. Stress-strain relationships for steels at elevated temperatures

The stress-strain relationships given in Eurocode 3 [35] were
adopted in the finite element model to simulate the material behavior
of steel plates at elevated temperatures. Fig. 5 depicts the stress-strain
curve for structural steels without strain hardening at elevated tem-
peratures, which is expressed by

Stress ot
fyr
for
Er =tan oT
oT Strain &7
&1 g,7=0.02 T

Fig. 5. Typical strain-stress curve of structural steel at elevated temperatures
based on Eurocode 3 [35].
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where Er is the elastic modulus of steel, f, ; is the proportional limit,
Jy,r is the effective yield strength, ¢, 7 is the strain corresponding to f, 7,
g,,r is the yield strain, and ¢, is the ultimate strain at elevated tem-
peratures.

The strain hardening is considered for structural steels at tempera-
tures less than 300 °C using the following equation [35]:

or = [(fr—f,r)/0.02]er—f, + + 2f,; for 0.02 < & < 0.04 (5)

For gr > 0.04, or equals to the ultimate tensile strength of the steel at
elevated temperature.

Elevated temperatures significantly reduce the material properties
of structural steels. The reduction factors applied to the material
properties of structural steels at elevated temperatures given in
Eurocode 3 [35] are shown in Fig. 6, where k), r is the reduction factor
of the proportional limit, k,r is the reduction factor of the yield
strength, koo, 7 is the reduction factor of the proof stress, kg r is the
reduction factor of the Young’s modulus, k, r is the reduction factor of
the ultimate tensile strength.

2.6. Verification of the finite element model

Before utilizing the finite element model to investigate the local and
post-local buckling behavior of steel plates at elevated temperatures,
comparisons have been made to verify the finite element model at both
ambient and elevated temperatures. A rectangular simply-supported
steel plate with an initial imperfection of 0.1t at ambient temperature
reported by Quiel and Garlock [26] was analysed. The ultimate strength
curve of the steel plate obtained by the finite element analysis is
compared with that given by Quiel and Garlock [26] in Fig. 7. The
figure shows that a good agreement between these two solutions is
obtained. A nonlinear finite element analysis on a simply-supported
rectangular steel plate with a/b ratio of 5 (where a is the plate length)
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Fig. 6. Reduction factors k; for stress-strain relationships allowing for strain-
hardening of structural steel at elevated temperatures based on Eurocode 3
[35].
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Fig. 7. Comparison of plate strength curves at ambient temperature predicted
by the current model and Quiel and Garlock model [26].

0.9
0.8 |
“\-z 0.7 t
© 06 |
=
2 05 |
g
2 04 1
T
g 031
S 02t
—4— Current model
0.1 —=—Quiel and Garlock model [26]
0 1 1 1 1
0 0.5 1 15 2 25

Plate slenderness ratio At

Fig. 8. Comparison of plate strength curves at temperate 700 °C predicted by
the current model and Quiel and Garlock model [26].

and initial geometric imperfection of 0.1t and no residual stresses at an
elevated temperature of 700 °C was performed. It can be seen from
Fig. 8 that the finite element model predicts well the performance of the
steel plates with various slenderness ratios at elevated temperature.

3. Post-local buckling behavior at elevated temperatures

The nonlinear finite element model developed was employed to
investigate the local and post-local behavior of clamped steel plates at
temperatures ranging from 20 to 700 °C and subjected to in-plane stress
gradients as shown in Fig. 2. Four temperature levels were considered
in addition to the ambient temperature, which were 200, 400, 600, and
700 °C. The square steel plates of 500 x 500 mm with initial geometric
imperfections of 0.1t and b/t ratios ranging from 30 to 110 with an
increment of 10 were considered. The stress gradient coefficient («) is
defined as the ratio of the minimum edge stress to the maximum edge
stress. The stress gradient coefficient («) varied from 0.0 to 1.0 with an
increment of 0.2. The yield strength of steel plates at ambient tem-
perature was 300 MPa and the Young’s modulus was 210 GPa. At ele-
vated temperatures, the reduction coefficients for the material proper-
ties given in Eurocode 3 [35] were used. The typical local and post-local
buckling modes of steel plates under uniform edge compressive stresses
at elevated temperatures are shown in Fig. 9.

Figs. 10 and 11 show the load-lateral deflection curves for the steel
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(b) Post-local buckling mode

Fig. 9. Buckling modes of clamped square steel plate under uniform edge
compression at elevated temperatures.
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Fig. 10. Load-deflection curves for steel plates with b/t = 70 under stress
gradients at ambient temperature.

plate with a b/t ratio of 70 subjected to stress gradients at ambient
temperature and 600 °C, respectively. It appears that the post-local
buckling strength or the ultimate strength of the steel plate decreases
with an increase in the stress gradient coefficient a regardless of the
temperature levels. However, for the plate under the same stress gra-
dient, increasing the temperature significantly reduces its post-local
buckling strength. It can be observed from Figs. 10 and 11 that at both
temperature levels, the steel plate under uniform edge stresses (o« = 1.0)
could not attain its yield strength due to the effects of initial geometric
imperfection, residual stresses and the deterioration of material prop-
erties at elevated temperatures. When the stress gradient coefficient is
small and the temperature is low, the post-local buckling strength of the
steel plate with a small b/t ratio may be higher than its yield strength.
This is attributed to the strain hardening of the steel material as re-
ported by Usami [14,15] and Liang et al. [20].

Fig. 12 shows load-lateral deflection curves for steel plates with
b/t = 80 subjected to uniform edge stresses at different temperatures. It
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Load 0'1/ny‘|'

0 1 1
2 4
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Fig. 11. Load-deflection curves for steel plates with b/t = 70 under stress
gradients at temperature 600 °C.
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Fig. 12. Effect of temperatures on the load-deflection curves for steel plates
with b/t = 80 under uniform edge compression.

can be seen from the figure that the post-local buckling strength of steel
plates decreases significantly with an increase in the temperature level.
Moreover, increasing the temperature remarkably reduces the flexural
stiffness of the steel plate. The ultimate strength curves of steel plates at
ambient temperature and temperatures of 200 °C, 400 °C, 600 °C and
700 °C are shown in Figs. 13-17, respectively. It appears that the post-
local buckling strength of clamped steel plates generally decreases with
increasing their slenderness ratios regardless of the temperature levels
and stress gradients. Under the same temperature level, increasing the
stress gradient coefficient significantly reduces the post-local buckling
strength of the steel plate. Furthermore, for a steel plate with the certain
b/t ratio and stress gradient, its post-local buckling strength is shown to
be reduced by increasing the temperature. When the temperature level
increases from 20 °C to 700 °C, the ultimate strength of steel plates
decreases from 0.804f, to 0.55f, ;.

4. Critical local buckling strengths at elevated temperatures

As shown in Figs. 10-12, it is obvious that there is no way to de-
termine the initial local buckling stress of a steel plate because of
geometric imperfections. The method presented by Liang et al. [20] was
utilized to predict the initial local buckling stress of steel plates with
imperfections. In this method, the non-dimensional central lateral de-
flection versus the ratio of the deflection to the applied load is plotted

61



G.M. Kamil et al.

1.4
12
%
<
S
£ 08 |
c
L
@ 06
] )
£
= 04 [ = Finite element analysis
=)
02 | Proposed Eq. (15)
0 . .

0 0.5 1
Plate slenderness ratio Act

15

Fig. 13. Ultimate strengths of steel plates at ambient temperature.
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Fig. 14. Ultimate strengths of steel plates at temperature of 200 °C.
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Fig. 15. Ultimate strengths of steel plates at temperature of 400 °C.

as shown in Figs. 18 and 19 for steel plates with a b/t ratio of 100 at
ambient temperature and at 600 °C, respectively. The minimum value
on the curve represents the onset of the critical local buckling of the
plate. It can be observed from Figs. 18 and 19 that the general trend of
the curves is that the w/o; ratio of the plate decreases with an increase
in its lateral deflection at the plate center. This is because the lateral
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Fig. 16. Ultimate strengths of steel plates at temperature of 600 °C.
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Fig. 17. Ultimate strengths of steel plates at temperature of 700 °C.
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Fig. 18. Load-deflection curves for determining the critical local buckling
strengths of steel plates with b/t ratio of 100 at ambient temperature.

deflection of the plate at the initial loading stages is small before initial
local buckling. After reaching the minimum, however, the w/o; ratio
increases significantly with increasing the lateral deflection. This is
attributed to the fact that after the onset of the plate local buckling, the
plate undergoes large deflections under the load increments. It appears
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Fig. 19. Load-deflection curves for determining the critical local buckling
strengths of steel plates with b/t ratio of 100 at temperature of 600 °C.

that the minimum w/o; ratio indicates the onset of local buckling. For a
steel plate under the same stress gradient and lateral deflection, the
w/o; ratio at elevated temperature is higher than that at ambient tem-
perature. This means that at the same deflection the critical local
buckling stress of the plate decreases with increasing the temperature
level. This is reasonable because increasing the temperature reduces the
material properties and strength.

The critical local buckling strengths of steel plates subjected to
various temperature levels as a function of the relative slenderness ratio
are given in Figs. 20-24. It appears that the reduction in strength at any
level of temperature increases with increasing the b/t ratio and stress
gradient coefficient. The numerical results presented show that the
elevated temperature significantly reduces the criterial local buckling
stress of steel plates. The local buckling strength of steel plates at the
ambient temperature with a b/t ratio of 60 subjected to uniform edge
stress is about 0.61f,, while at a temperature of 600 °C is about 0.181f, ;..
As illustrated in Figs. 20-24, the stress gradient ratio has a significant
effect on the critical buckling strength of plates especially at higher
temperatures. The critical buckling strength decreases with increasing
the stress gradient ratio.

5. Proposed design formulas
5.1. Design formulas for critical local buckling strengths

The factors that affect the local buckling behavior of clamped steel
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Fig. 20. Critical local buckling strengths of steel plates at ambient temperature.
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local buckling strengths of steel plates at temperature of

plates with an initial imperfection of 0.1t and residual stresses include
the b/t ratio, stress gradient coefficient («), and the yield strength of
steel plate at ambient and elevated temperatures. It is worth to mention
that the b/t ratio has been replaced with the non-dimensional slen-
derness ratio (A.r) for comparison purposes. Based on the results

63



G.M. Kamil et al.

~ 07

“_>~

g 06 |

£

2 05

L

o 04 ©

=

S 03}

>

o

g 021

°

T 01 f Finite element analysis

E= Proposed Eq. (11)

O OO 1 1 1
0 05 1 15 2

Plate slenderness ratio Act

Fig. 24. Critical local buckling strengths of steel plates at temperature of
700 °C.

obtained from the nonlinear finite analyses, design formulas for de-
termining the critical local buckling strengths of clamped steel plates
under stress gradients have been proposed and presented herein.

For steel plates at temperature of 600 °C, the critical local buckling
stresses of the plates is proposed as
Jel _ (0.19164, 2751 + 0.003889) (M A2 + Myder + m3)
for | ’ (6)

where oy, 7 is the critical local buckling strength of the steel plate at
elevated temperatures, and 4. r is the plate slenderness ratio at elevated
temperature, which is expressed by

‘ 12(1—v?)(b/t)*(ky 2f,)
\ k(e rE) @

iL‘,T =

in which v is the Poisson’s ratio, f, is the steel yield strength at ambient
temperature, k = 9.95 is the elastic local buckling coefficient and E is
the Young’s modulus of steel material at ambient temperature.

The coefficients m;, m, and m; in Eq. (6) are given as

m; = —1.0685a% + 2.275¢—0.8969 (€)]
my = 2.3075a%—4.7791a + 1.8475 9
my = —0.825a2 + 1.086a + 1.0083 (10)

For any other temperatures, the critical local buckling stress of steel
plates is proposed as

0.65661 152! (k”i)_w%

Olc,T ky,r

= (gAér + &)

fyr 0.5415145% + (%)70‘8252 an
where the coefficients g,g, and g, are

g = —7.9339a% 4+ 11.29a + 4.701 (12)
g = 0.0863a>—0.1248x + 0.0431 (13)
g, = 0.2656a2—0.9902a + 1.719 14)

The critical buckling strengths of thin steel plates under stress gra-
dients at various temperatures calculated using the proposed formulas
are compared with those obtained from the nonlinear finite element
analyses in Figs. 20-24. It can be observed that good agreement be-
tween these two solutions is obtained.

5.2. Design formulas for post-local buckling strengths

The post-local buckling strength of thin steel plates depends on the

Engineering Structures 168 (2018) 108-118

plate slenderness ratio (1. 1), the stress gradient coefficient («) and the
level of temperature. Based on the results obtained from the finite
element analyses, the design formula for determining the post-local
buckling strengths of clamped thin steel plates in CFST columns is
proposed as

08418202 (121 ) U 4y gsa(ter
. c,T ky,T . ky,T

—= = (g Al
for el 2.055 + A% (15)

where 0y, 1 < 1.25f, for temperature less than 300 °C and g and g, are
written as

g = 0.04007a—0.05275a + 0.03355 (16)

¢, = 0.100702—0.7027ct + 1.65 a7)

The post-local buckling strengths of thin steel plates under stress
gradients at various temperatures computed by using Eq. (15) are
compared with those obtained from the nonlinear post-local buckling
analyses in Figs. 13-17. The figures demonstrate that the proposed
formula yields good predations of the finite element results.

5.3. Effective width formulas

The effective width concept [36] is used to describe the post-local
buckling behavior of thin steel plates in Eurocode 3 [35] and AISC [37]
as illustrated in Fig. 25. In Eurocode 3, the effective width of steel plates
at elevated temperatures is taken as that of the plates at ambient
temperatures using the proof stress. Reduction factors are applied to the
material properties due to high temperature effects. The AISC [37] uses
a similar effective width approach to calculate the buckling strength of
steel plates at elevated temperatures. The effective width formulas have
been proposed for estimating the post-local buckling strengths of thin
steel plates under different boundary conditions at ambient and ele-
vated temperatures by various researchers. Liang et al. [20] proposed
effective width formulas for clamped steel plates under stress gradients
at ambient temperature. Quiel and Garlock [26] developed equations
for computing the effective widths of steel plates under thermal loading
where the two loaded edges were simply-supported. Couto et al. [25]
presented an expression for determining the ultimate strengths of
simply-supported steel plates at elevated temperatures. Effective width
formulas can be implemented in the nonlinear analysis procedures to
account for local buckling effects on the behavior of rectangular thin-
walled CFST columns [21,22].
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Fig. 25. Effective width of steel plate under stress gradient.
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Based on the results obtained from the finite element analyses, the
effective width formulas for clamped steel plate under stress gradients
at any temperatures are proposed as follows:

—0.3028
0.02368 [ kp.T kp,7
0.84181, 1 (ky,r) + 1'154(ky,r)

bel 1
== Z (g, A2 ! n°
o= 5 @A 2,055 + AL o
(18)
—0.3028
0-8418/12¥2368 (’ZPJ) + 1.154(i£)
b 1 I’ Y, T 0y, T f =0
5 = 3@ker) 2055 + AL¢8 n
o c,
(19)
beZ bd
— = (1 + -
1+ . (20)

in which b, and b,, are the effective widths shown in Fig. 25, q and ¢,
are defined in Egs. (16) and (17) respectively, and ¢ = 1—a.

6. Comparisons with existing formulas

The effective width formulas proposed in this study for steel plates
at ambient and elevated temperatures are validated by comparisons of
the predicted ultimate strengths with those computed using expressions
provided by Liang et al. [20], Couto et al. [25] and Quiel and Garlock
[26]. For clamped steel plates at ambient temperature, Liang et al. [20]
proposed formulas for calculating the ultimate strength of steel plates in
CFST columns under stress gradients as follow:

O1u

7 mevalf)eo(f) +off)

— =+
@1

where oy, is the ultimate strength corresponding to the maximum ap-
plied edge stress o7 and ¢;, c;, ¢; and c,4 are coefficients for every stress
gradient ratio [20].

The expression for calculating the effective widths of steel plates at
elevated temperatures presented by Quiel and Garlock [26] is written
as

b 141 [hor (1_ﬂ) <10
b 2k Ver U K2 (22)

where k is taken as 4.0 for simply-supported plates and 7.0 for plates
with two fixed unloaded edges and two simply-supported loaded edges
[26].

Couto et al. [25] proposed an effective width formula for simply-
supported steel plates at elevated temperatures as follow:

be _ (e + ap)fr—0.0553 + @) _ )

0
b (lc + aT)zﬁT

(23)

where A, = \/fy /o is the plate slenderness at ambient temperature,
where o, is the elastic local buckling of the plate at ambient tem-
perature [5], and other parameters are defined as

k
ar = 0.9-0.315—22L
” 24
k
By = 2.3-1.1—22L
” (25)
o
er = 0.85,/235/f, (26)

The calculated ultimate strengths of thin steel plates under uniform
edge compression at ambient temperature by using the proposed Eq.
(15) are compared with those computed using formulas given by Liang
et al. [20], and Quiel and Garlock [26] in Fig. 26. It can be observed
that an excellent agreement between the strength curve computed by
the proposed Eq. (15) and that given Liang et al. [20] is obtained. It
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Fig. 26. Comparison of plate strength curves at ambient temperature predicted
by the current proposed design formula with existing formulas.

should be noted that the effective width formulas for clamped steel
plates proposed by Liang et al. [20] have been verified by experimental
results on rectangular CFST columns. The strength curve predicted by
the present study is conservative compared to the one given by Quiel
and Garlock [26]. The reason for this is that the residual stresses are
considered in the current model, but are not used in the model by Quiel
and Garlock [26]. The comparison for elevated temperatures is depicted
in Fig. 27. The post-local buckling strengths of steel plates predicted by
the proposed formula are in good agreement with those given by Quiel
and Garlock [26]. However, the results obtained by the formula of
Couto et al. [25] are very conservative compared to the other two so-
lutions as shown in Fig. 27. This is because the effective width formula
given by Couto et al. [25] was developed for simply supported steel
plates with initial geometric imperfections which were much larger
than those incorporated in the finite element models in the present
study.

7. Applications

The proposed effective width formulas for clamped steel plates at
elevated temperatures can be used to account for local buckling effects
on the ultimate axial loads of rectangular CFST short columns subjected
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Fig. 27. Comparison of plate strength curves at temperature of 400 °C predicted
by the current proposed design formula with those given by Couto et al. [25]
Quiel and Garlock [26].
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Table 1

Ultimate axial loads of rectangular CFST short columns at elevated temperatures.

Engineering Structures 168 (2018) 108-118

Specimen Dimensions Bapp = 500 kN Biapp = 600 kN
B X D X t (mm) Tmax (°C) Tiin (°C) Bical (kN) Pucal Tmax (°C) Tinin (°C) Bicar (KN) Pucal
Pu,app Pu,app
SHS 123 x 123 x 5 690 652 490.1 0.98 648 607 559.7 0.93
SHS1 1189 x 118.9 x 5 712 678 431.7 0.86 644 605 534.6 0.89
SHS2 125.9 x 1259 x 5 700 661 494.3 0.99 675 634 536.8 0.89
RHS 84.5 % 169 X 5 695 633 499 1.00 645 579 595.4 0.99
RHS1 79.3 X 158.5 X 5 687 628 460.4 0.92 632 570 560.1 0.93
RHS2 89.5x 179 x5 716 655 517.7 1.04 676 610 588.2 0.98
Mean 0.97 0.94

to standard fire. A simple expression for determining the ultimate axial
load of a CFST short column at elevated temperatures is proposed as

Pu,cal = Asef;;,T + A e, T (27)

where B, is the calculated ultimate axial load of the CFST short
column, A, is the effective cross-sectional area of the steel section
computed using the proposed effective width formula Eq. (18), A, is the
concrete area of the section, and f, ; the compressive strength of con-
crete at elevated temperatures.

Dai and Lam [38] investigated the shape effects on the behavior of
CFST short columns at elevated temperature using the commercial
software package ABAQUS. Table 1 shows the geometric and material
properties of square and rectangular CFST short columns provided by
Dai and Lam [38]. The proposed effective width formulas and Eq. (27)
were employed to calculate the ultimate axial loads of these columns
and the results obtained are compared with those given by Dai and Lam
[38] in Table 1. The reduction factors for the steel yielding strength and
concrete at elevated temperatures given in Eurocode 3 [35] were
adopted. As given in Table 1, the maximum temperature (T,x) ap-
peared at the corner of the steel cross-section, while the minimum
temperature (T,;,) presented at the middle of the steel tube wall under
consideration. It was assumed that the distribution of temperatures
between the corner and the middle of the steel tube wall was linear. The
concrete temperature was taken as 0.45 of the maximum temperature
on the steel tube as suggested by Dai and Lam [38]. Local buckling of
steel plates with b/t ratio greater than 20 was taken into account in the
calculations of the ultimate axial loads. As demonstrated in Table 1, the
calculated ultimate axial loads of CFST short columns at elevated
temperatures are in good agreement with numerical results predicted
using the finite element software ABAQUS. The mean ultimate axial
loads computed by the proposed formulas are about 97% and 94% of
those reported by Dai and Lam [38] for the applied loads (B, ,) of
500 kN and 600 kN, respectively.

The above comparative study demonstrates that the effective width
formulas developed for steel plates at elevated temperatures predict
well the post-local buckling strengths of steel tube walls of CFST short
columns exposed to fire. In addition, the assumed clamped boundary
conditions for steel plates are able to simulate the boundary conditions
of the steel tube walls of CFST columns at elevated temperatures.

8. Conclusions

The nonlinear critical local and post-local buckling behavior of thin
steel plates under stress gradients in rectangular CFST columns at ele-
vated temperatures has been investigated by using the finite element
models developed. Geometric imperfections and residual stresses have
been taken into account in the finite element models. The material
stress-strain relationships for steels at elevated temperatures given in
Eurocode 3 [35] have been adopted to simulate the material behavior.
The critical local buckling and post-local buckling strength curves for
clamped steel plates under compressive stress gradients at ambient and
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elevated temperatures have been determined from the finite element
analysis results. Based on the numerical results obtained, design for-
mulas for determining the critical local buckling and post-local buck-
ling strengths of steel plates at ambient and elevated temperatures have
been proposed. The effective width formulas have also been developed
for clamped steel plates in rectangular CFST columns subjected to ele-
vated temperatures.

The proposed formulas have been utilized to account for local
buckling effects on the ultimate axial loads of CFST short columns ex-
posed to fire. The results obtained are in good agreement with nu-
merical solutions predicted by the finite element analysis software
ABAQUS. The effective width models developed in this study can be
incorporated in nonlinear analysis procedures to account for pro-
gressive post-local buckling effects on the behavior of thin-walled rec-
tangular CFST columns exposed to fire. Furthermore, the proposed
formulas can be used directly in the design of CFST columns made of
non-compact and slender steel sections at elevated temperatures.
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Chapter 3 Local and Post-Local Buckling of Steel Plates at Elevated Temperatures

3.4 CONCLUDING REMARKS

In this chapter, the critical local and post-local buckling behavior of thin steel plates in
CFST rectangular columns subjected to stress gradients and various high temperatures
has been investigated by conducting the material and geometric nonlinear finite element
analyses on steel plates. The finite element results obtained have been utilized to develop
a set of equations for quantifying the critical stresses at the onset of local buckling, the
post-local buckling strength as well as effective widths of thin steel plates exposed to high
temperatures. The proposed equations of effective widths have been employed to
calculate the ultimate strengths of CFST rectangular columns, which have been shown to
be in good agreement with test data. The equations proposed in this chapter can be
incorporated in any nonlinear computer modeling procedures to account for the
influences of gradual post-local buckling on the fire and post-fire responses of rectangular

CFST columns loaded axially and eccentrically.
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Chapter 4 CFST Short Columns at Elevated Temperatures

Chapter 4

CFST SHORT COLUMNS AT ELEVATED

TEMPERATURES

4.1 INTRODUCTION

This chapter presents a computational model for determining the fire resistance and
structural behavior of axially loaded short CFST columns of thin-walled rectangular
sections under fire exposure including local buckling effects. The computer model
incorporates the temperature-dependent material constitutive relations and thermal
properties of concrete and steel. The formulation of the computer model utilizes the
method of fiber elements, which discretizes the column cross-section into fine fiber
elements. The equations proposed in Chapter 3 for local and post-local buckling
predictions of steel plates at high temperatures are implemented in the computational
model to include local and post-local buckling influences on structural and fire behavior.
A sequentially coupled computational procedure is proposed for the thermal and stress
analysis of CFST columns loaded axially, which predicts the temperature distribution in
fiber elements, load-strain responses and fire resistance. The computer model verified is
employed to undertake a paramedic study on the fire and structural responses of CFST

columns with various important parameters.
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This chapter includes the following paper:

1. Kamil, G. M., Liang, Q. Q. and Hadi, M. N. S. (2019) Numerical analysis of axially
loaded rectangular concrete-filled steel tubular short columns at elevated

temperatures, Engineering Structures, 180: 89-102.
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ARTICLE INFO ABSTRACT

Elevated temperatures significantly reduce the local buckling strengths of steel tubes and the ultimate strengths
of rectangular concrete-filled steel tubular (CFST) columns exposed to fire. No fiber-based models have been
developed that include local buckling effects on the fire-resistance of rectangular CFST columns. This paper
presents a new fiber element model for the fire-resistance predictions of axially loaded rectangular CFST short
columns at elevated temperatures considering local buckling. The thermal analysis problem of a CFST column is
solved by the finite difference method to determine the temperature distribution within its cross-section in-
cluding an air gap, concrete moisture content and the emissivity of exposure surfaces. The nonlinear stress
analysis of axially loaded short CFST columns under fire recognizes the stress-strain behavior of concrete and
steel at elevated temperatures. The expressions for initial local buckling and effective widths of steel plates are
incorporated in the computational model to include the effects of local and post-local buckling on the fire
responses of CFST columns. The existing experimental and numerical results are utilized to examine the accuracy
of the fiber-based model. The fiber model developed is used to undertake parametric studies on the effects of
local buckling, geometric and material properties and loading ratio on the thermal and structural responses of
CFST short columns and the load distribution in steel tube and concrete. The numerical model proposed is
demonstrated to simulate well the fire and structural performance of axially loaded CFST short columns under
fire. Moreover, computational solutions presented provide a better understanding of the thermal and structural
responses of CFST columns in fire.

Keywords:

Concrete-filled steel tubes
Elevated temperatures
Fire-resistance

Nonlinear analysis

Local buckling

2009 [10], columns with a slenderness ratio (L/r) less than 22 are re-
garded as short columns. As shown in Table 1, the sizes of CFST col-

1. Introduction

Rectangular concrete-filled steel tubular (CFST) columns have been
widely used to resist heavy loads in high-rise composite buildings.
Filling a rectangular hollow steel tube with concrete as illustrated in
Fig. 1 not only remarkably increases the strength and stiffness of the
hollow steel tube but also significantly improves its fire-resistance. The
concrete infill is completely encased by the rectangular steel tube so
that it exhibits improved ductility. In addition, the steel tube acts as
longitudinal reinforcement and permanent formwork for the filled
concrete, which greatly reduces the construction time and costs.
Moreover, the concrete core delays the steel tube local buckling and
forces it to buckle locally outward [1-9]. Some of the practical appli-
cations of circular and rectangular/square CFST columns in high-rise
buildings include LDC Queen’s Road Central in Hong Kong, Di Wang
and The SEG Plaza in Shenzhen, the Sail in Singapore, the Petronas
Tower in Kuala Lumpur and Two Union Square in Seattle. In AS 3600-

* Corresponding author.
E-mail address: Qing.Liang@vu.edu.au (Q.Q. Liang).

https://doi.org/10.1016/j.engstruct.2018.11.037

umns used in the above mentioned high-rise buildings were very large
and their slenderness ratios calculated by assuming the typical story
height of 4.2 m ranged from 5.3 to 17.7. These CFST columns therefore
were short columns whose strengths were governed by the section ca-
pacities. Rectangular CFST columns in tall composite structures may be
exposed to extreme events such as fire in their design life. The elevated
temperatures generated in a fire significantly reduce the stiffness and
strength of concrete and steel materials as well as the local buckling
resistance of steel tubes and therefore the ultimate strengths of CFST
columns [11-13]. To accurately determine the fire-resistance of rec-
tangular CFST columns, the influences of local buckling must be in-
cluded in the nonlinear analysis procedures. However, no fiber-based
modeling techniques have been proposed that included local buckling
in the fire-resistance prediction of CFST short columns. Therefore, there
is a need for the development of such a computational technique.
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Steel box

Concrete

Fig. 1. Cross-section of rectangular CFST column.

Table 1

CFST columns utilized in high-rise buildings.
Name of building City Column Max. size (mm) L/r

section
LDC queen’s road Hong Kong Square 2250 x 2250 6.5
central

Di Wang Shenzhen Square 1000 x 1000 14.5
Casselden place Melbourne Circular 950 17.7
The SEG Plazza Shenzhen Circular 1600 10.5
The sail Singapore Circular 2000 8.4
The petronas tower Kuala Lumpur  Circular 2400 7.0
Two union square Seattle Circular 3200 5.3

Most of the experimental investigations on the fire-performance of
CFST columns have focused on slender columns. Standard fire tests on
square, rectangular and circular CFST slender columns subjected to
constant axial load and increasing temperatures that followed the
standard temperature-time curve given in design codes have been
conducted by researchers, such as Lie and Chabot [14], Sakumoto et al.
[15], Kodur and Lie [16], Han et al. [17], Choi et al. [18], Han et al.
[19], Espinos et al. [20,21], and Dundu [22]. The temperatures on the
surfaces and in the column cross-section, the axial deformation and the
fire-resistance of the CFST column were recorded in the fire tests. The
effects of important parameters were investigated, including the axial
load ratio, loading eccentricity, column slenderness and size, types of
concrete infill, material strengths and spray material thickness. Ex-
perimental results indicated that the typical failure mode associated
with slender CFST columns in fire was overall column buckling. For
CFST rectangular and square columns, however, the steel tube buckled
locally outward.

Experimental studies on the responses of short square and rectan-
gular CFST columns exposed to fire have been extremely scarce. Lu
et al. [23] carried out fire tests on short CFST columns constructed by
high-strength self-consolidating concrete to determine the temperature
distributions, axial displacement-time relationships, limiting tempera-
tures and fire-resistance. It was reported that the outward local buck-
ling appeared on the four faces of each column while the concrete
crushed at the column where the steel tube walls locally buckled. In
addition, the axial load ratio had significant influences on the fire-
performance of short square CFST columns. Moreover, the loading ec-
centricity was shown to have a minor effect on the fire-resistance of
short CFST columns. Furthermore, it was observed that there was an
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interaction between the steel tube and concrete infill during the fire
exposure.

Although fire tests can be performed to determine the responses of
CFT columns exposed to fire, these tests are highly time consuming and
expensive. Therefore, mathematical models have been formulated for
the fire-resistance predictions of CFST slender columns by researchers.
The fiber-based numerical models for simulating the responses of
slender CFST columns exposed to fire have been developed by Lie and
Chabot [24], Lie and Irwin [25] and Kodur and Lie [26], Han [27], and
Chung et al. [28]. In these fiber-based models, either the finite differ-
ence or the finite element method was utilized to calculate the dis-
tribution of temperatures in the column considering concrete and steel
thermal properties. The numerical models considered the nonlinear
stress-strain characteristics of concrete as well as steel at elevated
temperatures, moisture in concrete, second order effects as well as
geometric imperfections. Researchers have also employed commercial
finite element software ABAQUS and ANSYS to create 3D models to
investigate the responses of CFST slender columns in fire [29-33]. Ding
and Wang [29] and Espinos et al. [30] examined the influences of the
air gap, slip at the concrete and steel tube interface, tensile concrete
strength and geometric imperfection on the fire-resistance of CFST
columns. Hong and Varma [31] carried out extensive sensitivity ana-
lyses on the influences of material constitutive models, geometric im-
perfections, local buckling and the bond between the steel tube and
concrete on the performance of square CFST columns.

Numerical studies on rectangular short CFST columns at elevated
temperatures have been relatively limited. Yin et al. [34] presented an
analytical model for the fire-performance predictions of square and
circular CFST short column subjected to axial load and fire. It was re-
ported that for the same concrete and steel cross-sectional areas, cir-
cular CFST short columns had slightly higher fire-resistance than square
ones. The axial load-deformation responses of short CFST square and
circular columns subjected to combined axial load and elevated tem-
peratures including a cooling phase were investigated by Song et al.
[35] using ABAQUS. The stress distributions and confinement stresses
at different loading stages were also studied. The finite element results
indicated that heating slightly increased the ultimate load of CFST
circular columns but reduced that of square ones. Dai and Lam [36]
utilized ABAQUS to examine the influences of the column sectional
shape on the thermal and structural behavior of CFST short columns
made of circular, elliptical, square or rectangular sections at elevated
temperatures. The results obtained demonstrated that circular CFST
short columns had higher fire performance than other sections. In-
creasing the axial load ratio remarkably reduced the critical tempera-
tures and fire-resistance of CFST short columns regardless of sectional
shape. The distribution of temperatures in CFST columns constructed
by carbon or stainless steel tubes was investigated using ABAQUS by
Tao and Ghannam [37], who reported that the thermal contact con-
ductance at the interface of steel and concrete and concrete moisture
content significantly influenced the temperature distribution. Xiong
et al. [38] presented a modified finite difference method for computing
the temperature distributions in circular and square CFST columns and
in double-skin CFST columns exposed to fire. The numerical model
presented was employed to undertake sensitivity analyses on the in-
fluences of important factors on the responses of CFST columns at
elevated temperatures.

It appears from the above literature review that the existing fiber-
based numerical models have not considered local buckling effects in
the analysis of rectangular CFST columns under fire. Although local
buckling could be included in the finite element analysis of rectangular
CFST columns in fire, the development and computational cost of the
finite element model is highly expensive compared to that of the fiber
element model [31,39]. The comparative study conducted by Ahmed
et al. [39] demonstrated that the total time for creating and analyzing
the finite element model of a concrete-filled double steel tubular short
column was 2640 s while the total time for creating and analyzing its
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fiber element model was only 25s. Moreover, there are relatively lim-
ited studies dealing with rectangular short CFST columns under fire
loading. To address this knowledge gap, this paper describes a com-
putationally efficient fiber-based numerical model for simulating the
thermal and structural behaviors of axially-loaded short CFST rectan-
gular columns subjected to elevated temperatures. The fiber model in-
cludes the influences of local and post-local buckling of steel tube, air
gap, moisture content and emissivity of exposure surfaces on the fire
performance of CFST columns. The mathematical formulations of the
numerical model are described and its verification is followed. The fiber
modeling technique is utilized to undertake a parametric study on the
fire and structural responses of CFST columns with various important
parameters.

2. The fiber element model for thermal problems
2.1. Discretization of cross-section

The present numerical model is developed using the fiber element
method, which discretizes the cross-section of a CFST column into many
small fiber elements but it does not require any discretization along the
column length [40-44]. A typical fiber mesh of the column cross-sec-
tion is depicted in Fig. 2 where the section is formed by welding four
plates without the corner radius. The wall of the steel tube is discretized
into layers through its thickness while its width is divided into square
fiber elements according to the layer thickness. The filled concrete is
discretized into square fiber elements and the size of the concrete fiber
is twice the size of the steel fiber element as illustrated in Fig. 2. The
temperature at the center of each fiber element is taken as its tem-
perature. The material properties of steel or concrete are assigned to
fibers. The uniaxial material stress-strain relationships of steel and
concrete at elevated temperatures are employed to compute fiber
stresses from axial fiber strains.

2.2. The sequential coupled analysis procedure

The nonlinear inelastic analysis of CFST short columns exposed to
fire consists of sequential coupled thermal analysis and nonlinear stress
analysis. In the thermal analysis, the temperatures on surfaces of the
CFST column as a function of time are calculated first. The distribution
of temperatures in the column cross-section is then computed by nu-
merical techniques. The temperature is assigned to each fiber element
based on the computed temperature distribution. The nonlinear stress

/ Concrete fibers

AT
I A O

Steel fibers Y

Fig. 2. Typical fibre element discretization.
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analysis is carried out to simulate the structural responses of the axially
loaded CFST short column under elevated temperatures determined in
the thermal analysis. For a given time increment, the temperatures on
the surfaces of the CFST column and within its cross-section are com-
puted. The axial strain is incrementally increased and the corre-
sponding axial load is computed as stress resultants in the section
subjected to the computed temperature distribution. By repeating the
above analysis process, the axial load-strain curves for the CFST short
column for given time increments of fire exposure can be determined.
The ultimate axial strength of the CFST column decreases as time in-
creases. The fire-resistance of the CFST short column is determined as
the time to reach the failure point of the column which has so low
strength that it cannot support the axial load. A computer program
implementing the fiber-based numerical model has been developed
using MATLAB by the authors. The thermal and the nonlinear stress
analyses are described in the following sections.

3. Thermal analysis
3.1. Fire temperature-time relationship

The standard temperature-time curve given in Eurocode 1 [45] as
demonstrated in Fig. 3 is adopted in the present fiber model to de-
termine the temperatures on the surfaces of the CFST column during
fire exposure. This standard curve is expressed by

T(t) = 20 + 345log,, (8¢ + 1) €Y

where T stands for the temperature in °C and ¢ is the time of fire ex-
posure in minutes.

3.2. Temperature distribution in the cross-section

The four sides of the rectangular CFST column are assumed to be
exposed to uniform temperatures that follow the standard temperature-
time curve represented by Eq. (1). To determine the temperature dis-
tribution at the fiber elements in the cross-section, the finite difference
method is employed to solve the following heat transfer equation in
two-dimensions [46]:

T 8T
L - 1 i ¥
c

&7

cr

-

7 @

where p denotes the density in kg/m?, c is the specific heat in J/kg, and k
is the thermal conductivity in W/m °C and q is the heat flux which is

used to calculate the temperature distribution on the surfaces of the
CFST column but is taken as zero for steel and concrete within the
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Fig. 3. Standard temperature-Time curve given in Eurocode 1 [43].
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Table 2
Thermal properties of steel and concrete implemented in the numerical model.

Engineering Structures 180 (2019) 89-102

Materials Properties

Equations

Steel properties given in Eurocode 3 [48] Thermal conductivity

Specific heat

Thermal expansion strain

Concrete properties given by Lie and Chabot [24] Thermal conductivity

Thermal capacity

Thermal expansion strain

kor = {54 —333x 10727 for 20°C < T < 800°C
o =

273 for 800°C < T < 1200°C

csr = 425 + 7.73 X 10717 — 1.69 x 107372 + 2.2 x 107°73
13002
738-T
17820
T-731
cs 7 = 650 for 900° C< T < 1200°C

g1 = 12X 107°T + 0.4 x 107872 — 2.416 x 10™* for 20°C < T < 750°C
&7 =1.1x 1072 for 750° C< T < 860°C

&7 =2X107T — 6.2 X 1073 for 860° C< T < 1200°C
ker = —0.00085 X T + 1.9 for 0 < T < 800°C

ke =122 for T > 800°C

pece,r = (0.005 X T + 1.7) x 10° for 0 < T < 200°C
poCe,r = 2.7 % 10%  for 200 < T < 400 °C

peCe,r = (0013 X T — 2.5) X 10% for 400 < T < 500 °C
peCe,r = (—0.013 x T + 10.5) X 10° for 500 < T < 600 °C
peCe,r = 2.7 % 10% for T > 600 °C

ee,r = (0.008T + 6) X 10~°(T — 20)

for 20° C< T < 600°C

.7 = 666 + for 600° C< T < 735°C

.1 = 545 + for 735° C< T < 900°C

column.

The thermal properties of steel and concrete including the thermal
conductivity, specific heats and thermal expansion coefficient need to
be specified in the thermal analysis. The thermal properties of steel
provided in Eurocode 3 [47] and the thermal properties of concrete
given by Lie and Chabot [24] are employed in the fiber-based numerical
model and are provided in Table 2 for convenience and completeness.

The nodes of fiber elements in the cross-section are schematically
illustrated in Fig. 4. The distances between the adjacent two nodes in x
and y directions are represented by dx and dy, respectively, and they are
actually the size of the fiber element in x and y directions, respectively.
As shown in Fig. 4, m and n denote the coordinates of the node in the y
and x directions, respectively. Assume that the current temperature at
the node (m, n) at the ith time increment is T/, . The next temperature
TL) at this node at the next time increment is calculated by solving the
general heat transfer equation expressed by Eq. (2) using the forward
finite difference method as follows:

dx

<
(mpLn),~ | (P
(g1 / (m.y+1)
(m-|l,n)
y

X

Fig. 4. Nodal grids for the finite difference for temperature analysis.
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da At ) T,in )
a3 ) ™
(3)

in which 1 — (4aAt/AL)? > 0; a is the diffusivity and is taken as k/pc; At
is the time step in seconds; and the distance between two adjacent
nodes is AL =dx = dy.

It is assumed that an air gap between the steel tube and concrete
during fire exposure exists because the steel tube expanses more than
the filled concrete does [29]. The temperatures at the contact nodes at
the steel and concrete interface are computed by the following equation
accounting for the effects of the air gap where the thermal contact re-
sistance h,, is taken as 100 W/m?K as suggested by other researchers
[29]:

alAt

i+1 _
(AL)Z m,n—1 +

mmn —

Thnr1 + Tt + Thgin) + (1 -

4At
pc(de)?
+ (T30 = T 1)

' =T + (he (Th 5 = Ti de + (T, — T )

4

where d. and d; are the concrete and steel fiber sizes, respectively, and
the symbols that refer to the temperatures at nodes used in the above
equation are illustrated in Fig. 5, which shows the interaction nodes
between steel and concrete at the corner of the interface of steel and
concrete as a typical case. The temperatures at the nodes of steel fibers
at the boundaries can be calculated by using Eq. (4) with the heat

ds

- /Steelﬁbers
R “1
/Air gap
(1.2)
I — (D) de
— 111210
Concrete fibers
| — p
| T

Fig. 5. Typical nodal grids for the interface of steel and concrete for the finite
difference temperature analysis.
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Fig. 6. Point positions in the square CFST column section for comparison
purpose.

convection and thermal radiation coefficients. Research studies on the
thermal analysis of CFST columns showed that the emissivity of the
exposure surfaces and the moisture content in concrete had remarkable
effects on the distribution of temperatures [30,31]. In the present nu-
merical model, the emissivity of the exposure surface () is taken as 0.7
and the Stephen-Boltzmann constant is taken as 5.67 X 1078 W/m? K*,
while the moisture content is taken as 3%. These values have been used
by other researchers and showed to give good predictions. The use of
3% moisture content is based on Eurocode 2 [48] that limits the
moisture content to 3% and the research conducted by Espinos et al.
[30]. The research conducted by Tao and Ghannam [37] indicated that
the use of moisture content higher than 3% resulted in the over-
estimation of the fire-resistance of CFST columns.

To validate the accuracy of the fiber modeling technique for thermal
analysis on CFST rectangular columns, computed temperatures at var-
ious locations depicted in Fig. 6 are compared with experimentally
measured ones provided by Lie and Chabot [14] in Figs. 7-9. The
thermal analysis of three square CFST columns tested by Lie and Chabot
[14] were undertaken by the proposed fiber model. The dimensions of
the column cross sections were 152.4 X 152.4 mm, 254 X 254 mm and
304 x 304 mm while the thickness of the steel tubes was 6.35 mm. It
can be observed from these figures that the fiber model predicts well
the temperatures at Point 1 on the surface of the column and at Point 2
within the column, but slightly underestimates the temperature at the
center of the section. The steel temperature increased rapidly during the
first 30 min exposure to fire as oppositely to the concrete core due to the
direct contact between the steel and the fire source and because the

1200

Experiment [14
1000 P [14]

= = = Fiber analysis

800

600

400

Temperature T (°C)

200

40
Time ¢ (min)

60 80

Fig. 7. Comparison of predicted temperatures with experimental results on
square CFST column of 152.4 X 152.4 X 6.35mm tested by Lie and Chabot
[14].
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Fig. 8. Comparison of predicted temperatures with experimental results on
square CFST column of 254 x 254 X 6.35 mm tested by Lie and Chabot [14].
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W ow o N
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Fig. 9. Comparison of predicted temperatures with experimental results on
square CFST column of 304.8 x 304.8 x 6.35mm tested by Lie and Chabot
[14].

steel has a higher thermal conductivity than concrete, which was pro-
tected by steel. The discrepancy between the numerical predictions and
measurements of the concrete temperatures was attributed to the un-
certainty of the actual thermal properties of concrete. The plateau at
concrete temperatures occurred after 30 min of fire exposure was
caused by the slow rate defined by the standard fire curve and the
position of core concrete and the low thermal conductivity of concrete.
For the column with a larger cross-section, the Points 2 and 3 at the
concrete were farther away from the fire source so that the concrete
temperatures at Points 2 and 3 were lower and the curves look plateau
as depicted in Figs. 6-8. The maximum temperatures on steel surface
and at the core concrete computed by the proposed fiber model are
compared against the finite element results obtained by Dai and Lam
[36] using ABAQUS in Fig. 10. It appears that excellent agreement
between these numerical predictions is obtained.

4. Nonlinear stress analysis
4.1. Axial strains

The short rectangular CFST column is under constant axial com-
pression and increasing temperatures during fire exposure. The strain in
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Fig. 10. Comparison of predicted temperatures with finite element results
provided by Dai and Lam [36].

steel or concrete consists of axial strain caused by axial load and
thermal strain due to thermal expansion. The concrete and steel com-
ponents in a short CFST column are subjected to the same axial strain
(€). The strain in steel fibers (g;) is expressed by

& =¢€— &7 5)
The strain in concrete fibers (e.) is calculated as
€ =€—ET (6)

In the nonlinear stress analysis, the axial strain ¢ is incrementally
increased to determine the corresponding axial load that causes this
axial deformation.

4.2. Stress-strain model for steel at elevated temperatures

The stress-strain model for structural steels at elevated temperatures
provided in Eurocode 3 [47] is incorporated in the present mathema-
tical model for steels exposed to fire. The stress-strain curves of steels
are presented in Fig. 11 and expressed by the following equation:

2.5
— 20°C
e 7= 300 °C
2 - — = 7= 400°C
- = T=600°C
— -+ T=700°C
1.5
S
>
2
o 1
X
0.5
0 .
0 0.05 0.1 0.15 0.2 0.25 0.3
Strain €

Fig. 11. Stress-strain curves for structural steels at elevated temperatures al-
lowing for strain hardening based on Eurocode 3 [47].
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Fig. 12. Reduction factors for the mechanical properties of structural steels at
elevated temperatures based on Eurocode 3 [47].

Ergg fore, < g7

(fp,T — h3) + %4 h? — (g1 — &) fore,r <eg < r
5,17 = fy’T forey,r <& < é&r

for 1= (& —en)/(enr — )] forer <& <eur

0 foreg > g7 @
where the coefficients hy, h,, and h; are given as
h? = (g1 — g,1)(€,1 — &7 + h3/Er) 8
hy? = Er(gy,r — g,1)hs + hs? (C)]
e = (fy,T _fp,T)2

=
ET (Ey,T - Ep,T) -2 (fy,T _fp,T) (]_O)

where Er denotes the elastic modulus for steel, f, stands for the
proportional limit, f, ; represents the yield stress, ¢, r is the strain at
fp’T, g7 denotes the yield strain, and ¢, r stands for the ultimate strain
at elevated temperatures. The reduction factors R, r to the proportional
limit, R, 7 to the steel yield strength and Rg r to the modulus of elas-
ticity of steels at elevated temperatures provided in Eurocode 3 [47] are
used in the present study and are shown in Fig. 12.

The strain-hardening of steel at temperatures below 400 °C is taken
into consideration by the following expression [47]:

S0[(f, ¢+ — £,,0)/0.02] +2f,, —f,; for0.02< & < 0.04
G =1Jur for 0.04 < & < 0.15
Jur [1 = 20(gs — 0.15)] for 0.15< & < 0.2 (11)

where f, ; denotes the ultimate strength of steel at elevated tempera-
ture, which is calculated as follows:
for T < 300°C

fo= JuRr
T\ for + 0.01(f, p = f,1)(400 — T) for 300< T < 400°C 12)

4.3. Stress-strain model for concrete at elevated temperatures

For concrete at elevated temperatures, the stress-strain model given
in Eurocode 2 [48] is incorporated in the numerical model and illu-
strated in Fig. 13. This model is represented by the following equation:

E
ehrl2+ /el )

f/ Eeu, T — &
T | ecur—¢bT

’
fore. <eip

[

] fore. > ¢/ p
' (13)
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Fig. 13. Stress-strain curves for concrete at elevated temperatures based on
Eurocode 2 [48].

where f; ;. represents the concrete compressive strength, ¢/ ; denotes the
concrete strain at fc’,T, and ¢, 7 is the concrete ultimate strain at ele-
vated temperatures. The concrete strain values of ¢, and ¢, r at ele-
vated temperatures can be found in Eurocode 2 [48] for siliceous ag-
gregates and appropriate values should be used for other types of
aggregates.

4.4. Critical local buckling of steel tube

The steel tube of a rectangular CFST short column subjected to axial
compression are under uniform compression and may undergo outward
local buckling [40-42]. Expressions for computing the critical local
buckling stress of clamped steel plates in CFST rectangular columns at
room temperatures have been proposed by Liang et al. [49]. Liang
[40,41] incorporated these expressions in the fiber-based computa-
tional model to include local buckling in the nonlinear modeling of
CFST columns. The local buckling behavior of steel plates with im-
perfections at elevated temperatures in CFST rectangular columns was
studied by Kamil et al. [50]. Design equations derived by Kamil et al.
[50] are included in the present fiber modeling technique to compute
the critical local buckling strength of steel tube in axially loaded CFST
columns at elevated temperatures. These equations are applicable to
steel tube walls with clear width-to-thickness ratio (b/t;) ranging from
30 to 110.

For a steel tube wall exposed to temperatures ranging from 550 to
650 °C, its critical local buckling stress is calculated by [50]

Ole, T

for

= (0.191627975" + 0.003889) (M A2 + Malder + m3)
a4

where o, r stands for the plate critical local buckling stress at elevated
temperatures, and .7 eepresents the relative slenderness of the plate at
elevated temperatures, determined by

N R ()

“r= \ kr*(Rg, 1 E)
where f, denotes the steel yield stress at ambient temperature, v re-
presents the Poisson’s ratio of steel, E is the Young’s modulus of steel at
ambient temperature, k = 9.95 stands for the coefficient of elastic local
buckling. The four edges of the steel tube wall in a CFST column are
assumed to be clamped as discussed by Liang et al. [49].

The coefficients m;, m, and m; in Eq. (14) are given as

(15)

my = —1.0685a2 + 2.275a; — 0.8969 16)
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my = 2.3075a2 — 4.7791a + 1.8475 17)

ms; = —0.8250(,5,2 + 1.086a; + 1.0083 18)

where « is the stress gradient coefficient and defined as the ratio of the
minimum stress to the maximum stress applied to the plate. For CFST
columns in axial compression, the steel tube is under uniform edge
stresses so that « is taken as 1.0.

Expression for predicting the critical local buckling stress of steel
plates for any other temperatures given proposed by Kamil et al. [50] is

oootsa1 (Re.r ) O10%
0.65661.2 (—)

O1c, T Ry,

= (gAdr + &)

Fyr 0.5415244% + (%)70'8252 19)
where the coefficients g, g, and g, are

g=—7.9339 a2 + 11.29 a, + 4.701 (20)
g = 0.0863 a? — 0.1248 & + 0.0431 (21)
g, = 0.2656 a2 — 0.9902 &, + 1.719 (22)

4.5. Post-local buckling of steel tube

The effective width models developed by Liang et al. [49] were
included in the fiber-based computational procedures to take into ac-
count the influences of post-local buckling on the performance of CFST
columns at room temperatures by Liang [40,41]. The effective widths of
a rectangular steel tube in CFST column in axial compression are
schematically illustrated in Fig. 14. Kamil et al. [50] formulated ef-
fective width equations for computing the post-local buckling strengths
of steel plates at elevated temperatures and are applicable to steel tube
walls with clear width-to-thickness ratio (b/t,) ranging from 30 to 110.
The development of these formulas considered residual stresses and
initial geometric imperfections for temperatures under 400 °C were
considered in the development of these formulas. The formulas given by
Kamil et al. [50] are coded in the computer program for the calculation
of the effective widths of steel tube in axially-loaded steel tube in CFST
columns in fire, which are expressed by

y .
/Ineﬁ"ectlve steel fibers
T2
T .
o
N
<
i X
o
3
<
HHHH )

Effective steel fibers

Fig. 14. Effective widths of steel tube walls in rectangular CFST column section.
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> Rp T —0.3028 Rp T
0.841812¢ 363(%) + 14154($)

2.055 + .8

o

= @A)
b QAT ©23)
in which b, and b represent the effective width and clear width of the

steel tube wall, respectively; and q and g, are expressed by

q = 0.04007a? — 0.05275a; + 0.03355 (02)]

q, = 0.1007a — 0.7027a; + 1.65 (25)

After the critical local buckling occurs, the post-local buckling is
associated with the redistribution of in-plane stresses in the thin steel
plate as discussed by Liang [40,42]. Based on the effective width con-
cept, the steel fiber stresses within the effective widths as illustrated in
Fig. 14 are assigned to the steel yield stress while those located in the
ineffective widths are set to zero. The simulation of the progressive
post-local buckling is undertaken by the gradual redistribution of the
in-plane stresses in the buckled steel plate. The effective width of the
plate under edge stress greater than its critical buckling stress and less
than its ultimate strength is computed by linear integration based on
the stress level as suggested by Liang [40]. The modeling procedure
given by Liang [40] is used to simulate the progressive post-local
buckling of steel tube walls in CFST columns under axial load and fire.

5. Verification of the fiber element model

As discussed in the Introduction, computational and experimental
research on the performance of axially-loaded rectangular CFST short
columns subjected to fire loading has been very limited. Therefore,
experimental data provided by Lu et al. [23] and numerical results
presented by Yin et al. [34] and Dai and Lam [36] are utilized to verify
the fiber element model developed. Lu et al. [23] conducted tests on
square CFST short columns at elevated temperatures under constant
axial compression. Table 3 provides the details of the specimens. The
actual compressive strength of concrete in the tested CFST columns was
unknown and usually varies from 0.8f) to 1.0f; , where f; is the
compressive strength of concrete cylinder. In the numerical analyses,
f! was taken as 0.82f. Fig. 15 shows the predicted and experimentally
measured axial deformation-time relationships. It can be seen that the
numerical model generally predicts well the behavior of the tested
specimens. However, as shown in Fig. 15a, b and d, experimental fire-
resistances are lower than numerical predictions. This is because the
actual thermal properties of steel and concrete and moisture content in
the columns were not measured in the experiments and the fiber model
employed idealized thermal properties of steel and concrete and 3%
moisture content in the analyses.

The square CFST short column analyzed by Yin et al. [34] using
their analytical model had the width of 443.12mm and thickness of
17.72mm. The steel yield strength at ambient temperature was
275 MPa and steel modulus of elasticity was 200000 MPa. The strength
of the filled concrete in compression was 25 MPa. The concrete and
steel thermal and mechanical properties given in Eurocode 3 [47] were
used in the analyses. It was assumed that the contact at the interface of
concrete and steel was perfect. The fiber element analysis of the column
considered local buckling. The predicted ultimate axial load-exposure
time relationship is compared against the solution given by Yin et al.
[34] in Fig. 16. It is seen that good agreement between the two

Table 3
Dimensions and properties of CFST short columns tested by Lu et al. [23].

Specimen B X D X t; (mm) f, (MPa) f, (MPa) E,(GPa) Applied load (kN)
S1R2EO0 150 x 150 x 5 486 558 197 486

S1R4EO 150 x 150 x 5 486 558 197 486

S3R3E0 200 x 200 X 6 467 544 199 1226

S2R4E0 200 x 200 x 6 467 544 199 1800

96

Engineering Structures 180 (2019) 89-102

numerical solutions is achieved.

Dai and Lam [36] used analysis software ABAQUS to determine the
responses of axially loaded short CFST rectangular and square columns
under fire. The material and geometric properties of these columns as
well as axial loads are provided in Table 4. The steel tube had the
Young’s modulus of 210000 MPa and yield stress of 350 MPa and filled
with 30 MPa concrete. Both the concrete and steel thermal and me-
chanical properties provided in Eurocode 3 [47] were used. The air gap
between the steel tube and concrete was not considered. The predicted
fire-resistance of short CFST columns by the fiber model is compared
against that obtained by Dai and Lam in Table 4. It can be observed that
there is a good correlation between both numerical predictions. How-
ever, the fiber model slightly underestimates the fire-resistance of these
CFST short columns. The computed axial displacements as a function of
the maximum temperatures on steel tube walls are schematically pre-
sented in Figs. 17 and 18 The tube local buckling was not included in
the finite element analyses conducted by Dai and Lam [36]. When local
buckling was not included in the analyses, the predicted axial dis-
placement-maximum temperature relations by the proposed computa-
tional procedure are in good correlation with finite element results.
This demonstrates that the influence of local buckling on the fire re-
sponses of CFST rectangular short columns is significant.

6. Parametric study

A parametric study was undertaken to explore the behavior of rec-
tangular CFST short columns under combined axial load and fire ac-
counting for the local buckling of steel plates. The parameters examined
included the concrete strength, the steel yielding strength, axial load
ratio and width-to-thickness ratio. The modulus of elasticity for steel
was taken as 210 GPa. The clear width-to-thickness ratios (b/t;) of the
CFST columns used in the following parametric study ranged from 38 to
98 so that the local buckling of these columns was considered in the
numerical analyses. In the parametric study, the fiber-based modeling
technique was employed to predict either the axial load-strain behavior
of CFST short columns subjected to an elevated temperature by in-
creasing the axial strain or the fire-resistance of CFST short columns
under constant axial load by increasing the temperature.

6.1. Effects of local buckling

The computer program developed was used to study the influence of
local buckling on the performance of short CFST rectangular columns at
elevated temperatures. A short rectangular CFST column of
600 x 500 mm with thickness of 6 mm giving B/t; and D/t ratios of
100 and 83, respectively was employed. The steel yield strength at
ambient temperatures was 300 MPa while the concrete had a strength
of 40 MPa. The fiber analyses were undertaken on the column exposed
to standard fire by including local buckling and excluding its effect,
respectively. Fig. 19 provides the axial load-strain responses of the
CFST column subjected to fire exposure time of 10 min, where B, is the
ultimate axial strength of the column at 10 min of exposure fire. It is
seen that the tube local buckling markedly reduces the column ultimate
axial strength by 10.1%. The ultimate axial load-time curves are pre-
sented in Fig. 20. At ambient temperature, the reduction in the column
ultimate load due to local buckling is 9.2%. At 20 min of fire exposure,
the local buckling reduces the column ultimate load by 5.7%. This
demonstrates that the effect of local buckling on the ultimate load-
carrying capacity of CFST short columns within 20 min of fire exposure
is significant and its effect diminishes as time increases further.

6.2. Effects of concrete strength
The influences of the concrete strength on the performance of CFST

short columns under fire were studied using the fiber model in-
corporating local buckling. The concrete with compressive strengths of
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Fig. 15. Comparison of predicted axial displacement-maximum temperature at steel in square CFST short columns tested by Lu et al. [23]: (a) S2R4EO; (b) S2R3E0;

(c) S1IR2EQ; and (d) S1IR4EO.
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Fig. 16. Comparison of predicted ultimate axial loads with those given by Yin
et al. [34].

25, 35, 45 and 55 MPa was used to fill the steel tubes, respectively. The
cross-section of the square CFST column was 500 X 500 x 8.33 mm
with a b/t ratio of 58 and f,= 300 MPa. Fig. 21 presents the axial load-
strain responses of the short CFST column made of 35MPa concrete.
The column initial stiffness and ultimate strength and decrease sig-
nificantly with increasing the temperatures. The reductions in the
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Table 4
Comparisons of fire-resistance of CFST short columns.

Column B X D X t; (mm) Applied load

500 kN 600 kN

Dai and Fiber Dai and Fiber

Lam [35] analysis Lam [35] analysis

Fire time Fire time Fire time  Fire time

(min) (min) (min) (min)
SHS 123 x 123 x 5 26.955 23.98 25.4 21.26
SHS1 1189 x 1189 x 5 28.984 22.57 24 20.31
SHS2 125.9 x 125.9 x 5 28.069 24.67 26.3 21.8
RHS 169 x 84.5 X 5 30.102 23.7 24.91 21.53
RHS1 158.5 x 79.3 X 5 26.18 22.43 23.35 20.33
RHS2 179 x 89.5 x 5 29.05 25.41 26.88 22.88

column ultimate strength are 24%, 36%, and 44% when the fire ex-
posure time increases to 20, 40, and 60 min, respectively. The influ-
ences of the concrete strengths on the ultimate axial load-exposure time
curves for CFST columns are shown in Fig. 22. The results show that
increasing the strength of concrete significantly increases the column
ultimate axial load regardless of the time exposure or temperatures. The
column ultimate load could be increased by 24%, 48% and 72% by
increasing the concrete strength from 25 MPa to 35 MPa, 45 MPa and
55 MPa, respectively. At fire exposure time of 10 min, the increases in
strength of the CFST column are 26%, 53%, and 79% when the

81



G.M. Kamil et al.

5
Fiber analysis (a)

4 I = = =Daiand Lam [36]
P Fiber analysis-ignoring local buckling
2] |
= |
22t |
5} |
2 r
A R
z ! / """"
I N ) )
a 0 <=

200 400 600 800
1t
2 -
Maximum Temperature at steel 7'(°C)
5
4 Fiber analysis ()
— — —Daiand Lam [36]
/g 3 e Fiber analysis-ignoring local buckling
~ ]
E |
e ? |
8 H
2 B
a1 r |
.4 3
! - S
g e . )
= - R4
00 = <~ _40 600 800
1 F T ‘_,.v‘.'. %
2

Maximum Temperature at steel 7'(°C)

Top displacement (mm)

Engineering Structures 180 (2019) 89-102

4
351 Fiber analysis (b)
3 | — — —Daiand Lam [36]
O Fiber analysis-ignoring local buckling
“ I
27 !
[
15 i
!
-l j
L a i
0.5 S k
- =« ;.
: 0= 600 800
S0.5 F 0 T eeeseeeeent 400.-
-1 :
Maximum Temperature at steel 7'(°C)
5
4 F Fiber analysis (d)

= = =Daiand Lam [36]

Fiber analysis-ignoring local buckling

Top displacement (mm)

Maximum Temperature at steel 7'(°C)

Fig. 17. Comparison of predicted axial displacement-maximum temperature at steel in square CFST short columns those given by Dai and Lam [36]: (a) Axial
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Fig. 18. Comparison of predicted axial displacement-maximum temperature at
steel in square CFST short columns with results given by Dai and Lam [36]
(axial load = 600 kN).

compressive strength increases from 25MPa to 35MPa, 45 MPa and
55 MPa, respectively. At 20 min of fire exposure, the strength increases
are 31%, 63, and 94% by increasing the concrete strength from 25 MPa
to 35MPa, 45 MPa and 55 MPa, respectively. This indicates that the
steel tube loses its resistance to fire as time increases and the axial load
is transmitted from the steel tube to the filled concrete.
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Fig. 19. Influences of local buckling on the axial load-strain behaviour of CFST
column subjected to 10 min of standard fire.

6.3. Effects of steel yield strength

To examine the effects of steel yield strengths at ambient tem-
peratures on the responses of CFST columns under fire, the short rec-
tangular CFST column of 500 X 400 mm with B/t of 50 and D/t ratio
of 40 was analyzed using the computer program developed. Steel tubes
having the yield stresses of 250 MPa, 350 MPa and 450 MPa were
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Fig. 20. Influences of local buckling on the ultimate axial strength of CFST
column subjected to various time exposure to fire.
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Fig. 21. Axial load-strain curves of square short CFST column with 30 MPa
concrete and various fire time exposures.
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Fig. 22. Effects of concrete strengths on the ultimate strength and fire-re-
sistance of square CFST columns.

considered. Fig. 23 shows the axial load-strain responses of the rec-
tangular CFTS short column with yield strength of 450 MPa at different
fire exposures times. The column ultimate load-carrying capacity de-
creases with increasing the fire exposure time. The reductions in the
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Fig. 23. Axial load-strain curves of rectangular short CFST column with yield
strength of 450 MPa exposed to fire.
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Fig. 24. Effects of the steel yield strength on the ultimate strength of rectan-
gular short CFST columns under fire.

axial stiffness of the short rectangular CFST column are 27%, 48% and
57% when the time exposure increases to 20, 40 and 60 min, respec-
tively. The column strength-exposure time curves of CFST columns that
had different steel yield stress are provided in Fig. 24. The effect of the
yield strength decreases with increasing the exposure fire time, and its
effect vanishes after 40 min. At ambient temperature, the column ulti-
mate strength increases by 6%, 12% and 23% respectively when the
steel yield stress is increased from 250 MPa to 300 MPa, 350 MPa and
450 MPa. However, at the fire exposure time of 10 min, increasing the
yield stress of steel from 250 MPa to 300 MPa, MPa, 350 MPa and
450 MPa leads to the column ultimate strength increase by 5%, 10%
and 20%, respectively.

6.4. Effects of width-to-thickness ratio

The effects of width-to-thickness ratio on the fire behavior of CFST
columns were examined herein. The fiber analyses of a CFST square
column of 400 X 400 mm with B/t ratios of 40, 60, 80 and 100 were
conducted. The steel tube had a yield stress of 300 MPa and filled with
40 MPa concrete. The axial load-strain-time relationships of the column
with B/t; ratio of 40 are provided in Fig. 25. When the fire exposure
time increases to 20, 40 and 60 min, the percentage reductions in
column ultimate axial strength are 24%, 44%, and 54%, respectively.
Fig. 26 demonstrates the effect of B/t ratio on the column strength
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Fig. 25. Axial load-strain relationships of square short CFST column with B/t
ratio of 60 with various exposure times.
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Fig. 26. Ultimate strength of square short CFST column with different B/t
ratios at different periods of exposure to standard fire.

curves at elevated temperatures, where B, is the ultimate axial strength
of the column at ambient temperature for B/t 40. It shows that the B/t
ratio has the most pronounced effect on the column strength at ambient
temperature. This effect decreases as the fire exposure time or tem-
perature increases and diminishes after 40 min. The column strength at
ambient temperature is reduced by 14%, 22% and 26% by increasing
the B/t; ratio from 40 to 60, 80 and 100, respectively. However, at the
fire exposure time of 20 min, increasing the B/t ratio from 40 to 60, 80
and 100 reduces the column strength by 12%, 16%, and 17%, respec-
tively. The smaller the thickness, the faster the heat transfers from the
steel to the concrete.

6.5. Effects of axial load ratio

The axial load ratio is computed as the ratio of the applied axial load
to the ultimate axial load of a CFST short column at ambient tem-
perature. To study the influences of the loading ratio on fire-resistance
of short CFST columns, the fiber model was employed to analyze a
square CFST column of 400 X 400 mm with a B/t ratio of 60. The steel
tube had a yield stress of 300 MPa was filled with concrete with
strength of 40 MPa. The axial load ratio as a function of fire-resistance
is given in Fig. 27, where E,, is the ultimate axial strength of the column
at ambient temperature. It would appear that the fire-resistance
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Fig. 27. Load ratio of square short CFST column with B/t ratio of 60 at dif-
ferent periods of exposure to standard fire.

increases significantly with decreasing the axial load ratio. In other
words, the axial load has a significant effect on the column fire-re-
sistance. As shown in Fig. 27, when the axial load ratio is 0.92, the fire-
resistance obtained is 10 min. When the axial load ratio is reduced to
0.64, the fire-resistance increases to 40 min. The sharp decline of the
column strength is because the steel loses its strength at high tem-
peratures. After 40 min, the column strength decreases gradually with
increasing the time and the axial load is mainly resisted by the concrete.

6.6. Load distribution

The analysis of a rectangular CFST column of 400 X 500 mm with
thickness of 10 mm and a b/t ratio was carried out to examine the load
distribution in the components of steel and concrete. The concrete with
strength of 30 MPa was used to fill the steel tube with yield strength of
300 MPa. The axial loads resisted by the concrete, steel tube and the
CFST column as a function of axial strain at the fire exposure time of
10 min are illustrated in Fig. 28. The results indicate that at this time of
fire exposure, the steel has yielded and its value constant under the
applied load. The concrete core shares a significant portion of the ul-
timate load. The computed contribution ratios for steel and concrete as
a time function are given in Fig. 29. The contribution ratio is defined as
R, /R, and P, ./E, for steel and concrete, respectively, where E, ;, B, . and

1.4
12k CFST Column
--------- Concrete
1 + = Steel
&
< 08
=
&
2
= 0.6
Z
0.4
L it m e == - -
02 F
0 : : :
0 0.005 0.01 0.015 0.02

Strain ¢

Fig. 28. Load distribution in steel tube and concrete in rectangular short CFST
column subjected to 10 min fire exposure.
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Fig. 29. Steel and concrete contribution ratio as a function of fie exposure time.

B, are the ultimate axial loads carried by the steel, the concrete and the
CFST section, respectively. It can be observed that the steel contribution
ratio decreases with an increase in the time exposure or temperature
and eventually the steel tube completely loses its strength. In contrast,
the concrete contribution ratio increases with increasing the time ex-
posure or temperature and the concrete carries the axial load alone
after the steel tube completely loses its capacity.

7. Conclusions

This paper has presented an efficient fiber-based computational
model for the fire-resistance simulation of axially-loaded short CFST
rectangular columns subjected to fire. The important features including
local and post-local buckling, air gap at the interface of concrete and
steel tube, concrete moisture content and the emissivity of the exposure
surfaces have been considered in the computational modeling tech-
nique. The progressive post-local buckling is simulated by the fiber
stress redistribution within the buckled steel tube walls using effective
width expression derived for steel plates exposed to elevated tem-
peratures. A sequential coupled thermal and nonlinear stress analysis
procedure has been developed that calculates the thermal and struc-
tural behaviors of CFST columns at elevated temperatures. The com-
puter program implementing the sequential coupled computational
procedure has been used to conduct a parametric study on the thermal
and structural behavior of rectangular short CFST columns including
local buckling effects at elevated temperatures.

The following conclusions are drawn from this research work:

(1) The proposed fiber-based numerical model, which takes into con-
sideration the effects of local buckling, air gap, moisture content
and the emissivity of the exposure surfaces, is shown to capture well
the fire-resistance of loaded rectangular CFST short columns under
standard fire.

(2) Local buckling remarkably reduces the ultimate axial loads of CFST
rectangular columns at elevated temperatures and is recommend to
be taken into account in numerical modeling techniques.

(3) The ultimate axial load and initial stiffness of CFST short columns
decreases significantly as fire exposure time increases.

(4) The higher concrete strength, the higher the ultimate strength of
short CFST columns regardless of the fire exposure time.

(5) The steel yield strength has pronounced influences on the axial
load-carrying capacities of CFST columns in the first 40 min fire
exposure.

(6) The B/t ratio has a pronounced effect on the column ultimate
strengths in fire exposure time of 40 min, but its effect diminishes as
the time increases.
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(7) As the fire exposure time increases, the axial load resisted by the
steel tube decreases while the axial load carried by the concrete
increases.

References

[1]
[2]
[3]
[4]
[5]
(6]
71
[8]

[9

[10]
[11]
[12]

[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]

[21]

[22]
[23]
[24]
[25]
[26]
[27]
[28]

[29]

[30]
[31]
[32]
[33]
[34]
[35]

[36]

Furlong RW. Strength of steel-encased concrete beam-columns. J Struct Div ASCE
1967;93(5):113-24.

Knowles RB, Park R. Strength of concrete-filled steel tubular columns. J Struct Div
ASCE 1969;95(12):2565-87.

Uy B, Bradford MA. Elastic local buckling of thin steel plates in composite steel-
concrete members. Eng Struct 1996;18(3):193-200.

Schneider SP. Axially loaded concrete-filled steel tubes. J Struct Eng ASCE
1998;124(10):1125-38.

Hajjar JF, Schiller PH, Molodan A. A distributed plasticity model for concrete-filled
steel tube beam-columns with interlayer slip. Eng Struct 1998;20(8):663-76.

Uy B. Strength of concrete-filled steel box columns incorporating local buckling. J
Struct Eng ASCE 2000;126(3):341-52.

Susantha KAS, Ge HB, Usami T. Uniaxial stress-strain relationship of concrete
confined by various shaped steel tubes. Eng Struct 2001;23(10):1331-47.
Shanmugam NE, Lakshmi B, Uy B. An analytical model for thin-walled steel box
columns with concrete in-fill. Eng Struct 2002;24(6):825-38.

Mollazadeh MH, Wang YC. New insights into the mechanism of load introduction
into concrete-filled steel tubular column through shear connection. Eng Struct
2014;75:139-51.

AS 3600-2009. Australian standard for concrete structures. Sydney, New South
Wales, Australia: Standards Australia; 2009.

Wang YC. Steel and composite structures: Behaviour and design for fire safety.
London and New York: Spon Press; 2002.

Quiel SE, Garlock MEM. Calculating the buckling strength of steel plates exposed to
fire. Thin-Wall Struct 2010;48:684-95.

Couto C, Real PV, Lopes N, Zhao B. Effective width method to account for the local
buckling of steel thin plates at elevated temperatures. Thin-Wall Struct
2014;84:134-49.

Lie TT, Chabot M. Experimental studies on the fire resistance of hollow steel col-
umns filled with plain concrete. Internal report, National Research Council Canada,
Institute for Research in Construction, 1992-01.

Sakumoto Y, Okada T, Yoshida M, Tasaka S. Fire resistance of concrete-filled, fire-
resiatnt steel-tube columns. J Mat in Civil Eng ASCE 1994;69(2):169-84.

Kodur VKR, Lie TT. Fire performance of concrete-filled hollow steel columns. J Fire
Prot Eng 1995;79(3):89-98.

Han LH, Yang YF, Xu L. An experimental study and calculation on the fire resistance
of concrete-filled SHS and RHS columns. J Constr Steel Res 2003;59:427-52.

Choi SM, Kim DK, Kim JH, Chung KS, Park SH. Experimental study on fire re-
sistance of concrete-filled steel tube column under constant axial loads. Steel Struct
2005;5(4):305-13.

Han LH, Chen F, Liao FY, Tao Z, Uy B. Fire performance of concrete filled stainless
steel tubular columns. Eng Struct 2013;56:165-81.

Espinos A, Romero ML, Serra E, Hospitaler A. Circular and square slender concrete-
filled tubular columns under large eccentricities and fire. J Constr Steel Res
2015;110:90-100.

Espinos A, Romero ML, Serra E, Hospitaler A. Experimental investigation on the fire
behavior of rectangular and elliptical slender concrete-filled tubular columns. Thin-
Wall Struct 2015;93:137-48.

Dundu M. Column buckling tests of hot-rolled concrete filled square hollow sections
of mild to high strength steel. Eng Struct 2016;127:73-85.

Lu H, Zhao XL, Han LH. Fire behaviour of high strength self-consolidating concrete
filled steel tubular stub columns. J Constr Steel Res 2009;65:1995-2010.

Lie TT, Chabot M. A method to predict the fire resistance of circular concrete filled
hollow steel columns. J Fire Prot Eng 1990;2(4):111-26.

Lie TT, Irwin RJ. Fire resistance of rectangular steel columns filled with bar-re-
inforced concrete. J Struct Eng ASCE 1995;12(5):797-805.

Kodur VKR, Lie TT. Evaluation of fire resistance of rectangular steel columns filled
with fibre-reinforced concrete. Can J Civil Eng 1997;24:339-49.

Han LH. Fire performance of concrete filled steel tubular beam-columns. J Constr
Steel Res 2001;57:695-709.

Chung K, Park S, Choi S. Fire resistance of concrete filled square steel tube columns
subjected to eccentric axial load. Steel Struct 2009;9:69-76.

Ding J, Wang YC. Realistic modelling of thermal and structural behaviour of un-
protected concrete filled tubular columns in fire. J Constr Steel Res
2008;64:1086-102.

Espinos A, Romero ML, Hospitaler A. Advanced model for predicting the fire re-
sponse of concrete filled tubular columns. J Constr Steel Res 2010;66:1030-46.
Hong SD, Varma AH. Analytical modeling of the standard fire behavior of loaded
CFT columns. J Constr Steel Res 2009;65:54-69.

Schaumann P, Kodur V, Bahr O. Fire behaviour of hollow structural section steel
columns filled high strength concrete. J Constr Steel Res 2009;65:1794-802.
Wang K, Young B. Fire resistance of concrete-filled high strength steel tubular
columns. Thin-Wall Struct 2013;71:46-56.

Yin J, Zha XX, Li LY. Fire resistance of axially loaded concrete filled steel tube
columns. J Constr Steel Res 2006;62:723-9.

Song TY, Han LH, Tu HX. Concrete filled steel tube columns under combined
temperature and loading. J Constr Steel Res 2010;66:369-82.

Dai XH, Lam D. Shape effect on the behaviour of axially loaded concrete filled steel

85


http://refhub.elsevier.com/S0141-0296(18)32234-X/h0005
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0005
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0010
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0010
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0015
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0015
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0020
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0020
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0025
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0025
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0030
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0030
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0035
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0035
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0040
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0040
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0045
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0045
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0045
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0055
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0055
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0060
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0060
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0065
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0065
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0065
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0075
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0075
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0080
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0080
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0085
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0085
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0090
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0090
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0090
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0095
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0095
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0100
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0100
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0100
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0105
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0105
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0105
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0110
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0110
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0115
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0115
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0120
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0120
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0125
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0125
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0130
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0130
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0135
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0135
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0140
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0140
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0145
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0145
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0145
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0150
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0150
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0155
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0155
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0160
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0160
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0165
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0165
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0170
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0170
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0175
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0175
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0180

G.M.

[37]

[38]

[39]

[40]
[41]
[42]

[43]

Kamil et al.

tubular stub columns at elevated temperature. J Constr Steel Res 2012;73:117-27.
Tao Z, Ghannam M. Heat transfer in concrete-filled carbon and stainless steel tubes
exposed to fire. Fire Safety J 2013;61:1-11.

Xion MX, Wang YH, Liew JYR. Evaluation on thermal behaviour of concrete-filled
steel tubular columns based on modified finite difference method. Adv in Struct Eng
2016;19(5):746-61.

Ahmed M, Liang QQ, Patel VI, Hadi MNS. Nonlinear analysis of rectangular con-
crete-filled double steel tubular short columns incorporating local buckling. Eng
Struct 2018;175:13-26.

Liang QQ. Performance-based analysis of concrete-filled steel tubular beam-col-
umns. Part I: Theory and algorithms. J Constr Steel Res 2009;65(2):363-73.
Liang QQ. Performance-based analysis of concrete-filled steel tubular beam-col-
umns. Part II: Verification and applications. J Constr Steel Res 2009;65(2):351-62.
Liang QQ. Analysis and design of steel and composite structures. Boca Raton and
London: CRC Press, Taylor and Francis Group; 2014.

Liang QQ. Nonlinear analysis of circular double-skin concrete-filled steel tubular

102

[44]
[45]
[46]
[47]
[48]
[49]

[501]

Engineering Structures 180 (2019) 89-102

columns under axial compression. Eng Struct 2017;131:639-50.

Liang QQ. Numerical simulation of high strength circular double-skin concrete-
filled steel tubular slender columns. Eng Struct 2018;168:205-17.

Eurocode 1. 1991-1-2, Actions on structures, Part 1.2: General actions- Actions on
structures exposed to fire, CEN, Brussels, Belgium; 2002.

Incropera FP, Dewitt DP, Bergman TL, Lavine AS. Fundamental of heat and mass
transfer. 6 USA: John Wiley & Sons; 2005.

Eurocode 3. Design of steel structures, Part 1.2: General rules-structural fire design,
CEN, Brussels, Belgium; 2005.

Eurocode 2. Design of concrete structures, Part 1.2: General rules-structural fire
design, CEN, Brussels, Belgium; 2004.

Liang QQ, Uy B, Liew JYR. Local buckling of steel plates in concrete-filled thin-
walled steel tubular beam-columns. J Constr Steel Res 2007;63(3):396-405.
Kamil GM, Liang QQ, Hadi MNS. Local buckling of steel plates in concrete —filled
steel tubular columns at elevated temperatures. Eng Struct 2018;168:108-18.

86


http://refhub.elsevier.com/S0141-0296(18)32234-X/h0180
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0185
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0185
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0190
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0190
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0190
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0195
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0195
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0195
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0200
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0200
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0205
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0205
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0210
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0210
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0215
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0215
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0220
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0220
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0230
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0230
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0245
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0245
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0250
http://refhub.elsevier.com/S0141-0296(18)32234-X/h0250

Chapter 4 CFST Short Columns at Elevated Temperatures

4.4 CONCLUDING REMARKS

A computer modeling technique has been described in this chapter, which simulates the
fire and structural behaviors of short CFST columns having thin-walled rectangular cross-
sections loaded concentrically when exposed to fire defined by standard temperature-time
curve. The important features including gradual post-local buckling, air gap at the
interface of steel and concrete and moisture content have been considered in the
formulation based on the approach of fiber discretization. The thermal simulator proposed
has been shown to predict well the temperatures in cross-sections. The computer
simulation procedure developed has been demonstrated to produce numerical results that
are in good correlations with standard fire test data and finite element solutions reported
by other researchers. The computational results obtained from the parametric studies are
valuable for developing design guides for the fire resistance design of CFST columns in

tall composite buildings.
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Chapter 5

CFST SLENDER COLUMNS UNDER FIRE EXPOSURE

5.1 INTRODUCTION

As discussed in Chapter 2, standard fire tests indicated that axially or eccentrically loaded
thin-walled rectangular CFST slender columns exposed to fire failed by the local-global
interaction buckling, which markedly reduced their fire resistance and strengths. This
chapter describes a computational model developed by the theory of fiber analysis for
computing the fire resistance and responses of slender CFST columns of thin-walled
rectangular sections loaded axially and eccentrically to failure. The computer model
accounts for the influences of various important features, including local-global
interaction buckling, temperature-dependent material responses, concrete tensile
behavior, deformations caused by preloads, initial geometric imperfection, and air gap
between the concrete and steel tube. The temperatures in fiber elements are calculated by
using the thermal simulator proposed in Chapter 3. Computer simulation procedure and
solution algorithms are developed, which compute the load-deflection responses and fire
resistance of eccentrically loaded slender CFST columns exposed to standard fire defined
by the temperature-time curve. Comparative studies are conducted to validate the
computer model. The computational model is then used to demonstrate the significance

of various parameters on the fire behavior of loaded CFST slender columns.
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Abstract

Slender rectangular thin-walled concrete-filled steel tubular (CFST) columns in
composite building structures exposed to fire may experience the interaction of local and
global buckling. Numerical investigations on the interaction buckling responses of such
columns under fire exposure have been rarely reported. This paper describes a fiber-based
computational model for the prediction of the fire-resistance and interaction responses of
local and global buckling of concentrically-loaded slender CFST columns made of
rectangular sections exposed to fire. The thermal analysis is undertaken to calculate the
distribution of temperatures in the column cross-section considering the effects of the air
gap between concrete and steel, exposure surface emissivity as well as moisture content

in concrete. The local and post-local buckling models proposed previously for steel tube

* Corresponding author. Tel.: 61 3 9919 4134,
E-mail address: Qing.Liang@vu.edu.au (Q. Q. Liang)
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walls at elevated temperatures are incorporated in the inelastic analysis of cross-sections
to model the progressive post-local buckling. The global buckling analysis of slender
CFST columns exposed to fire accounts for the effects of material and geometric
nonlinearities as well as local buckling. Efficient computational procedure and solution
algorithms are developed to solve the nonlinear equilibrium dynamic functions of loaded
slender CFST columns exposed to fire. Independent experimental and numerical results
on slender CFST columns are utilized to validate the computational model. The
interaction behavior of local and global buckling and fire-resistance of slender rectangular
CFST columns are investigated. It is shown that the developed computational model
provides a reasonably accurate and efficient method for the prediction of the interaction
buckling responses as well as the fire-resistance of slender CFST columns subjected to

axial loading and fire.

Keywords: Concrete-filled steel tubes; Elevated temperatures; Fire-resistance; Nonlinear

analysis; Interaction of local and global buckling.

1. Introduction

Thin-walled square and rectangular concrete-filled steel tubular (CFST) slender columns
as illustrated in Fig. 1 have been used widely in subway stations, bridges, industrial
buildings and tall buildings to support heavy loads [1]. The CFST columns possess not
only high strength, stiffness, ductility and seismic resistance but also high fire-resistance.
The behavior of short and slender CFST columns at room temperatures has been

investigated experimentally and numerically by researchers [2-8]. In design codes [9], a
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column having a member slenderness ratio (L/r) greater than 22 is treated as a slender
column. The design of slender CFST columns for the fire limit state is one of the
important design criteria that must be considered in practice [10]. To achieve economical
designs, thin-walled steel tubes are often used to construct rectangular CFST columns.
However, slender rectangular CFST columns where steel cross-sections are non-compact
or slender exposed to fire may undergo the interaction of local and global buckling, which
is complex and has not been fully understood [6, 11]. Although fire tests on such
composite columns can be conducted, they are highly expensive and time-consuming.
Computer simulation programs are cost-effective numerical techniques that compute the
fire-resistance of CFST columns. However, computational research on the interaction of
local and global buckling of rectangular CFST slender columns exposed to fire has been
extremely limited [12]. Therefore, an efficient computer simulation model for the
prediction of concentrically loaded rectangular slender CFST columns exposed to fire

considering coupled instability is much needed.

When CFST columns in engineering structures are exposed to fire, they are subjected to
constant axial or eccentric loads. The behavior of a CFST column during various stages
of the fire exposure can be described as follows: (1) in the initial phase, the temperature
of the steel section rises rapidly and the column load is mainly carried by the steel tube;
(2) when the temperature of the steel tube is high enough, the stiffness and resistance of
the tube reduce considerably and the load of the column is transferred to the concrete
core; (3) during this development, the axial and bending stiffness of the composite section
are reduced due to the local buckling of the steel tube, leading to rapidly growing lateral

displacement of the column. Standard fire tests have been conducted to determine the
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fire-responses of loaded CFST slender columns under increasing temperatures by
researchers [13-21]. The axial and lateral deformations, temperatures on the column, and
fire-resistance were measured in a standard fire test. Lie and Chabot [13] and Kodur and
Lie [15] performed fire tests on the fire responses of circular and square CFST slender
columns made of plain or reinforced concrete under axial loads. The influences of
sectional dimension, section type, column slenderness, applied load ratio, and loading
eccentricity on the fire behavior were examined. Square columns had the length of 3810
mm and the width-to-thickness ratios ranging from 24 to 48. It was observed that slender
square CFST columns failed by the interaction of local and global buckling. Han et al.
[16] undertook experiments on the fire-performance of CFST columns made of square
and rectangular sections with and without fire protection loaded either axially or
eccentrically. It was reported that the fire resistance of CFST columns was moderately
affected by the material strengths, steel ratio and load eccentricity, but significantly
influenced by the cross-sectional area, protection thickness and column slenderness.
Moreover, the interaction of local and global buckling caused the failure of slender

columns.

Experimental results on seven square CFST slender columns loaded axially and subjected
to increasing temperatures were reported by Kim et al. [17]. The tested columns had the
width-to-thickness ratios of 33.3 and 38.9 and a length of 3500 mm. However, only part
of the column length was heated in the furnace. Espinos et al. [18] performed tests to
examine the influences of large loading eccentricities on the fire-resistance of slender
CFST columns constructed by circular or square sections reinforced with steel bars. Test

results showed that square columns failed by global buckling due to their small width-to-
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thickness ratios of 18.75 and 22. In addition, the fire resistance of CFST columns was
remarkably reduced by increasing the loading eccentricity. Espinos et al. [19] undertook
further tests on the fire behavior of slender CFST columns of rectangular and elliptical
sections loaded concentrically or eccentrically. The aforementioned fire tests have shown
that loaded slender thin-walled CFST rectangular columns with the width-to-thickness
ratios of 15, 25 and 35 exposed to fire fail by the interaction local and global buckling.
The load is transferred from the buckled steel tube to the concrete core, causing crushing

of concrete.

Researchers have employed the nonlinear computational procedures to investigate the
responses of slender CFST columns subjected to standard fire defined by the standard
temperature-time curve [22-29]. A mathematical model using the fiber approach was
proposed by Lie and Irwin [23] for computing the temperature distributions as well as the
load-deflection behavior of CFST rectangular columns with longitudinal reinforcing bars
subjected to concentric loads and elevated temperatures. The thermal analysis considered
the effect of water content in the concrete. However, the tensile behavior of concrete,
deflection caused by preload and the interaction of local and global buckling were not
taken into account in the mathematical model. Han [24] developed a fiber-based
theoretical model to determine the fire-resistance as well as the strength of slender CFST
beam-columns of square and circular sections loaded eccentrically. The temperature
fields in column cross-sections were calculated by the finite element method. The
theoretical model by Han [24] has not incorporated the interaction of local and global
buckling and the deformations induced by preloads in the fire-resistance simulations of

slender square CFST columns. The fire-performance of slender square CFST columns
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subjected to either concentric or eccentric loads was investigated by Chung et al. [25, 26]
by employing the fiber-based numerical models. The limitations of their numerical
models are that the models have not considered the effects of local buckling, initial

geometric imperfection and air gap at the concrete-steel interface on the fire responses.

Ding and Wang [27] and Espinos et al. [28] used commercial finite-element programs to
determine the effects of the air-gap and slip between the steel tube and concrete as well
as concrete tensile strength on the fire performance of loaded slender CFST square
columns with initial geometric imperfections. It was found that the effect of the slip
between the steel and concrete on the fire behavior was minor while the inclusion of an
air gap improved the accuracy of numerical simulations. Hong and Varma [29] developed
a sequentially coupled finite element (FE) model using ABAQUS to determine the fire
behavior of slender CFST square columns. The FE model was used to examine the
sensitivities of the fire performance of CFST columns to local buckling, geometric
imperfections, and material constitutive models. The numerical results confirmed that the
stress-strain models for concrete and steel at high temperatures had marked effects on the
predicted fire responses. However, it was found that the cracking behavior of concrete in

tension could not be accurately simulated by the finite element model.

Numerical investigations performed by Kamil et al. [12] demonstrated that local buckling
considerably reduces the fire-resistance of loaded short CFST thin-walled rectangular
columns. However, the existing computational procedures based on the fiber element
approach have not taken into consideration the effects of the interaction of local and

global buckling on the responses of slender rectangular CFST columns during the
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exposure of fire. This paper extends the mathematical model proposed by Kamil et al.
[12] to slender CFST columns of rectangular sections exposed to standard fire loading
considering the interaction of local and global buckling. The simulation scheme of the
local and post-local buckling is incorporated in the global buckling computation of
slender CFST columns under fire. The computer simulation procedure for the ultimate
strength and fire-resistance of slender CFST columns accounting for material and
geometric nonlinearities at elevated temperatures is described. Numerical algorithms are
developed that solve the nonlinear equilibrium dynamic functions for CFST columns at
elevated temperatures. The independent experimental and numerical results are employed
to validate the numerical model. The responses due to the interaction of local and global
buckling of CFST rectangular columns under fire are investigated by using the developed

computational model.

2. Cross-sectional analysis incorporating local buckling

2.1. Discretization of cross-section

The cross-section of a rectangular CFST column is divided into fiber elements by using
the fiber element approach [5, 11, 30]. A typical fiber mesh used for both the stress and
thermal analyses is illustrated in Fig. 2, where the size of the steel fiber is half of that of
the concrete fiber. However, the discretization of the column along its length is not
required in the fiber approach, which significantly reduces the computational time in
comparison with the finite element method. Both the mechanical and thermal properties

are assigned to steel and concrete fibers. In the thermal analysis, temperatures at the nodes
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of fiber elements are computed. The temperature at an element is taken as the average
temperature at its nodes. Stresses at fibers are calculated from axial strains by means of

using the uniaxial temperature-dependent stress-strain models for steel and concrete.

The assumptions made in the formulation of the mathematical model are: (1) the
rectangular CFST slender column is subjected to uniform temperatures along its length;
(2) there is a perfect bond between the concrete infill and steel tube; (3) after deformation,
the plane section remains plane; (4) the effects of local and post-local buckling of thin-
walled steel tubes are included; (5) an air gap between the concrete core and steel tube is
considered; (6) the concrete tensile strength is ignored; (7) the shrinkage and creep of

concrete are not taken into account.

2.2. Temperature distributions

The calculations of temperatures on a rectangular CFST column exposed to fire involve

the determinations of temperatures on its outer surfaces and temperatures within its cross-

section. The temperatures on the column surfaces are computed by using the standard

temperature-time relationship provided in Eurocode 1 [31], which is written as

T(f) =20+ 345l0g,, (8¢ +1) (1)

in which T represents the temperature in °C and ¢ stands for the fire exposure time in

minutes.
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The distribution of temperatures within the column cross-section is determined by means

of solving the following heat equation [32]:

k

T T or
+k +q=pc— 2
o oy 17RO @

where the density pis in kg/m’, ¢ denotes the specific heat in J/kg, k represents the

thermal conductivity in W/m°Cand q stands for the heat flux. The concrete properties
at elevated temperatures provided by Lie and Chabot [22] and the steel properties at
elevated temperatures specified in Eurocode 3 [33] are used in the present mathematical

model and details can also be found in the paper by Kamil et al. [12].

The heat equation in 2D space with time expressed by Eq. (2) is solved by means of
employing the finite difference method. The nodal temperatures of fiber elements as
illustrated in Fig. 3 are computed by the forward finite difference method of the heat

equation expressed by

+T!

m—1,n

+T!

m,n+l1

i _ QAL ( i
(AL)’

; dait ).,
+ Tm+l,")+[1_(AT)2JT’m,n (3)

mmn m,n—1

where 1-(4aAt/AL)* > 0; a=k/gc; At stands for the time increment in seconds; and

the element length is AL =dx =dy .
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Ding and Wang [27] reported that the predictions of structural and thermal responses of
CFST columns were found to improve by introducing an air gap between the concrete

and steel tube. Therefore, such an air gap is included in the temperature calculations in
which the thermal contact resistance (/,.) of 100 Wm’Kis specified for the air gap. In

the present formulation, a constant value of 0.7 is adopted for the emissivity of exposed

surfaces (£ ), the Stephan-Boltzmann constant is taken as 5.67x10™ W/m’K*, and the
moisture content of 3% is used [27, 34]. By taking the effects of the air gap into account,

the temperatures at the contact nodes at the corner of the steel-concrete interface are

calculated by
i+l i 4At i i i i i i
T =Ty g e @ = T+ AT = 1)+ AT~ T3 “)

in which 7}, is the nodal temperature at the node of the corner concrete fiber; 7;, and
T,, are the nodal temperatures of the concrete fiber nodes adjacent to the corner
respectively; T is the nodal temperature of the corner node of the steel fiber; dc denotes

the size of concrete fibers; A, is the thermal conductivity of concrete as a function of the

averaged temperature of two adjacent nodes [12, 35]. Equation (4) is used to compute the
nodal temperatures at fibers at the boundaries with the thermal radiation and heat
convection coefficients. The numerical model proposed for the thermal analysis has been
verified by comparisons with experimental data as well as numerical solutions by Kamil

etal. [12].
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2.3. Strain distribution

The linear strain distribution in the column cross-section is shown in Fig 2. As
demonstrated in Fig. 2, the strain at any fiber is determined by multiplying the curvature
by the distance measured from the element centroid to the neutral axis. In the analysis,
compressive strains are treated as positive and tensile strains as negative. For a CFST
slender column with rectangular section subjected to concentric loading, the column will

buckle about the weak axis. The fiber strains are calculated as follows:

D
=——d 5
yn,l b n ( )
de,i =| Vi Vi | (6)
gd,, —&; fory,>y,,
&= ’ , (7N
_¢de,i —é&r for y, < Vi

where d, denotes the distance of the neutral axis from the edge fiber in the composite

section, d,, represents the perpendicular distance from the neutral axis to the centroid of
each element, y, stands for coordinates of the fiber i, &, denotes the strain of the element

i; @ represents the curvature; and &, is the thermal strain of steel or concrete [12].

2.4. Modeling of critical local buckling

Elevated temperatures cause a significant reduction in the steel tube stiffness and strength

of a CFST column with rectangular sections subjected to axial compression and bending.
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This increases the possibility of the local buckling of steel plates [10, 12]. Expressions
for determining the critical local-buckling stresses of steel tube walls of CFST rectangular
columns subjected to non-uniform stresses at elevated temperatures were proposed by
Kamil et al. [36]. These expressions accounted for the residual stresses in the steel plates
at temperatures below 400°C and initial geometric imperfection and can be applied to

plates having clear width-to-thickness ratios (b/¢) in the range of 30 to 110. The

formulas derived by Kamil et al. [36] are utilized in the proposed computational
procedures to calculate the critical local-buckling stresses of steel tube walls in
rectangular CFST slender columns under fire. For temperatures from 550 to 650°C, the

critical local buckling stress of plates [36] is calculated by

Orer _ (0_1916,1;(;7661 + 0.003889) (ml/ﬁr A, g+ m3) ®)

»T

where o . is the critical local-buckling stress of plate at elevated temperatures, f, . is
the temperature-dependent steel yield stress, andA_,represents the temperature-

dependent relative slenderness of a steel plate, written as

4= \/12(1 —V)BIL)R, ) o)

kr* (R, ,E)

In Eq. (9), f, is the steel yield strength at room temperature, V is the Poisson’s ratio of

steel, £ is the Young’s modulus of steel at room temperature, & =9.95 is the elastic local

buckling coefficient of steel plates with clamped boundary conditions as reported by
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Liang et al. [37]. The parameters R, and R, , are reduction factors applied to the steel

yield strength and Young’s modulus due to elevated temperatures, respectively, and are

given in Eurocode 3 [33] and shown in Fig. 4.

The coefficients m, , m, andm, in Eq. (7) are determined from

m, =—-1.0685a +2.275a, —0.8969 (10)
m, = 23075 —4.7791a, +1.8475 (11)
m, = —0.825a> +1.086a, +1.0083 (12)

where the coefficient of stress gradient ¢, is determined as the ratio of the minimum edge

stress to the maximum edge stress on the plate.

For any other temperatures, Kamil et al. [36] proposed the following equation for the

determination of the critical local buckling stresses of steel plates:

=

-0.1598
0.6566/13-700152{ P’TJ
y

-0.8252
0.54154) +| — 2%
v,T

=

9

GC'
—<l = (gl//{’f,T +g,)

13
7. (13)

=

=

where R, is the reduction factor to the proportional limit £ , given in Fig. 4, and the

coefficients g, g and g, are expressed as
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g=-7.9339a’ +11.29¢, +4.701 (14)
g, =0.0863a’ —0.1248c, +0.0431 (15)
g, =0.2656a’ -0.9902a, +1.719 (16)

2.5. Modeling of post-local buckling

The effective width method can be employed to calculate the post-local buckling
strengths of steel plates in CFST columns with rectangular sections as discussed by Liang
[11] and Liang et al. [37]. The effective width equations were given by Kamil et al. [36]
for steel tube walls of CFST rectangular columns at any temperatures. Figure 5 illustrates
the ineffective and effective widths of a rectangular steel cross-section subjected to axial
compression as well as uniaxial bending. The present fiber technique incorporates the
following expressions of effective width by Kamil et al. [36] to model the post-local

buckling of slender CFST columns exposed to fire:

R -0.3028 R
0.8418/16‘)‘})2368(R”’Tj +1.154[ ”J
b, 1 ’ , :
L= (aAl) XTI == (a,=10) (17)
: c,T
R -0.3028 R
0.841812’?2368("’TJ +1.154( ”J
by _L g a0 Ryr Ryr =0 18
b _g(ql C,T) 2055_’_21.68 (as_ ) ( )
N e, T
b, b
2 _D—q el 19
2= (2-a) (19)
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where b,, and b,, denote the effective widths depicted in Fig. 5, b is the clear width of

the steel plate, ¢ and g, are expressed as

q =0.04007a> —0.05275a, +0.03355 (20)

g, =0.1007c> —0.7027, +1.65 (1)

The progressive post-local buckling behavior of a thin steel plate is developed due to the
gradual redistribution of in-plane stresses in the buckled plate. The numerical scheme for
simulating the progressive post-local buckling proposed by Liang [5] is implemented in
the present computational model. The full details of the scheme can be found in the work

by Liang [5, 11].

2.6. Axial force and bending moment

The internal axial force (P) and bending moment (/) in the cross-section of a CFST

rectangular column under combined axial compression and uniaxial bending are

computed as stress resultants by the following equations:

P=3 0,4+ 0,4, (22)
j=1 k=1
M, = Z%As,jyj + ZUC,kAc,kyk (23)
= =
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in which subscripts j and k£ denotes the fibers in the concrete and steel tube, respectively;
subscripts s and ¢ represent steel and concrete, respectively; o is the longitudinal fiber

stress; 4 denotes the area of a fiber element; y is the coordinate of the fiber element; nc

and ns are the total element numbers in the concrete and steel tube, respectively.

3. Global buckling analysis
3.1. Theoretical formulation

A mathematical model is formulated for the global buckling analysis of concentrically-
loaded CFST rectangular columns exposed to fire. Both ends of the slender column are
pin-supported. The concentrically-loaded slender column at elevated temperatures is
subjected to single curvature bending about its minor principal axis. The half-sine wave
shape function has been used by a number of researchers and shown to predict well the
deformed shape of pin-ended slender columns [38-41]. Therefore, the half-sine wave

shape function is used to model the column deformed shape, which is expressed by
u=u_sin| 2= (24)
m L

in which u, denotes the lateral displacement at the mid-length of the column, and L

represents the column effective length.
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The curvature at the column mid-length can be determined from the displacement

function as
pe 2
4, =u, [—j (25)

The constant axial load acting on the CFST column before being exposed to fire induces
initial stresses and deflections within the column. This constant axial load is treated as a
preload on the column as suggested by Patel et al. [41]. The mid-height lateral deflection
caused by the preload is calculated using the load-deflection computational procedure and

is used as an additional initial geometric imperfection (u,,) in the fire-resistance
simulation. The initial geometric imperfection (u,) and lateral displacement (u,, ) at the

column mid-length are also included in the formulation. The external bending moment at
the column mid-length is therefore

M, =P, +u,+u,) (26)

po

To determine the complete axial load-lateral deflection responses of slender CFST
columns exposed to fire, the method of deflection control is adopted in the formulation.
The lateral deflection at the column mid-length is incremented in steps. The method
calculates the axial load on the column that causes the given lateral displacement. The
internal axial force in the column satisfying the moment equilibrium at the mid-height is
treated as the external applied axial load. The complete axial load-lateral displacement

responses of the slender CFST column are determined by means of repeating this
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computational procedure. The residual moment function in the calculation is expressed

as

ry=M,-P(u, +u,+u,) (27)

The moment equilibrium condition is achieved if ‘FM‘<8k =10"in the numerical

calculations.

3.2. Numerical solution algorithms

To determine the true internal axial force corresponding to a specified lateral deflection,

the neutral axis depth (d,) needs to be iteratively adjusted. It should be noted that the

residual moment function is a dynamic nonlinear function which is not derivative with
respect to the design available. Therefore, Muller’s method [42] is utilized to determine
the neutral axis depth in the cross-section [6, 30, 40]. The method requires three initial

neutral axis depthsd, ,, d,,and d,,to begin the iterative computation process. The new

neutral axis depth d, , is calculated by means of applying the following equations:

—2c
d.=d  + n (28)
4 ? b, + \/b,i —4a,c,

(dn,Z _dn,3)(rM 1 rM,S) _(dn,l _dn,3)(rM 2~ ’”M,s)

a, = : : (29)
(dn,l - dn,2 )(dn,l - dn,3)(dn,2 - dn,3)
_ d,,- dn,})z(rM,Z —rys)—(d,, - dn,3)2(rM,l —Ts) (30)
" (dn,l - dn,Z )(dn,l - dn,3)(dn,2 - dn,3)
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Cy =Ty 3 31

The above equations are employed to iteratively adjust the location of the neutral axis

until the condition of moment equilibrium is satisfied.

3.3. Computational procedure

A sequential coupled computational procedure is developed to determine the ultimate
axial resistance and fire-resistance of concentrically-loaded slender CFST rectangular
columns exposed to fire, including the influences of interaction of local and global
buckling. For a given fire exposure time, the column ultimate axial strength is determined
by employing the method of load-deflection analysis [39]. The computation is repeated
until the complete ultimate axial load-fire exposure time curve is obtained. The ultimate
axial load of the CFST slender column decreases gradually as the fire exposure time
increases. The fire exposure time for reaching the failure point in the load-displacement

curve of the CFST column is the computed fire resistance.

The computer flow chart for calculating the ultimate axial strength and fire-resistance of
a loaded CFST column exposed to standard fire is depicted in Fig. 6 and the main
computational steps are described as follows:

1. Input data.

2. Divide the column cross-section into fine fibers.

3. Compute the lateral deformation of the slender column under constant axial load.

4. Initialize the fire exposure time as ¢ = At.
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5. Calculate temperatures on column surfaces and at fiber elements in its cross-
section.

6. Initialize the lateral displacement at the column mid-length as u, = Au,, .
7. Calculate the curvature ¢, at the column mid-length.

8. Adjust the neutral axis depth ¢, using Miiller’s method.

9. Calculate element stresses from strains using the temperature-dependent stress-
strain models for steel and concrete.
10. Simulate the initial local and post-local buckling behavior of the steel tube walls.

11. Determine the internal axial force P and moment M .
12. Compute the residual moment function 7, .

. 4
13. Repeat Steps 8 to 12 until ‘T’M‘ <g =107,

14. Increase the mid-height deflection by v, =u, +Au,, .

15. Repeat Steps 7 to 14 until P < 0.5P, or the deflection exceeds the specified limit (

u).
16. Increase the fire exposure time by ¢ = ¢+ At .
17. Repeat Steps 5 to 16 until the fire-resistance of the CFST column is obtained.
4. Constitutive relationships for materials at elevated temperatures

4.1.Structural steels

The temperature-dependent stress-strain relations of structural steels given in Eurocode 3

[33] is implemented in the computational algorithms developed. The stress-strain
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relations of steels as a function of temperatures are plotted in Fig. 7, and are determined

by:
E.e, fore <e,;
h 2
2 2
(fP’T —h3) +h_ h~ - (sy,T —55) fore,, <¢e <¢,;
1
(0} =
ST S fore <& <€,
Sor [1 - (83 - gt,T) / (gu,T “&r )J fore <& <¢,;
0 fore >¢,
where

h=(e,, -, N6, —&,.+h | E;)
hz2 = Er(gy,r - 8p,T)h3 + hsz

(fy,r B fp,r )2

h o=
’ E, (gy,T _gp,T)_z (fy,r _fp,r)

(32)

(33)

(34)

(35)

in which Eis the temperature-dependent Young’s modulus for the steel, ¢, . is the

strain at the proportional limit f, ,., &, , is the yield strain, and ¢, . is the temperature-

dependent ultimate strain.

Structural steels exhibit strain-hardening at temperatures below400°C, which is

considered in the formulation by [33]:
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SO[(for = f2)10.02) +2,, = fop  for0.02<e, <0.04
o, =110 for 0.04<s, <0.15 (36)
for[1-20(g,—0.15) | for 0.15<g, <0.2

in which f, ;. is the temperature-dependent tensile strength of steel, which is computed

by

fiR,, for T <300°C

_ (37)
fyn +0.01(f, ;= £,,)(400-T) for 300<T < 400°C

fu,T

4.2. Concrete

Eurocode 2 [34] provides a temperature-dependent stress-strain model for concrete,
which is adopted in the proposed computational procedure. Figure 8 depicts the stress-
strain-curves as a function of temperatures determined by means of applying the model

given in Eurocode 2. These curves are expressed by

3e f!
ctJe T '
: — fore, <eg,
E,.r| 2+ (gc / 5C’T)
Our = (38)
E . —& ,
’ cu,T c
fC,T —_— for ¢, > &1
gcu,T - gc,T
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where f,, denotes the concrete compressive strength, ¢ | represents the concrete strain
at f/,,and ¢, ,is the temperature-dependent ultimate concrete strain. The values of

., andg, . for concrete with siliceous aggregates are given in Eurocode 2 [34].

cu,T

5. Verification of the fiber-based computational model

The test and computational results on the fire-resistance of loaded slender CFST square
and rectangular columns made of plain concrete reported by Lie and Chabot [13], Kim et
al. [17], Han [24], Chung et al. [26], and Ding and Wang [27] were utilized to validate
the proposed computational model formulated by the fiber approach. These columns had
the dimensions and ambient temperature material properties given in Table 1, where the
effective lengths of these columns and the applied constant axial loads are also shown.

The clear width-to-thickness ratios (b /¢, ) of CFST columns shown in Table 1 range from

14 to 46. The local buckling effect was included in the global buckling simulations for

cross-sections with b/ ¢ ratios greater than 30.

The tested fire-resistance times of CFST columns with square sections reported by Lie
and Chabot [13] and Kim et al. [17] are compared with predictions by the fiber-based
computational procedure in Fig. 9. It is demonstrated that there are good correlations
between predictions and test data. The computational model generally produces
conservative fire-resistance of tested columns. The discrepancy between tested and
computed fire-resistance is likely due to the uncertainties in the steel and concrete

properties at elevated temperatures, and water contents in concrete. Particularly, the
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concrete properties and water contents in the actual specimens are unknown. Moreover,
in the standard fire test, only part of the column length is exposed to fire. This implies
that the measured fire-resistance time of the column is generally longer than the computed

result.

Figure 10 gives the axial load-lateral displacement curves for a slender square CFST
column during various fire-exposure times determined by the present computational
programs and the theoretical model given by Han [24]. It appears that both numerical
models produce almost the same load-deflection curve for the column at ambient
temperature. However, the load-deflection curve at elevated temperatures given by Han
slightly differs from the one simulated by the present computational model. The reason
for this is that both numerical models employed different temperature-dependent material
constitutive laws for steel and concrete. As demonstrated in Fig. 11, the ultimate axial
strengths of a slender CFST square column as a function of fire exposure time calculated
by the present fiber simulation technique are in excellent agreement with those given by
Chung et al. [26]. As illustrated in Fig. 12, the evaluated fire resistances of CFST columns
computed with the developed calculation procedure based on the fiber approach are in
good agreement with the results obtained by the finite element model presented by Ding
and Wang [27]. The fiber model generally yields slightly conservative fire-resistances of

CFST columns compared to finite element results.

6. Interaction behavior of local and global buckling
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A computer program written by the authors implements the numerical model presented
in the preceding sections. The computer program was utilized to quantify the sensitivities
of the interaction of local and global buckling responses of concentrically loaded slender
CFST rectangular columns under fire to the tube local buckling, concrete strength, steel
yield strength, member slenderness and width-to-thickness ratio of steel tube. In the
parametric studies, the Young’s modulus of steel at ambient temperature was 200 GPa.
The initial geometric-imperfection at the mid-length of the columns was specified as
L/1000. The columns used in the parametric studies had the member slenderness ratio

(L/r) of 40, except where indicated otherwise.

6.1. Effects of local buckling

The local buckling effects on the global buckling behavior as well as the fire-resistance
of a slender CFST column having a square section were investigated by means of using
the computational program. The column cross-section considered was 600x600x6 mm

having a B/t ratio of 100. The steel tube having a yield strength of 300 MPa was filled

with 35 MPa concrete. The responses of the CFST column exposed to fire was simulated
by means of considering local buckling or ignoring it, respectively. Figure 13 shows the
axial load-lateral displacement curves of the column at 20 min fire-exposure time. The
reduction in ultimate axial load of the column caused by local buckling at exposure time
of 20 min is 8%. The ultimate axial strength-fire resistance curves for the column are
provided in Fig. 14. It is found from Fig. 14 that the local buckling effect on the ultimate

load decreases as the time of fire exposure increases. The reductions in the column

G. M. Kamil: Nonlinear Analysis of Rectangular Concrete-Filled Steel Tubular Columns at Elevated Temperatures 119



Chapter 5 CFST Slender Columns under Fire Exposure

ultimate strength caused by local buckling at fire exposure times 0 min, 20 min, 40 min

and 60 min are 11%, 8%, 5% and 2%, respectively.

6.2. Effects of column slenderness ratio

The effect of the column slenderness ratio (L/7) on the fire behavior of CFST columns
was examined by means of analyzing five slender CFST square columns by the computer
programs developed. The cross section used was 500500 mm with 10 mm thickness.
The steel tube at ambient temperature had a yield strength of 300 MPa and was filled with
40 MPa concrete. The column slenderness ratios of 22, 40, 50 and 60 were determined
by varying the length. The predicted global buckling responses of these columns at the
fire exposure time of 20 min are given Fig. 15. It is discovered that increasing the L/r
ratio results in a significant decrease in the column ultimate load but a significant increase
in the lateral displacement at the peak load. Figure 16 shows the effect of the L/ ratio on
the ultimate load-fire exposure time relations of CFST square columns. At the fire
exposure time of 20 min, when the L/r ratio increases from 22 to 40, 50 and 60, the
ultimate load of the CFST column decreases by 12 %, 23% and 35%, respectively.
However, at time of 60 min, the column ultimate strength decreases by 19%, 34%, and
48%, respectively. This implies that the longer the fire exposure time, the lower the

ultimate strength of the more slender column.

6.3. Effects of concrete strength
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The infill concrete of the CFST columns plays a significant role in resisting the fire
loading. The sensitivities of the interaction of local and global buckling responses and
fire performance of rectangular CFST columns to the concrete strength were studied. Four
grades of concrete strengths were used, namely 25 MPa, 35 MPa, 45 MPa and 55 MPa.
The columns had the same steel cross-section of 450x650x7 mm and the steel yielding
strength of 300 MPa. The computed axial load-lateral displacement curves for these
columns made of different concrete strengths are shown in Fig. 17. Both the ultimate axial
load and initial stiffness of the columns are found to increase by the increase in the
concrete strength. Figure 18 shows the sensitivities of the ultimate load-fire exposure time
curves to the concrete strength. At the ambient temperature, the column ultimate strengths
are found to increase by 27%, 53% and 80%, respectively, when the concrete strength is
increased from 25 MPa to 35 MPa, 45 MPa and 55 MPa. At fire time of 20 min, the
increases in the ultimate strengths are 35%, 71% and 106 %, respectively. This is owning
to the fact that the mechanical properties and the steel tube local buckling strength are
significantly reduced by high temperatures, and the axial load is transferred from the
buckled steel tube to the concrete infill. The use of higher strength concrete leads to the

higher ultimate axial strengths of the columns when exposed to the same fire time.

6.4. Effects of steel yield strength

Investigations on the influences of steel yield stress on the interaction of local and global
buckling of CFST rectangular columns exposed to fire were conducted by using the
computer program developed. The rectangular steel sections had the dimensions of

500x600x7 mm but with different yield stresses of 250 MPa, 300 MPa, 350 MPa and 450
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MPa, respectively. The filled concrete had the strength of 40 MPa. The predicted the
interaction responses of local and global buckling of the columns at the 20 min fire
exposure time are given in Fig. 19. It is apparently shown that at this level of temperatures,
the steel yield stress has only minor effect on the column behavior. During the first 20
min fire exposure, the temperature on the steel tube surfaces increases significantly,
which causes yielding in the steel tubes regardless of their yield strengths at room
temperature. Figure 20 shows the ultimate axial strength-fire exposure time curves as a
function of the yield stress of steel. The steel yield stress is found to have a pronounced
influence on the column ultimate load exposed to room temperature and its influence
diminishes as the time of fire exposure increases. At 20 min fire exposure time, the
increase in the steel yield stress from 250 MPa to 450 MPa leads to a slight increase in
the column strength by 3%. This suggests that high strength steel tubes are not effective

in resisting high temperatures in a fire situation.

6.5. Effects of width-to-thickness ratio

The influences of the B/t ratios on the interaction responses of local and global buckling

of CFST square columns were investigated. The cross-section of 600600 mm was
considered. The B/ ¢ ratios of 40, 60, 80 and 100 were calculated by means of varying
only the tube thickness. The yield stress of the steel tube was 300 MPa and the concrete
had a compressive strength of 50 MPa. Figure 21 presents the buckling responses of the
columns with various B/ ¢ ratios at 20 min fire exposure time. Reducing the tube thickness
markedly decreases the ultimate load of the column. The ultimate load-fire exposure time

relationships of the columns are demonstrated in Fig. 22. The B/ ¢ ratio is shown to have
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a pronounced influence on the ultimate strength of the columns exposed to room
temperature. Its influence decreases with increasing the time of fire exposure. At ambient

temperature, when increasing the B/¢ ratio from 40 to 100, the reduction in the ultimate

strength is 24%. However, at exposure time of 20 min, the strength reduction is only 15
%. As depicted in Fig. 22, after the columns have been exposed to fire for 40 min, the

effect of the B/¢ ratio on the column strength could be ignored. This is because after 40

min fire exposure, the axial load is mainly carried by the concrete core.

6.6 Effects of preloads

The computer model proposed was employed to analyze a square CFST column that had

the dimensions of 400x400 mm and a B/, ratio of 80 under various preloads and fire

loading to ascertain the significance of preloads on the fire behavior. The preload ratios (
f) of 0.0, 0.4 and 0.6 were considered. The column had the slenderness ratio of 60,

loading eccentricity ratio of 0.1, steel yield strength of 350 MPa and concrete compressive
strength of 45 MPa. The Young’s modulus for steel was 210 GPa. The tensile behavior
of concrete was considered. The predicted column ultimate strength-fire exposure time
curves as a function of preload ratio are presented in Fig. 23. It is evident that regardless
of the fire exposure time, increasing the preload ratio decreases the column ultimate
strength. When the column is in room temperature, increasing the preload ratio from 0.0
to 0.4 and 0.6 leads to a reduction in the column strength by 4% and 6%, respectively. As
depicted in Fig. 23, the column has the most pronounced strength reduction at the fire
exposure time of 20 min. At this time, the reductions in the column strength were obtained

as 12% and 21%, respectively, when changing the preload ratio from 0.0 to 0.4 and 0.6.
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7. Conclusions

The computational model formulated by the fiber approach has been presented in this
paper for predicting the fire-resistance and the interaction behavior of local and global
buckling in concentrically-loaded slender rectangular CFST subjected to fire loading. A
sequential coupled computational procedure incorporating nonlinear thermal and stress
analyses for CFST columns exposed to fire has been developed and described. The
computational model has taken into account the important features associated with CFST
slender columns made of rectangular sections exposed to fire, including the interaction of
local and global buckling, air gap between the concrete and steel tube, water contents in
concrete, emissivity of exposed surfaces, temperature-dependent material and geometric
nonlinearities, initial geometric imperfections and preloads in the simulation.
Comparisons with the existing results of the standard fire tests and numerical solutions
have been made to validate the fiber model proposed. The fire-resistance and interaction
behavior of local and global buckling of CFST columns with rectangular sections exposed
to standard fire have been investigated. The computational model presented in this paper
can be used in the structural fire engineering design of rectangular CFST slender columns
under fire. However, further research should be undertaken to develop simple design
equations for estimating the fire resistance of CFST columns exposed to fire.

The concluding remarks are given as follows:

(1) The fiber-based computational model proposed predicts well the fire-resistances
of CFST rectangular columns which are in good agreement with standard fire test

and numerical results available in the literature.
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(2) The effect of the tube local buckling on the column ultimate axial strength
decreases as the fire exposure time increases.

(3) Regardless of the fire exposure time, the ultimate axial resistance of CST columns
reduces significantly when the member slenderness increases. This effect
increases as the time of fire exposure increases.

(4) Significant increases in the ultimate load of CFST columns are obtained by using
higher strength concrete at any fire-exposure time.

(5) The yield stress of steels has a minor influence on the column ultimate load at
elevated temperatures. Therefore, it is not effective to use high strength steels in
CFST columns in resisting high temperatures in a fire situation.

(6) At ambient temperature, the B/f ratio has a considerable influence on the

ultimate resistance of the column, but its influence decreases during fires when
the exposure time increases.
(7) Increasing the preload ratio generally decreases the ultimate strength and fire-

resistance of slender CFST columns.
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Fig. 2. Typical fiber mesh and strain distribution in a rectangular column cross-section
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Fig. 4. Reduction factors for the mechanical properties of structural steels at elevated
temperatures based on Eurocode 3 [33].
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Fig. 10. Comparison of the axial load-lateral displacement curves for a square CFST
columns in fire computed by the proposed computational model and the model by Han
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Table 1. Dimensions and properties of CFST slender columns used in the verifications

Specimen BxDxt (mm) B/t L (mm) £ f Applied Ref.
SQ-01 152.4x152.4%x6.35 24 1905 350 58.3 376 [13]
SQ-7 177.8x177.8%6.35 28 1905 350 57 549

SQ-17 254x254%6.35 40 1905 350 58.3 1096

SQ-24 304.8x304.8x6.35 48 1905 350 58.8 1130

SALI1 300x300%9 333 3500 363 27.5 842.8 [17]
SAL2 300x300%9 333 3500 363 27.5 744.8

SAHI1 300x300%9 333 3500 363 37.8 1401.4

SBLI 350x350%9 389 3500 363 27.5 1293.6

SBL2 350x350x9 389 3500 363 27.5 1038.8

SBH1 350x350%9 389 3500 363 37.8 1940.4

SBH2 350x350%9 38.9 3500 363 37.8 1558.2

Alb 200x100x5 40 3000 275 30 268 [27]
Blb 200x200x6.3 31.7 3000 275 30 660

Clb 200x200x12.5 16 3000 275 30 969

C3b 200x200x12.5 16 3000 275 30 2261

SCl1 400x400x12 333 4000 345 50 - [24]
SC2 350x350%9 38.9 3000 363 27.5 - [ 26]
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5.4 CONCLUDING REMARKS

This chapter has described a computational modeling technique, which has been proposed
for quantifying the load-deflection responses and fire resistance of rectangular CFST
slender columns subjected to concentric and eccentric loads when exposed to fire. The
computational model is innovative as it has explicitly incorporated the local and global
interaction buckling, deflections induced by preloads and concrete tensile behavior in the
theoretical formulation. These important features have not been considered in the fiber-
based nonlinear modeling procedures presented by other researchers. Experimental
verifications have demonstrated that the computational model produces realistic load-
deflection responses and fire resistance of slender CFST columns, which are in good
correlations with test data. The model has been employed to undertake parametric studies
on the fire behavior of CFST slender columns and the results obtained can be used to

develop design guides for the structural fire engineering design of slender CFST columns.
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Chapter 6

PERFORMANCE OF CFST SHORT COLUMNS AFTER

BEING EXPOSED TO FIRE

6.1 INTRODUCTION

Rectangular CFST columns in a tall building after being exposed to fire have been
damaged but might not collapse. Their residual strength and stiffness must be assessed in
order to develop an efficient and economical post-fire repair solution. A nonlinear post-
fire computational model formulated by the theory of fiber elements is developed in this
chapter, which can predict the post-fire structural behavior as well as the residual
strengths of rectangular CFST tube columns subjected to concentric loads. The
mathematical model utilizes the post-fire material constitutive relations of concrete and
steel that are available in the published literature. The gradual local and post-local
buckling of steel tubes is considered in the mathematical model, which generates the load-
axial strain responses of CFST columns after fire exposure. After experimental
verification, the computer model is used to demonstrate the significance of local buckling,
geometric parameters and material strengths on the post-fire behavior of CFST short

columns.
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This chapter includes the following paper:

1. Kamil, G. M., Liang, Q. Q. and Hadi, M. N. S. (2019) Nonlinear post-fire simulation
of concentrically loaded rectangular thin-walled concrete-filled steel tubular short
columns accounting for progressive local buckling, Thin-Walled Structures

(currently under review).
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Nonlinear post-fire simulation of concentrically loaded
rectangular thin-walled concrete-filled steel tubular short
columns accounting for progressive local buckling
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4 College of Engineering and Science, Victoria University, PO Box 14428,
Melbourne, VIC 8001, Australia
b School of Civil, Mining and Environmental Engineering, University of
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Abstract

The repair of fire-damaged thin-walled rectangular concrete-filled steel tubular (CFST)
columns in engineering structures after fire exposure requires the assessment of their
residual strength and stiffness. Existing numerical models have not accounted for the
effects of unilateral local buckling on the post-fire behavior of CFST columns with
rectangular thin-walled sections. This paper describes a nonlinear post-fire simulation
technique underlying the theory of fiber analysis for determining the residual strengths
and post-fire responses of concentrically loaded short thin-walled rectangular CFST
columns accounting for progressive local buckling. The post-fire stress-strain laws for
concrete in rectangular CFST columns are proposed based on available test data and
implemented in the theoretical model. An innovative numerical scheme for modeling the

progressive local and post-local buckling of CFST thin-walled columns is discussed. The

* Corresponding author. Tel.: 61 3 9919 4134,
E-mail address: Qing.Liang@vu.edu.au (Q. Q. Liang)
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nonlinear post-fire simulation model is verified by experimental data and then used to
show the significance of local buckling, material strengths and width-to-thickness ratio
on the post-fire responses of CFST stub columns. The proposed post-fire computer model
is shown to be capable of predicting well the residual stiffness and strength of
concentrically loaded thin-walled CFST columns after fire exposure. A design formula is
proposed that estimates well the post-fire residual strengths of CFST columns.
Computational results presented provide a better understanding of the post-fire behavior
of CFST columns fabricated by thin-walled sections incorporating unilateral local and

post-local buckling.

Keywords: Concrete-filled steel tubes; Local and post-local buckling; Nonlinear post-fire

analysis; Residual strength.

1. Introduction

Rectangular concrete-filled steel tubular (CFST) columns fabricated with thin-walled
sections as shown in Fig. 1 are widely used in tall buildings to support heavy compressive
loads. In the design life of a tall composite building, the building as well as CFST columns
may be under fire exposure. The fire responses of loaded rectangular and circular CFST
short and slender columns exposed to fire have been studied by many researchers
experimentally [1-8] and numerically [9-15]. Standard fire tests indicated that the use of
steel bar-reinforced concrete or fiber-reinforced concrete instead of plain concrete
improved the fire performance of CFST columns. It was reported that CFST short

columns of rectangular and square thin-walled sections failed by the outward local
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buckling coupled with concrete crushing while slender rectangular and square CFST
columns failed by local and global interaction buckling. The air gap at the concrete-steel
interface, concrete tensile strength, deformations induced by preloads, and local buckling
have been shown to have marked influences on the structural responses of CFST columns
to fire effects, which must be incorporated in the nonlinear fire response simulations of

CFST columns to yield realistic fire resistance [12, 15].

After fire exposure, CFST columns in a composite building have been damaged in some
degrees by fire effects, but they might not collapse. Therefore, the fire-damaged CFST
columns must be repaired, which requires the assessment of their residual strength and
stiffness in order to develop an economical solution to the post-fire repair. After being
exposed to fire, the steel material could restore much of its strength while the strength of
concrete has been significantly degraded [16]. Experiments could be conducted to
determine the residual stiffness and strength of CFST columns after fire exposure. In a
post-fire experiment, the CFST column is gradually loaded to failure in a room
temperature environment [ 16-22]. Post-fire tests were performed on the residual strengths
of rectangular and square CFST short and slender columns by Han et al. [16-18], circular
CFST stub columns by Huo et al. [19], square and circular CFST slender columns by
Rush et al. [20], and short CFST circular columns made of steel bar-reinforced concrete
by Liu et al. [21, 22]. The post-fire experiments conducted by Han et al. [16] on
rectangular CFST stub columns having the depth-to-thickness ratios of 35 and 45.5
indicted that these columns failed by the local buckling. In addition, increasing the
exposure temperature resulted in earlier and more serious unilateral local-buckling of

rectangular steel sections. Moreover, the maximum exposure temperature had a
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remarkable influence on the residual stiffness and strength of CFST columns. Han et al.
[17] and Rush et al. [20] reported that slender square CFST columns failed by the local

and global interaction buckling.

Although post-fire tests on CFST columns could be conducted, the tests are highly time-
consuming and expensive. It is impossible to undertake post-fire tests on CFST columns
in real buildings to determine their residual strength and stiffness. Consequently, the
assessment of the post-fire structural responses of CFST columns in real buildings mainly
relies on the use of nonlinear inelastic post-fire analysis techniques. Han et al. [16, 17]
proposed analytical models for ascertaining the residual stiffness and strength of CFST
short and slender columns after exposure to elevated temperatures. The stress-strain laws
of confined concrete at ambient temperature provided by Han et al. [23] was modified by
using the expressions given by Li and Guo [24] for estimating the residual strength and
strain of compressive concrete exposed to a maximum temperature and had cooled down
to the room temperature. However, the unilateral local-buckling of thin-walled steel
sections was not included in the analytical models presented by Han et al. [16, 17]. Yang
et al. [25] proposed a finite element model using the fiber discretization for calculating
the post-fire performance of loaded CFST slender columns. The finite element program
ABAQUS was employed to investigate the residual strengths of short and slender CFST
columns that considered various material and geometric parameters by Huo et al. [19],

Liu et al. [21, 22], Song et al. [26], Yao and Hu [27] and Ibanez et al. [28].

The unilateral local-buckling of rectangular thin-walled steel sections, which markedly

reduces the strength and stiffness of CFST columns with or without fire exposure [15, 16,
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29-33], has not been considered in the existing theoretical models for post-fire
simulations. To overcome this limitation, this paper presents a new fiber-based nonlinear
post-fire simulation technique for quantifying the residual strength and stiffness of
concentrically loaded short CFST column with rectangular thin-walled sections after
exposure to fire accounting for progressive local buckling. The post-fire material laws for
concrete in rectangular CFST columns are developed and incorporated in the proposed
post-fire simulation model. The existing post-fire experimental results are utilized to
verify the computer post-fire modeling procedure. A parametric study is performed that
investigates the post-fire load-axial strain responses of thin-walled CFST stub columns
after being exposed to high temperatures. A design formula is derived for estimating the

residual strengths of CFST columns after being exposed to fire.

2. The fiber-based nonlinear post-fire simulation

2.1. Fiber element formulation

The present method of nonlinear post-fire analysis employs the fiber approach to mesh
the cross-sections of rectangular CFST columns. The method of fiber analysis has shown
to be an accurate and computationally efficient numerical technique for simulating the
inelastic behavior of composite columns as it does not require the meshing of the column
along its length [31-35]. The typical fiber mesh of a CFST column is shown in Fig. 2, in
which the steel fiber size is equal to half of that of the concrete fiber. Each element in the
cross-section represents either a steel fiber or concrete fiber running longitudinally. The

post-fire material properties can be assigned to steel and concrete fibers. The nonlinear
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post-fire simulation model is formulated by means of the following assumptions: (1) the
CFST column has been exposed to elevated temperature; (2) the slip between the concrete
core and steel tube is zero; (3) the unilateral progressive local buckling of thin-walled

steel sections is taken into account; (4) the shrinkage and creep of concrete are ignored.

The strain compatibility requires that the steel tube and concrete in a CFST column loaded
concentrically have the same axial strain. To determine the softening post-peak responses
of CFST columns, the method of strain control is used in the computational procedure. In
this method, the axial strain is gradually increased and the stresses in fiber elements are
calculated from the given axial strain by means of employing the uniaxial material post-
fire constitutive laws of concrete and steel. The numerical schemes given in Sections 2.4
and 2.5 are utilized to model the post-local buckling in addition to the initial local-
buckling of thin-walled steel sections and update stresses of steel fibers in accordance
with the effective width method. The internal axial force (P) is then computed by
integrating the fiber stresses over the entire cross-section. By means of repeating the
above computation process, the load-axial strain curve of the CFST stub column can be
completely quantified. The incremental numerical analysis process is terminated when
either the specified ultimate concrete strain is exceeded or the axial load falls to 50% of

the column ultimate load [34].

2.2. Post-fire stress-strain laws for structural steels

The idealized elastic-plastic post-fire stress-strain curve with strain-hardening for

structural steels given by Cheng [36] is shown in Fig. 3, which is implemented in the
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present nonlinear post-fire analysis technique. This stress-strain relationship of steel after

exposure to elevated temperatures is expressed as

E ¢ fore <¢
s7s s yr
s:{ (1)

fvp(T) + Est |:8S - 8)/77(T):| for SA\- > gyp

where o, ¢, denote the longitudinal stress and strain in steel fibers, respectively; E the
Young’s modulus of steel that is exposed to room temperature, &  the yield strain at post-
fire, E ,the tangent modulus at strain hardening taken asE , = 0.01E , T the
maximum exposure temperature in °C, and /= the yield strength of steel tube after being

exposed to elevated temperature and was given by Cheng [36] as

f, for T <400°C

.= 2
T {fy[1+2.33x104(T—20)—5.88x107(T—20)2] for T > 400°C @

in which 7 stands for the yield stress of steel in room temperature without exposure to

elevated temperatures.
2.3. Post-fire stress-strain laws for concrete
The high temperatures significantly degrade the maximum compressive strength of

concrete. The available post-fire stress-strain relationships for concrete in CFST

rectangular columns have been extremely limited due to the difficulty in testing the
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concrete in CFST columns after being exposed to fire. The stress-strain relationships for
concrete at ambient temperature has been modified by utilizing the post-fire material
properties of concrete and the modified model has been employed to model the material
post-fire behavior of concrete in CFST columns by Han et al. [16] and Yang et al. [25].
In the present computer simulation technique, the stress-strain laws for compressive
concrete at room temperature suggested by Mander et al. [37] is modified by using the
post-fire material properties of concrete proposed by the authors in the present study to
simulate the material responses of concrete in rectangular CFST columns after fire

exposure as follows:

o £z, /g“f’) 4 5
/1—1+(£cp /8cp)
Ao Lo (4)

) E, _(fcp /g;p)

where o, andg,, represent the post-fire concrete stress and strain in compression,

respectively; f.

» andé&,, the post-fire compressive strength and corresponding strain of

concrete, respectively; £, is the post-fire modulus of elasticity of concrete, which is

calculated by the following equation given by ACI Committee 363 [38] with the post-fire

compressive strength of concrete:

E,, =3320,/f, +6900 (MPa) (5)
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The maximum post-fire strength of compressive concrete in rectangular CFST columns
and the corresponding strain were determined based on the experimental results on axially
loaded short rectangular CFST columns tested by Han et al. [16]. In the computations of
the post-fire ultimate strengths of CFST columns, the post-fire steel yield strengths
defined by Eq. (2) were used and the local buckling of steel sections was taken into
account. The computed post-fire compressive strengths and corresponding strains of
concrete in the tested CFST rectangular columns presented in Table 1 are provided in
Figs. 4 and 5, respectively. Based on the nonlinear regressive analyses, expressions for
determining the post-fire maximum compressive strength and corresponding strain of

concrete in rectangular CFST columns are proposed as follows:

f (—6x10*7T2 —2><10’4T+0.952)f0/ (6)

g, =(2.14x10°T" +3.66x10°T +1) ! (7)

in which 7 is the maximum temperature to which the CFST column has been exposed;

ﬂ and 5:- the compressive strength and corresponding strain of the concrete cylinder at

room temperature. The strain &, of concrete at room temperature can be computed by the

following expressions suggested by Liang [31]:

0.002 for f. <28 MPa
&, =140.002 +H for 28 < f. <82 MPa (8)
54000
0.003 for /. > 82 MPa
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The post-fire compressive strengths and corresponding strains of concrete in rectangular
CFEST columns calculated by the proposed Egs. (6) and (7) are compared with those
obtained from the experiments conducted by Han et al. [16] in Figs. 4 and 5, respectively.
The figures demonstrate that the proposed formulas predict well the post-fire compressive
strengths and corresponding strains of concrete. The typical post-fire stress-strain curves
of concrete CFST columns with rectangular steel sections based on the proposed material

constitutive models are presented in Fig. 6.

2.4. Modeling of initial local buckling

After exposure to high temperatures, the steel tube in a CFST column with rectangular
thin-walled section loaded gradually at ambient temperature will undergo the progressive
unilateral buckling from the onset of initial local buckling to the post-local buckling.
Kamil et al. [33] proposed equations for the calculations of the initial local-buckling stress
of steel plates subjected to stress gradients in rectangular CFST columns exposed to room
temperature as well as elevated temperatures. When a steel plate has been cooled down
from elevated temperatures, it can restore much of its strength. For the post-fire analysis,
CFST columns have been cooled down to the room temperature so that the equations
developed by Kamil et al. [33] for thin steel plates at ambient temperature can be applied
to the determination of the initial local-buckling stress of the steel tube walls in a CFST
column after fire exposure. This can be done by means of replacing the yield strength of

steel at room temperature with its post-fire yield strength.
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The critical stress (o, ,) that causes initial local buckling of the thin-walled steel walls

in a CFST column subjected to uniform compression after fire exposure can be calculated

by the following equation given by Kamil et al. [33]:

0.001521
0.65664"

B 9
0.54151%% +1 @)

O,
- = (gl/lcéjp +g2)
Lo

where A, stands for the relative slenderness ratio of the column at post-fire, expressed

by

A

c.p

_ \/12(1—%)(19/;()2 £ (10)

kn’E,
where b, t_ represent the clear width and thickness of steel section, respectively; v the
Poisson’s ratio of steel; and & the coefficient for the elastic local buckling of clamped

plates, taken as 9.95 [33].

The coefficients g, g,and g, in Eq. (9) are calculated by

g=-7.9339a +11.29, +4.701 (11)
g, =0.0863c” —0.1248¢, +0.0431 (12)
g, =0.2656a —0.9902¢, +1.719 (13)
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where ¢, denotes the stress-gradient coefficient, which is equal to 1.0 for a steel plate

subjected to uniform edge compressive stresses.
2.5. Modeling of post-local buckling

The method of effective width is usually employed to determine the post-local buckling
strengths of thin steel plates that fabricate a rectangular CFST column [30, 31, 34]. Figure
7 illustrates the ineffective and effective widths of a rectangular steel cross-section filled
with concrete subjected to axial compression. Kamil et al. [33] proposed effective width
formulas for calculating the strengths of post-local buckling of thin steel plates exposed
to various temperatures. Their formulas are incorporated in the fiber-based post-fire
model to ascertain the effective widths of steel sections in CFST columns after fire

exposure, which are written as

by )0.8418/13-;?368+1.154
b e T 0551 AT

(14)

in which b, denotes the effective width of a steel tube wall depicted in Fig. 5, g and ¢,

are expressed as

g =0.04007a’ - 0.05275a, +0.03355 (15)

g, =0.1007a2-0.7027a, +1.65 (16)

G. M. Kamil: Nonlinear Analysis of Rectangular Concrete-Filled Steel Tubular Columns at Elevated Temperatures 200



Chapter 6 Performance of CFST Short Columns after Being Exposed to Fire

The method of effective width assumes that steel fibers within the effective widths are
stressed to the yield strength of the steel material while steel fibers within the ineffective
widths withstand zero stress. This method determines the ultimate strength of a thin steel
plate under compression. A thin steel plate has the capacity of undergoing the progressive
buckling from initial local buckling to the post-local buckling until attains its ultimate
limit state. In this gradual buckling process, the in-plane stresses in the heavily buckled
regime are redistributed to the edge strips of the plate [34]. After the onset of initial local
bulking, the ineffective width of the steel plate increases with increasing the loading until
its ultimate strength is attained. The computer modeling technique developed by Liang
[31] is adopted in the post-fire analysis procedure to model the gradual post-local

buckling of steel sections after fire exposure.

3. Experimental verification

The post-fire ultimate loads of rectangular and square CFST short columns obtained by
the computational model are compared against experimentally measured data given by
Han et al. [16, 39] to verify its accuracy. The details of the CFST columns tested are listed

in Table 1. It is seen from Table 1 that D/t ratio of square sections was 20 while
rectangular sections had the D /¢, ratio of 43. Therefore, the local buckling of rectangular

CFST columns shown in Table 1 was considered in the nonlinear post-fire analysis. It is
noted that the cross-sectional dimensions of all columns listed in Table 1 are smaller than
those of concrete cubes that were employed to estimate the compressive strength of

concrete in tested specimens. As a result of this, the actual compressive strength of
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concrete in these specimens was conservatively taken as the average compressive strength
of concrete cubes in the post-fire simulations of these columns. The predicted post-fire

ultimate axial strengths (P, ) of CFST columns and corresponding experimentally

fib

measured values (P,, ) are given in Table 1. The comparison indicates that good

.exp
agreement between predictions and experimental data is generally obtained. The mean

value of the P, /P, ., ratios is 0.961. The discrepancy between the theory and post-fire

u.exp
tests is likely caused by the fact that the measurements on the post-fire stress-strain
relations for concrete and steel were not undertaken and might be different from those

implemented in the computer model.

The predicted post-fire load-axial strain responses of Specimens S-20-1, S-200, S-300, S-
600, S-800, S900, R2-200, R2-400, R2-800 and R2-900 are compared with
experimentally measured data reported by Han et al. [16, 39] in Figs. 8 and 9. It would
appear that the experimental post-fire load-axial strain responses of square CFST short
columns are captured reasonably well by the nonlinear post-fire simulation technique. It
is confirmed that the post-peak responses of CFST columns after being exposed to
temperatures up to 400 °C are characterized by the descending stress-strain behavior
while columns after being exposed to temperatures higher than 400 °C experience strain-

hardening behavior in the post-yield regime.

4. Post-fire behavior of CFST columns
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The nonlinear post-fire modeling technique proposed was utilized to examine the
significance of the outward local buckling, concrete strength, steel yield strength and the
width-to-thickness ratio on the post-fire structural behavior of short CFST columns with
thin-walled rectangular sections. In the parametric studies, the modulus of elasticity of
steel at room temperature was specified as 210 GPa. The effect of local buckling was
taken into consideration in the nonlinear post-fire analyses of CFST columns having clear

width-to-thickness ratios ranging from 30 to100.

4.1. Effects of unilateral local buckling

The nonlinear post-fire simulation technique proposed was used to examine the
significance of unilateral local buckling on the post-fire ultimate strengths of stub CFST

columns. For this purpose, square steel columns with 500500 mm, the B/ ¢_ ratio of 100,

and yield strength of 300 MPa filled with 40 MPa concrete were analyzed by means of
including and excluding local buckling, respectively. These columns had been exposed
to the maximum temperatures ranging from 20 °C to 800 °C and cooled down to the
ambient temperature. The post-fire load-axial strain curves of the CFST columns after
exposure to the temperature of 600 °C have been plotted in Fig. 10. It is demonstrated
that the load-strain curve computed by considering local buckling departs from the one
without considering local buckling. The unilateral local buckling causes a significant
reduction in the column ultimate load by 14% after being exposed to 600 °C temperature.
Figure 11 provides the column strength-maximum exposure temperature curves. The
figure demonstrates that the strength reduction caused by local buckling increases as the

maximum exposure temperature rises. The percentage reductions in the ultimate loads of
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CFST columns due to local buckling after being heated to 400°C, 700° C and 800°C are
12%, 16% and 18%, respectively. It would appear that local buckling causes more
reductions in the ultimate strengths of CFST columns after exposure to high temperatures
in comparison with CFST columns without exposure to fire [32]. This is mainly caused
by the fact that after being cooled down from an elevated temperature, the steel can restore
an immense magnitude of its strength while the concrete suffers a sustainable degradation
in its strength. Consequently, the contribution of steel tube after fire exposure to the
column strength is relatively more than that of the one without fire exposure due to the

lower post-fire concrete strength.

4.2. Effects of concrete strength

The sensitivities of the post-fire responses of CFST rectangular columns to the concrete
compressive strength were examined by conducting nonlinear fiber analyses on the steel
columns of 500x600x6 mm filled with concrete having compressive strengths ranging
from 25 MPa to 55 MPa. The yield stress of steel tubes at room temperature was 350
MPa. The calculated post-fire load-axial strain responses of the CFST columns after being
heated to the temperature of 600°C are given in Fig. 12. It is illustrated that the column
initial axial stiffness is not sensitive to the change of concrete strength, but at higher load
levels, increasing the concrete strength leads to a remarkable improvement in the column
axial stiffness. The post-fire column ultimate load is shown to have a significant increase
when increasing the concrete strength. Figure 13 depicts the significance of concrete
strength on the column strength-maximum exposure temperature curves. Increasing the

concrete strength markedly improves the column ultimate load, but this effect decreases
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when rising the maximum exposure temperature. When changing the concrete strength
from 25 MPa into 35 MPa, 45 MPa and 55 MPa after being heated to the temperature of
400 °C, the percentage increases in the column ultimate load are 27%, 53% and 80%,
respectively. After the columns were heated to the temperature of 600 °C, however, the
column ultimate load is reduced by 25%, 50% and 75%, respectively, if the concrete

strength is changed from 25 MPa to 35 MPa, 45 MPa and 55 MPa.

4.3. Effects of steel yield strength

The post-fire simulation model was employed to analyze rectangular CFST columns
fabricated by thin-walled steel tubes with yield strengths varying from 250 MPa to 450
MPa. The columns under investigation had the cross-sectional dimensions of

450x550x10 mm and aB/t ratio of 45 and was constructed by concrete with

compressive strength of 45 MPa. The post-fire load-axial strain responses of these
columns with various steel yield strengths after being exposed to the temperature of 600
°C have been plotted in Fig. 14. It is clearly demonstrated that the column initial stiffness
is not affected by the steel yield strength. The higher of the steel yield strength, the higher
of the post-fire ultimate load of the CFST column. Figure 15 gives the post-fire ultimate
strengths of CFST columns that were made of steel tubes having different yield strengths
after being experienced different temperatures. It is discovered that using steel tubes with
higher yield strength results in a considerable increase in the column strength regardless
of the exposure temperature. However, the effect of steel yield strength on the column
post-fire ultimate load is shown to increase with rising the exposure temperature. After

exposure to the temperature of 400 °C, changing the steel yield strength from 250 MPa
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to 300 MPa, 350 MPa and 450 MPa leads to the increase in the column post-fire strength
by 6%, 11% and 22%, respectively; if the columns were exposed to the temperature of

800 °C, the corresponding strength increase is 8%, 16% and 31%, respectively.

4.4. Effects of width-to-thickness ratio

The B/t ratio has a marked influence on the post-fire strengths of CFST columns. To

investigate this effect, the computer model was utilized to analyze square CFST columns
that had the cross-section of 600x600 mm. The B/ ¢, ratios of 40, 60, 80 and 100 were
determined by varying only the thickness of the steel tubes. The steel yield strength of
350 MPa and the concrete compressive strength of 35 MPa were specified in the analyses.
Figure 16 depicts the post-fire load-axial strain curves for CFST columns after exposure
to 700 °C temperature. It is clearly shown that the use of a larger B /¢ ratio in CFST
columns leads to a remarkable reduction in the column post-fire initial axial stiffness. The
relationships between the column post-fire strength, the maximum exposure temperature

and the B/t ratio are explicitly illustrated in Fig. 17. The computational solutions
indicate that increasing the B/¢, ratio greatly decreases the column post-fire ultimate
loads for all levels of exposure temperatures. However, the influence of the B/t ratio

on the post-fire ultimate load increases as the exposure temperature rises. When changing
the B/t ratio from 40 into 60, 80 and 100 for CFST columns being exposed to the
temperature of 600 °C, the reduction in the post-fire ultimate load is 22%, 33% and 40%,
respectively; for columns being heated to the temperature of 800 °C, however, the

strength reduction is 25%, 37% and 45%, respectively. This implies that the larger the
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B/t ratio and the higher exposure temperature, the greater reduction in the column post-

fire strength.

5. Proposed design formula

Although the computer post-fire simulation technique developed can be used directly in
the assessment of the residual stiffness and strength of CFST columns after being exposed
to fire, a simple design formula is needed for use in design practice. The design formula
for estimating the post-fire ultimate axial load of rectangular CFST short columns loaded

concentrically is proposed as

})u = Asefyp + Acf;'p (17)

where P, is the post-fire ultimate axial load of the short CFST column, 4,, the effective
cross-sectional area of the steel section that is computed by Eq. (14), and 4, the cross-

sectional area of the concrete infill.

The post-fire ultimate axial loads of CFST columns calculated by the proposed formula

are compared against experimental data in Table 1, where P, is the column ultimate

axial strength computed by the proposed Eq. (17). It can be observed from Table 1 that

the calculated results are in good agreement with test data. The mean value of P, /P,

u,exp
ratios is 0.941. The statistical analysis gives that the standard deviation is 0.055 and the

coefficient of variation is 0.058. The proposed design formula generally yields
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conservative results compared with the computer simulation model. This is due to the fact
that the post-fire steel yield strength was used in the simple calculations while the
computer simulation model considered the strain-hardening of steel. The comparative
study shows that the simple design formula proposed can be used in practice to assess the

residual strengths of fire-damaged thin-walled CFST columns.

6. Conclusions

A fiber-based nonlinear post-fire simulation technique has been described in this paper,
which calculates the post-fire structural responses of concentrically loaded short CFST
columns of rectangular thin-walled sections after being exposed to high temperatures.
The computational model for post-fire simulations of CFST columns has incorporated the
important feature of the progressive local and post-local buckling of non-compact and
slender steel sections, which has not been included in other theoretical post-fire models.
The post-fire stress-strain models for concrete in rectangular CFST columns has been
proposed based on experimental data and have been used in the numerical studies. The
proposed post-fire modeling technique generally gives good predictions of the post-fire
responses of short CFST columns loaded concentrically. The post-fire behavior of short
rectangular CFST columns with various parameters has been studied by utilizing the
computer simulation program developed. A design formula has been proposed for
quantifying the post-fire ultimate strengths of axially loaded short CFST rectangular

columns considering post-local buckling.

The concluding remarks are provided as follows:
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(1)

2)

)

(4)

)

The unilateral local buckling markedly reduces the post-fire ultimate loads of CFST
columns fabricated with rectangular thin-walled sections, and its effect increases as
the maximum exposure temperature increases.

Using high strength concrete greatly improves the post-fire ultimate strength of
CFST short columns, but its influence decreases when the maximum exposure
temperature rises.

The post-fire ultimate load of CFST columns is increased considerably by means
of using higher yield strength steel tubes. The influence of steel yield strength
increases as the exposure temperature increases.

Increasing the B/¢, ratio sustainably decreases the post-fire stiffness and strength

of CFST columns, and its influence increases when increasing the exposure
temperature.
The design formula proposed is demonstrated to give good prediction of the post-

fire ultimate sterngths of CFST columns.
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Fig. 1. Cross-section of rectangular CFST column.
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Fig. 2. Typical fibre element discretization.
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Fig. 4. Comparison of the post-fire maximum compressive strengths of concrete in
rectangular CFST columns obtained from experiments and by the proposed formula
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Fig. 6. Typical post-fire stress-strain curves for concrete in rectangular CFST columns
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Fig. 10. Influences of local buckling on the post-fire axial load-strain behavior of square
CFST column after being exposed to temperature of 600 °C.
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Fig. 13. Effects of concrete strength on the post-fire ultimate strength-exposure
temperature curves for rectangular CFST columns.
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Fig. 14. Effects of steel yield strength on the post-fire axial load-strain curves of
rectangular CFST columns after being exposed to temperature of 600 °C.
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Fig. 15. Effects of steel yield strength on the post-fire ultimate strength-exposure
temperature curves for rectangular CFST columns.
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curves for square CFST columns.
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Table 1. Post-fire ultimate axial loads of rectangular and square CFST short columns
under axial compression

T P P P

Specimen | (CC) | BXDxts s Jo | Biow kl\f]l - P”'ﬁb P » Ref.
P (mm) (MPa) | (MPa) | (kN) (kN) (kN) wiexp e
R2-20-1 20 85%x130%2.86 228 59.3 8252 835.56 834.62 1.013 | 1.011
R2-100 100 | 85x130%2.86 228 59.3 761.3 793.19 791.44 | 1.042 1.04
R2-200 200 | 85x130x%2.86 228 59.3 757.5 772.03 769.24 | 1.019 | 1.015
R2-300 300 | 85x130x2.86 228 59.3 793.2 744 740.02 | 0.938 | 0.933

R2-400 400 | 85x130x%2.86 228 59.3 725.6 709.15 703.80 | 0.977 0.97 [16]
R2-500 500 | 85x130%2.86 228 59.3 725.6 665.32 654.96 | 0917 | 0.903
R2-600 600 | 85x130%2.86 228 59.3 603.4 607.23 595.45 1.006 | 0.987
R2-700 700 | 85x130x2.86 | 228 59.3 537.6 540.88 | 526.07 | 1.006 | 0.979
R2-800 800 | 85x130%2.86 | 228 59.3 445.5 463.56 | 446.79 | 1.041 | 1.003
R2-900 900 | 85x130x2.86 | 228 59.3 398.5 374.56 | 357.53 | 0.940 | 0.897
S-20-1 20 | 120x120x6 | 265 | 31.5 | 1115.82 ] 1096.15 | 1092.46 | 0.982 | 0.979
S-200 200 | 120x120x6 | 265 | 31.5 | 1183.6 | 1064.22 | 1051.34 | 0.899 | 0.888
S-300 300 120x120%6 265 31.5 1140 1064.96 | 1032.97 | 0.934 | 0.906
S-400 400 120x120%6 265 31.5 1190 1069.85 | 1010.19 | 0.899 | 0.849

S-500 500 120%120%6 265 31.5 1129.9 | 1041.24 | 965.87 | 0.922 | 0.855 | [39]
S-600 600 120x120%6 265 31.5 1016.9 990.25 905.97 | 0.974 | 0.891
S-700 700 120x120%6 265 31.5 850 92242 833.14 1.085 0.98
S-800 800 120x120%6 265 31.5 833.33 839.45 747.38 1.007 | 0.897
S-900 900 120%120%6 265 31.5 723.2 742.34 648.67 1.026 | 0.897
Mean 0.961 | 0.941
Standard deviation (SD) 0.052 | 0.055
Coefficient of variation (COV) 0.053 | 0.058
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6.4 CONCLUDING REMARKS

A fiber-based technique has been developed in this chapter to simulate the nonlinear post-
fire behavior of concentrically loaded rectangular CFST short columns after being
experienced elevated temperatures. The local buckling of steel tubes has been
incorporated in the post-fire simulation model. The available nonlinear post-fire stress-
strain models for steel and concrete have been used in the computer program. The
proposed computer model allows the residual stiffness and strength of fire-damaged
CFST columns fabricated by slender, non-compact or compact steel sections in composite
buildings to be determined. The model can be used by practicing engineers to assess the

post-fire performance of fire-damaged CFST columns.
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Chapter 7

CONCLUSIONS

7.1 SUMMARY

The systematic development of computer simulation techniques underlying the theory of
fiber element analysis for determining the fire and post-fire responses of rectangular and
square CFST short and slender columns loaded axially and eccentrically has been
presented in this thesis. Design equations for estimating the initial local and post-local
buckling strengths of thin-walled steel sections in eccentrically loaded CFST columns
exposed to high temperatures have been proposed. These equations can be employed in
numerical models to consider local and post-local buckling effects on the fire and post-
fire behavior. The sequentially coupled procedures of nonlinear thermal and stress
analysis have been proposed that compute the load-deformation responses and fire
resistance of loaded short and slender CFST columns under fire exposure. The computer
simulation techniques have incorporated the salient features associated with thin-walled
rectangular CFST columns at high temperatures, including local buckling, interaction
local-global buckling, air gap between concrete and steel, concrete tensile strength, initial
deflection, second order, and deformations caused by preloads. Numerical solution
algorithms underlying Miiller’s method have been programmed to solve highly nonlinear

dynamic functions produced in an incremental-iterative analysis process. A nonlinear
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post-fire computer model has also been developed, which evaluates the post-fire behavior

of axially loaded CFST short columns accounting local buckling influences.

The computer simulation techniques developed have been verified by experimental and
numerical solutions available in the published literature. It has been shown that the
computational models developed are accurate and efficient computer simulation and
design tools for assessing the structural responses of rectangular CFST columns exposed
to fire and after fire exposure. These advanced computational technologies can be used
by practicing engineers in the structural fire engineering design of CFST columns in steel

and composite buildings.

The advantages of the developed fiber-based computational model are its simplicity in
mathematical formulation, computational efficiency, and its ability in simulating the
interaction behavior of local and global buckling. Its disadvantage is that the equilibrium
is maintained only at the column mid-height. The fiber-based computational model
proposed has incorporated important features, such as the interaction of local and global
buckling, deflections caused by preloads and initial geometric imperfections, which have
not been considered in the fiber-based models proposed by other researchers [Lie and
Chabot (1990), Lie and Irwin (1995), Han (2001), Yang et al. (2008), and Ibanez et al
(2013 )]. The fiber-based numerical model developed is computationally more efficient
than the 3D finite element models presented by other researchers [Ding and Wing (2008),

Espinos et al. (2010), Hong and Varma (2009)].
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7.2. ACHIEVEMENTS

This thesis has made remarkable contributions to the field of structural fire engineering.

These significant achievements are summarized as follow:

(1) Developed design equations for ascertaining the local buckling stresses, post-local
buckling strength and effective widths of steel tube walls of rectangular CFST
columns exposed to high temperatures. These equations can be employed in inelastic
modeling techniques to model gradual local buckling.

(2) Developed a thermal simulator that calculates the temperature distribution in column
cross-sections discretized into fiber elements.

(3) Developed a fiber-based numerical model for the predictions of the nonlinear fire
behavior of rectangular short CFST columns loaded axially at elevated temperatures
incorporating local buckling effects.

(4) Developed a computational modeling technique for ascertaining the fire performance
slender rectangular CFST loaded axially under fire exposure accounting for local-
global interaction buckling.

(5) Developed a mathematical model for determining the fire resistance of rectangular
CFST slender columns loaded eccentrically with local-global interaction buckling.

(6) Developed a nonlinear post-fire computer model to study the post-fire performance
of rectangular CFST short columns after being exposed to fire.

(7) Presented numerical results on the fire and post-fire behavior of CFST columns
including local and global interaction buckling. These numerical results provide a

better understanding of the fire and posy-fire behavior of CFST columns.
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7.3. FURTHER RESEARCH

This thesis focuses on developing computational techniques for modeling the fire and
post-fire behavior of short and slender rectangular CFST columns made of normal
strength materials loaded axially and eccentrically. Further studies are recommended as

follow:

(1) The computational models proposed can be extended to CFST rectangular columns
made of high strength concrete and steel at high temperatures.

(2) The research work presented can be extended to study the fire behavior of double-
skin rectangular tubular steel sections filled with concrete incorporating the local
buckling influence.

(3) The computer models proposed can be extended to the simulation of fire performance
of rectangular CFST columns constructed by fiber-reinforced concrete and rebar-
reinforced concrete.

(4) The mathematical models can be extended to the predictions of fire responses of
biaxially loaded rectangular CFST columns.

(5) Extend the nonlinear post-fire computer procedure to slender rectangular CFST
columns.

(6) The computer models developed can be extended to the simulations of the fire
performance of stainless steel rectangular tubular columns filled with concrete at

elevated temperatures.
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