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Abstract
At both room temperature and elevated temperatures, the cross-sectional load-carrying
capacity of structural steel members is limited by the effects of local buckling. The
strength and stiffness of steel also reduce with temperature and the stress-strain
relationship becomes increasingly nonlinear. Current structural fire design codes utilise
the concept of cross-section classification and the effective width method in line with the
corresponding steel design rules at ambient temperature for the design of steel sections at
elevated temperatures; this approach artificially separates structural steel cross-sections
into discrete behavioural classes and does not reflect the inherent continuous relationship
between the cross-section resistance and its local slenderness. Moreover, the utilization of
two different design yield strengths results in further discontinuities in the predicted fire
resistances at the boundary between non-slender and slender cross-sections. Existing steel
design rules at ambient temperature are also based on an assumed elastic, perfectly plastic
stress-strain response, which does not well represent the actual nonlinear stress-strain
response of steels at elevated temperatures. A series of experiments to investigate the
structural response and failure of cross-sections at room temperature is presented. A
deformation-based design approach known as the continuous strength method (CSM),
which provides an alternative treatment to the conventional concept of cross-section
classification and enables a rational exploitation of strain hardening, is then developed for
the design of steel cross-sections at elevated temperatures. Predictions of resistance using
the CSM for compression and bending, as well as new proposals for combined loading,
have been compared with experimental and numerical results and those obtained using
EN 1993-1-2 and AISC 360-16; the CSM predictions are shown to offer higher levels of
accuracy and reliability than the current design methods.
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Chapter 1 – Introduction

1 Introduction

1.1

Background

Steel is widely used in the construction of buildings, bridges, towers and offshore
structures, and features prominently in iconic applications such as Burj Khalifa, Empire
State Building, Taipei 101 Tower and Petronas Twin Towers shown in Figure 1.1(a) –
(d). The advantages of using steel in construction include high strength and stiffness
properties relative to its weight, ease of fabrication, greater predictability of material
quality and properties, long span capabilities, high speed of erection on site, greater
adaptability for future building extensions and recyclability. However, steel structures can
be vulnerable to the effects of fire due to its high thermal conductivity and high surface
area to volume ratio.
Fire is one of the most extreme and life-threatening conditions that an occupied structure
can be subjected to; appropriate safety measures in building design are therefore a major
requirement of modern design regulations. While fire design codes have been developed
throughout the years, only relatively recently, have notable advances in understanding the
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(a)

(b)

(c)

(d)

Figure 1.1: Application of steel in iconic tall buildings, (a) Burj Khalifa
(https://www.prysmiangroup.com/), (b) Empire State Tower
(https://pixabay.com/photos/empire-state-building-new-york-3513609/), (c) Taipei 101
Tower (https://www.flickr.com/photos/epler/518861296/), (d) Petronas Twin Tower
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behaviour of full structures in fire evolved, in particular, from observations and
subsequent analyses of the full-scale Cardington fire tests (Lennon and Moore, 2003). A
considerable number of studies related to the behaviour of steel structures in fire and post
fire have since been established. Ensuring that structures are designed safely and
efficiently for the event of fire is a key aspect of structural engineering.
Current codified fire design guidance in Europe, as given in EN 1993-1-2 (2005),
specifies simplified design rules for steel structures exposed to fire by adapting the
ambient temperature stress-based design approach in EN 1993-1-1 (2005) for the design
of resistance at elevated temperatures. Since steel behaves differently at ambient and
elevated temperatures, this generalisation can lead to rather scattered and inconsistent fire
resistance predictions. Therefore, there is a critical need to develop more accurate,
efficient and reliable design methods to improve the current design rules for structural
steels at elevated temperatures.
An alternative design approach to that used in Eurocode 3, known as the continuous
strength method (CSM), has been developed and introduced by Gardner (2008). This
method, which utilises a continuous relationship between cross-section slenderness and
cross-section deformation capacity, together with a material model that allows for strain
hardening, has been successfully applied to the design of cross-sections formed from
range of construction materials at ambient temperature, including hot-rolled and coldformed steels, stainless steels, aluminium alloys and steel-concrete composite
construction. It is, thus, the aim of this present study to develop and extend the current
CSM for application to structural steels at elevated temperatures.
1.2

Thesis outline

A brief background has been given in this chapter and the objective of this study is stated.
A total of six chapters are presented in this thesis, the contents of which are introduced
below.
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In Chapter 2, a brief introduction of hot-rolled and cold-formed structural steel sections is
provided, followed by a broad review on fire design guidelines set out in the European
code, EN 1993-1-2 (2005) and the American Specification, AISC 360-16 (2016) for
structural steel sections at elevated temperatures. These are followed by a review on the
existing constitutive models that have been developed for steel in fire conditions. The
shortcomings of current codified design approaches are discussed next, which indicate the
necessity to develop a more accurate and efficient design approach for structural steel
members in fire. Lastly, the development of the key concepts of the CSM at elevated
temperatures based on previous literature on the CSM at ambient temperature are
presented.
Chapter 3 discusses a comparative experimental investigation between hot-rolled and
cold-formed square and rectangular hollow sections (SHS and RHS) as part of the current
research. The distinctions between these two steel types are highlighted, which include
the structural responses of the flat and corner material, measurements of geometric
imperfections and residual stresses and stub column tests. While the tests were performed
at room temperature, they provide valuable insight into the response and failure of
structural steel cross-sections, which is relevant at both ambient and elevated
temperatures.
Chapter 4 focuses on the extension of the CSM to the fire design of hot-rolled non-slender
steel SHS and RHS under compression and bending. Existing stub column fire test data
are collated from the literature and utilised for the development of the CSM at elevated
temperatures. Numerical simulations are performed and validated against test results,
which are then employed in a comprehensive parametric study on the fire resistance of
the investigated cross-sections, covering several cross-section slendernesses and aspect
ratios at different temperature levels. Both the test results and the numerical results
obtained from parametric study are used to assess the accuracy of the design rules given
in EN 1993-1-2 (2005), AISC 360-16 (2016) and the extended CSM at elevated
temperatures. Reliability assessment is also conducted for the fire design methods.
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Chapter 5 concentrates on the extension of the CSM to the fire design of hot-rolled nonslender steel SHS and RHS under combined compression and bending. Numerical models
are developed and validated using experimental results from a series of cross-sectional
tests performed under fire conditions; these are utilised in an extensive and systematic
parametric study conducted to explore the structural performance of the investigated
cross-sections with varying cross-section slendernesses and aspect ratios, subjected to
different loading combinations and various elevated temperatures. The results obtained
from the parametric study, together with the collated test data, are employed to assess the
accuracy of the fire design rules given in EN 1993-1-2 (2005) and AISC 360-16 (2016).
A CSM design approach for cross-section resistances under combined loading is then
proposed; the proposed approach utilises the Eurocode interaction formulae and
coefficients but with the CSM compression and bending resistances as the end points.
Reliability analysis is also carried out to assess the reliability of the fire design methods
investigated.
Finally, Chapter 6 presents the key findings of this study and provides recommendations
for future research.
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2 Literature Review

2.1

Introduction

This chapter provides a review to the key concepts and contains previous literature that is
pertinent to the development of the Continuous Strength Method (CSM) for hot-rolled
steel cross-sections at elevated temperatures. An introduction to the background of hotrolled and cold-formed steel sections is provided, followed by a review on structural steel
design methods adopted by the European Code EN 1993-1-2 (2005) and the American
Specification AISC 360-16 (2016) for steel sections at elevated temperatures. Another
review is presented on the existing constitutive models that have been developed for steel
in fire conditions. Next, the shortcomings of current codified design methods are
discussed, indicating the need to develop more advanced design approaches for structural
steel members subject to fire. Finally, a review of the development and recent progress in
the CSM for steel design is presented, based on which the CSM is extended to the design
of hot-rolled steel cross-sections at elevated temperatures, as presented in the following
chapters.
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2.2

Hot-rolled and cold-formed steel sections

The two principal methods of producing structural steel sections are hot-rolling and coldforming; high temperatures are involved in the forming of hot-rolled steel sections while
cold-formed steel sections are produced at ambient temperature. Disparities may be
observed in the characteristics and performances of cross-sections produced from these
different manufacturing processes.
Hot-rolling of structural steel sections is generally carried out at temperatures above the
re-crystallisation temperature of the material (typically around 850˚C) in accordance with
EN 10210-1 (2006), see Figure 2.1. The resulting sections generally have homogeneous
material properties, consistent hardness and good ductility. Tight corner radii, which often
facilitate welding between members, can also be achieved (Whitfield, 2007).

Figure 2.1: Hot-rolling fabrication process
(http://www.astmsteel.com/steel-knowledge/steel-forming-process)
Cold-formed sections are produced at ambient temperature through press-braking or rollforming processes (see Figure 2.2) in accordance with EN 10219-2 (2006). Press-braking
and roll-forming are the two primary methods employed for the production of coldformed sections. During forming process, cold-formed sections undergo significant
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plastic deformation which causes cold-working of the material, resulting in enhanced
strength of the finished products. Non-homogeneity of material properties and variation in
hardness around the section typically arise due to the uneven levels of plastic deformation
experienced during forming. The corner regions of cold-formed sections, in particular,
undergo high levels of cold-work from cold bending due to their tight corner radii,
resulting in a higher degree of strength enhancement but a corresponding loss in ductility.

Figure 2.2: Roll-forming of steel purlin
(https://www.steelconstruction.info/Steel_construction_products)
At ambient temperature, hot-rolled steel typically exhibits an elastic response, with a
clearly defined yield point, followed by a pronounced yield plateau and a moderate
degree of strain hardening. Cold-formed steel, however, behaves nonlinearly and displays
a more rounded stress-strain response as compared to hot-rolled steel, with an increased
yield strength and, to a lesser extent, an increased ultimate strength, but reduced ductility.
The yield strength of cold-formed steel is conventionally taken as the 0.2% proof stress.
Current structural design codes, such as EN 1993-1-1 (2005), use an elastic-perfectly
plastic material model for the design of hot-rolled and cold-formed steel structures. This
model is suitable for scenarios in which strain hardening can be neglected. For cases
where strain hardening is expected to feature, an elastic, linear hardening model is
proposed and has been included in Annex C of EN 1993-1-5 (2006). This model, which
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offers the simplest consideration of strain hardening has been utilised throughout the
development of the CSM at ambient temperature and also for the development of the
CSM at elevated temperatures in this study.
Residual stresses are defined as stresses that exist within a plate element or structural
member after being manufactured in the unloaded state, and the magnitude and
distribution of the residual stresses depend on the production route, shape of cross-section
and plate thickness. These stresses can cause premature yielding which can lead to a loss
of stiffness and a reduction in member resistances. The two types of residual stresses
induced in steel sections are membrane and bending residual stresses; the former is more
dominant in hot-rolled steel sections while the latter is the main component in coldformed steel sections. Membrane residual stresses, which are induced uniformly through
plate thickness in hot-rolled steel sections, are comprised of tensile and compressive
stresses; tensile residual stresses were found on the slower cooling regions (web-to-flange
junctions of I-sections and corner regions of SHS/RHS) while compressive residual
stresses on more rapidly cooling regions (flange tips of I-sections and flat regions of
SHS/RHS). Bending residual stresses in hot-rolled steel sections have been found to be
relatively low (Chan and Gardner, 2008; Madugula et al., 1997; Lay and Ward, 1969),
while in cold-formed steel sections, bending residual stresses are induced through plastic
deformation during manufacturing process and the stress distributions are assumed to
vary linearly through plate thickness. The magnitudes of these stresses are found to be
higher in the corner regions due to significant amount of plastic deformation experienced
as compared to the flat regions. For cold-formed steel sections, membrane residual
stresses are, on the other hand, found to be negligible compared to the bending residual
stresses (Nseir, 2015; Ma et al., 2015; Schafer and Pekoz, 1998; Key and Hancock, 1993;
Weng and Pekoz, 1990).
Other than residual stresses, cross-section resistance can also be affected by local
geometric imperfections, which are introduced into structural members during the
manufacturing, fabrication and erection processes. In numerical modelling, suitable
magnitudes and shapes of local geometrical imperfection should be considered to
simulate the physical imperfections of steel cross-sections. The imperfection amplitude

9

Chapter 2 – Literature review

can be obtained either from measured experimental data or predictive equations, while the
local buckling shape is generally attained from elastic buckling analysis performed under
the considered loading condition.
The above mentioned mechanical properties have been widely studied for hot-rolled steel
sections (Wang et al., 2017; Sadowski et al., 2015; Lee et al., 2014; Zhao et al., 2005;
Boeraeve et al., 1993) and cold-formed steel sections (Tran et al., 2016; Afshan et al.,
2013; Guo et al., 2007; Dubina and Ungureanu, 2002; Chou et al., 2000; Dawson and
Walker, 1972), but direct comparisons between hot-rolled and cold-formed steel crosssections are limited. A comparative experimental investigation between hot-rolled and
cold-formed SHS and RHS at ambient temperature has been performed as part of this
study. Experimental results of tensile coupon tests on flat and corner material,
measurements of local geometric imperfections and residual stresses, and stub column
tests are presented in Chapter 3 of this thesis, and also published elsewhere (Gardner et
al., 2010).
2.3

Existing structural fire design methods of steel sections

In structural engineering, fire is taken as an accidental situation, where the mechanical
behaviour of structural steel members may differ significantly from those at ambient
temperature. However, many of the underlying procedures for the design of steel sections
at elevated temperatures, as set out in the European Code EN 1993-1-2 (2005) and
American Specification AISC 360-16 (2016), rely broadly upon information at ambient
temperature. The material properties of steel at elevated temperatures and the introduction
of the existing structural fire design provisions are presented in the following subsections.
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2.3.1 Material behaviour and properties
The material response of steel at elevated temperatures are significantly different from
those at ambient temperature. At ambient temperature, hot-rolled steel exhibits a linear,
elastic slope with a distinct yield point, followed by the inelastic yield plateau and strain
hardening regions, while cold-formed steel displays a more rounded stress-strain
response. At elevated temperatures, the stress-strain curve of steel becomes distinctly
nonlinear with a pronounced degradation of both strength and stiffness (Neuenschwander
et al., 2017; Knobloch et al., 2013; Yang and Hsu, 2009; Yang et al., 2006a; Li et al.,
2003; Poh and Bennetts, 1995; Cooke, 1988; Kirby and Preston, 1988; Olawale and
Plank, 1988). In addition to the deterioration of mechanical properties, thermal creep also
accelerates at temperature above approximately 400C and may affect the structural steel
response (Kodur et al., 2010).
Tests to determine the material properties of steel at elevated temperatures are categorised
into two types: steady-state tests and transient-state tests. In a steady-state test, the steel
specimen is heated up to a specified temperature and loaded until failure while keeping
the temperature constant. For a transient-state test, the load is kept constant while the
specimen is subjected to increasing temperatures until failure. The first method is most
commonly employed in experimental studies as it is easier to carry out and enables the
direct generation of elevated temperature stress-strain curves. However, the second
method is considered to be more realistic in representing the behaviour of a real fire
event. Nevertheless, material curves obtained using these two methods are generally quite
similar, as indicated by Chen and Young (2007).
The four-stage material model for steel at elevated temperatures adopted in EN 1993-1-2
(2005), where high-temperature creep is included implicitly in the stress-strain
relationship (Buchanan and Abu, 2017), was developed based on data from the transientstate tests on hot-rolled steel conducted by Kirby and Preston (Seif et al., 2016; Kodur et
al., 2010). This model, as shown in Figure 2.3, consists of an elastic-elliptic-perfectly
plastic behaviour as compared to an elastic-perfectly plastic behaviour at ambient
temperature.
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Figure 2.3: Stress-strain for steel at elevated temperatures from EN 1993-1-2 (2005)
The first stage of the model represents the linear portion of the stress-strain curve, where
the corresponding proportional limit stress fp, is directly proportional to strain up to the
strain at the proportional limit p,. This is followed by a nonlinear stress-strain
relationship in the second stage which assumes an elliptical transition from the
proportional limit stress fp, to the effective yield strength f2.0, at 2% total strain 2.0,. The
third stage comprises a flat plateau up to the limiting strain t, which equals to 15% total
strain, followed by the degradation of stress in the final stage due to material failure
which terminates at the ultimate strain u, of 20% total strain. Note that EN 1993-1-2
(2005) utilises two different design yield strengths in fire design; for Class 1-3 crosssections the yield stress is defined at 2% total strain (f2.0,) and for Class 4 cross-sections it
is taken as the 0.2% proof stress (f0.2,).
Annex A of EN 1993-1-2 (2005) provides an alternative material model that includes
strain-hardening for Class 1-3 cross-sections at a temperature range below 400C, as
shown in Figure 2.4, where fu, is the ultimate strength allowing for strain hardening, s,,

t, and u, are the limit for strain hardening slope at ultimate strength, limiting strain for
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ultimate strength and ultimate strain, respectively, at temperature  and Ea, is the slope of
linear elastic range.

Figure 2.4: Alternative material model given in Annex A of EN 1993-1-2 (2005) allowing
for strain-hardening
The stress-strain relationship is governed by three basic parameters fp,, f2.0, and Ea,
which represent the limit of proportionality, effective yield strength and slope of linear
elastic range, respectively, at elevated temperatures. Strength and stiffness of steels
reduce significantly with increases in temperature, and therefore, reduction factors are
employed in the design. Table 3.1 in EN 1993-1-2 (2005) provides the values of reduction
factors for the yield strength, proportional limit and Young’s modulus, respectively, for
Class 1-3 sections at different temperature levels. For Class 4 cross-sections, values of the
reduction factor for the yield strength are tabulated in Table E.1 of Annex E in EN 19931-2 (2005). Investigations to examine the reduction factors of EN 1993-1-2 (2005) have
also been performed and suitable values have been proposed for various material grades
(Knobloch and Fontana, 2006; Kodur et al., 2010; Qiang et al., 2013; Khorasani et al.,
2015; Qiang et al., 2016).
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AISC 360-16 (2016) recommends the use of generic material properties for steel at
elevated temperatures as specified in the ECCS Model Code on Fire Engineering (ECCS,
2001), which are consistent with those given in EN 1993-1-2 (2005), for evaluating the
structural response of steel sections in fire situations. Similar to EN 1993-1-2 (2005), the
stress-strain relationship is considered to be nonlinear and includes the effects of creep.
The design yield strength at elevated temperatures is also defined as the stress at 2%
strain. Different values of reduction factors for Young’s modulus, proportional limit and
yield strength are listed in Table A-4.2.1 of AISC 360-16 (2016). It should be noted that
this recommended model in AISC 360-16 (2016) is limited to steels with yield strengths
up to 450 MPa, while the material properties for steels with yield strengths higher than
450 MPa should be determined based on experiments.
2.3.2 Classification of cross-sections
The cross-section classification concept is utilised in many structural design codes to
determine the extent to which the resistance and deformation capacity of a cross-section
are limited as a result of local buckling. At elevated temperatures, classification of
structural steel cross-sections follows that of ambient temperature as specified in EN
1993-1-1 (2005) according to their susceptibility to local buckling, but with a reduced
value of the parameter  from (235/fy)1/2 for ambient temperature to 0.85(235/fy)1/2 for
elevated temperatures. The value of 0.85 is obtained through an approximation of the
ratio (kE,/ky,)1/2 (Franssen and Vila Real, 2010), which is shown in Eq. (2.1). In Eq. (2.1),
kE, is the reduction factor for the Young’s modulus at temperature , ky, is the reduction
factor for the yield strength at temperature  and fy is the design yield strength at room
temperature.

=

235
f 2.0,θ

Ea,θ
210000

=

235
ky,θ f y

kE,θ Ea
210000
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The variation of the ratio (kE,/ky,)1/2 with temperature for Class 1-3 cross-sections is
shown in Figure 2.5, together with a comparison between the ratio of (kE,/ky,)1/2 and the
constant value of 0.85 adopted for parameter . According to Franssen and Vila Real
(2010) and as shown in Figure 2.5, this simplification is reasonable for most fire
situations with temperatures ranging from 400C to 800C.

Figure 2.5: Variation of (kE,/ky,)1/2 for Class 1-3 sections (i.e. based on the strength at
2% strain) with temperature (Franssen and Vila Real, 2010)
As defined in EN 1993-1-1 (2005), the classification of a cross-section is determined by
comparing the width-to-thickness ratios for its constituent compression elements (webs or
flanges) to corresponding slenderness limits. Class 1 cross-sections are fully effective
under pure compression and are capable of reaching and maintaining their full plastic
moment Mpl in bending. Class 2 cross-sections behave similarly to Class 1 but have a
lower deformation capacity. Class 3 cross-sections are fully effective in pure
compression, but local buckling prevents attainment of the full plastic moment in
bending, and therefore, bending moment resistance is limited to the elastic moment Mel.
For Class 4 cross-sections, local buckling occurs prior to yielding and this causes loss of
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full cross-sectional effectiveness. Hence, effective cross-section properties, as outlined in
EN 1993-1-5 (2006) need to be calculated to consider the effects of local buckling. Figure
2.6 illustrates the moment-rotation curves for the four classes described above. Table 5.2
in EN 1993-1-1 (2005) provides the slenderness limits for Class 1, 2 and 3 cross-sections.

Figure 2.6: Moment-rotation response of four behavioural classes of cross-section
The concept of cross-section classification is also adopted in AISC 360-16 (2016) for
steel cross-sections in fire conditions. In AISC 360-16 (2016), cross-sections are
classified as non-slender sections (Class 1-3) or slender sections (Class 4) for crosssections subjected to axial compression. For cross-sections subjected to bending, three
classes are specified in AISC 360-16 (2016), in which compact, non-compact and slender
sections correspond to Class 2, 3 and 4 cross-sections in EN 1993-1-1 (2005),
respectively. The slenderness limit for these classes under axial compression and bending
are listed in Table B4.1a and B4.1b in AISC 360-16 (2016), respectively.
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2.3.3 Cross-section resistances
2.3.3.1 Compression resistance
Cross-section design is treated as a special case of member design as there are no specific
resistance expressions for this. At elevated temperatures, the compressive resistance for
members comprising Class 1-3 cross-sections, as specified in EN 1993-1-2 (2005), is
determined by Eq. (2.2), where A is the gross cross-sectional area, f2.0, is the design
strength at 2% strain at temperature , fi is the reduction factor for flexural buckling in
the fire design situation, which will be equal to or very close to unity for short members
(i.e. cross-section resistance) and M,fi is the partial factor for fire design which
is taken as unity. For members composed of Class 4 cross-sections, the resistance
prediction can be determined using the same expression, but with a reduced value of
cross-sectional area Aeff calculated based on the effective width method, following the
provisions in EN 1993-1-1 (2005) and EN 1993-1-5 (2006), and a lower yield strength
defined as the 0.2% proof stress f0.2,, as shown by Eq. (2.3).
N b,fi,t,Rd =  fi Af 2.0,θ /  M,fi

Eq. (2.2)

N b,fi,t,Rd =  fi Aeff f 0.2, /  M,fi

Eq. (2.3)

According to the AISC 360-16 (2016), the compressive strength of members at elevated
temperatures Nc,fi is determined from Eq. (2.4) for non-slender sections and Eq. (2.5) for
slender sections, where fe,θ is the minor axis elastic buckling stress at elevated temperature
θ.

Nc,fi

ky, f y

f
=  0.658 e,
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Nc,fi

ky, f y

f
=  0.658 e,




 ky, f y Aeff



Eq. (2.5)

The resistance of stub columns in fire calculated using EN 1993-1-2 (2005) and AISC
360-16 (2016) are similar for non-slender cross-sections (Class 1-3) since the parameters
employed in their design expressions to account for member second-order effects are both
approximately equal to unity. However, the strength predictions for stub columns with
slender cross-sections (Class 4) can be rather different due to their adoption of different
cross-section slenderness limits and effective width equations.
2.3.3.2 Bending resistance
According to EN 1993-1-2 (2005), temperature dependent design moment resistance for
Class 1-3 sections with a uniform temperature is determined from Eq. (2.6), where for
Class 1-2 sections MRd is the plastic moment resistance of the gross cross-section Mpl,Rd or
the reduced moment resistance for ambient temperature design according to EN 1993-1-1
(2005), for Class 3 sections MRd is the elastic moment resistance of the gross cross-section
Mel,Rd or the reduced moment resistance for ambient temperature design according to EN
1993-1-1 (2005), and M,0 is the partial factor for room temperature taken equals to 1.0.
The design moment resistance for Class 4 sections is estimated by substituting the value
of MRd with a reduced effective moment capacity Meff,Rd, as shown in Eq. (2.7).
M fi,,Rd = k y, [ M,0 /  M,fi ]M Rd

Eq. (2.6)

M fi,,Rd = k y, [ M,0 /  M,fi ]M eff,Rd

Eq. (2.7)

For the resistance of cross-sections in bending at elevated temperatures, AISC 360-16
(2016) adopted the plastic moment capacity Mpl,Rd for compact sections, which is the
same as prescribed in EN 1993-1-2 (2005) for Class 1 and 2 sections, and considers
partial plasticity for non-compact sections (equivalent to Class 3 sections in EN 1993-1-2,
2005), resulting in bending resistance predictions that lie between Mel,Rd and Mpl,Rd. For
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slender cross-sections (equivalent to Class 4 sections in EN 1993-1-2, 2005), a lower
bending moment resistance is determined using the traditional effective width method.
2.3.3.3 Resistance under combined loading
The design expression in EN 1993-1-2 (2005) for members subjected to combined
bending and axial compression at elevated temperatures follow the same format as that
used in EN 1993-1-1 (2005) for structural beam-column members at ambient temperature,
this is shown by Eq. (2.8), where Nfi,Ed is the design axial load for the fire design
situation, My,fi,Ed and Mz,fi,Ed are the design maximum first order bending moments about
the major and minor axes, respectively, (Nb,fi,t,Rd)min is equal to a lower value of flexural
buckling resistances about the major (Nb,y,fi,t,Rd) and minor (Nb,z,fi,t,Rd) axes for the fire
design situation, though they will be essentially the same for short members (i.e. crosssection resistance), MRd,y and MRd,z are the design bending resistances about the major and
minor axes at ambient temperature, respectively, ky, is the reduction factor for the yield
strength at temperature , which equals to the ratio of effective yield strength at
temperature  (i.e. f2.0, for Class 1-3 sections and f0.2, for Class 4 sections) to the steel
yield strength fy at ambient temperature, and ky and kz are the interaction factors as
calculated in Eqs. (2.9) and (2.10), respectively.
N fi,Ed
( N b,fi,t,Rd ) min

ky = 1−

 y N fi,Ed
N b,y,fi,t,Rd

+

k y M y,fi,Ed
k y, M Rd,y

+

kz M z,fi,Ed
k y, M Rd,z

1

Eq. (2.8)

 3, with  y = ( 2 M,y − 5 )  y, + 0.44 M,y + 0.29  0.8

Eq. (2.9)

kz = 1 −

z Nfi,Ed
N b,z,fi,t,Rd

 3, with z = (1.2 M,z − 3)  z, + 0.71 M,z − 0.29  0.8
Eq. (2.10)
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In Eqs. (2.9) and (2.10), M,y and M,z are equivalent uniform moment factors determined
from Figure 4.2 of EN 1993-1-2 (2005). For eccentrically loaded stub columns subjected
to uniform first-order bending moment both parameters are equal to 1.1. The design rules
in EN 1993-1-2 (2005) for determining the flexural buckling resistances of stub columns
at elevated temperatures are generally the same as those given in EN 1993-1-1 (2005) for
column members, adopting the traditional Perry-Robertson concept to account for the
second order effects. The design formula for Nb,fi,t,Rd is given by Eq. (2.2).
The design rules provided in AISC 360-16 (2016) for determining member strengths
under combined loading at elevated temperatures are the same as those at ambient
temperature, except for the use of the material strengths and stiffnesses at elevated
temperatures. The design equations for doubly symmetric cross-sections subjected to
combined bending and compression in fire situations are given by Eqs. (2.11) and (2.12),
where Nc.fi is given by Eq. (2.4), Mc.y and Mc.z are the cross-sectional bending moment
resistances about major and minor axes, respectively, and αm.y and αm.z are the
magnification factors employed to account for second order effects, though these are
insignificant for the short specimens examined herein. For either principal axis, αm is
equal to 1/(1-Nfi,Ed/Ncr,fi), where Ncr,fi is the Euler buckling load of the column at elevated
temperatures. For cross-section resistance, the terms for member second order effects tend
to be unity.

Nfi,Ed
Nc,fi

8   m,y M y,fi,Ed  m,z M z,fi,Ed
+ 
+
9  k y, M c,y
k y, M c,z

N fi,Ed
2 N c,fi

+

 m,y M y,fi,Ed
k y, M c,y

+

 m,z M z,fi,Ed
k y, M c,z
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N fi,Ed
 0.2
  1, for
N
c,fi


 1, for

N fi,Ed
N c,fi

 0.2

Eq. (2.11)
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2.4

Summary of existing constitutive models at elevated temperatures

The material models adapted by EN 1993-1-2 (2005) and AISC 360-16 (2016) have been
described in the previous section. In this section, other existing constitutive models of
steel at elevated temperatures are summarised.
2.4.1 The Ramberg-Osgood model
Olawale and Plank (1988) and Outinen et al. (1997) developed a model with a rounded
stress-strain response for steel at elevated temperatures by adopting the Ramberg-Osgood
model originally developed for metallic materials at ambient temperature. Lee et al.
(2003) utilised the same Ramberg-Osgood model to describe the stress-strain relationship
for light gauge steels at elevated temperatures. The basic form of the model for steels at
elevated temperatures is shown in Eq. (2.13), where T and fT are the strain and stress at
temperature TC, respectively, fy,T is the yield strength at temperature TC, ET is the
elastic modulus at temperature TC,  is the coefficient which determines the stress
values in the plastic region and n is the parameter that defines the shape of the stressstrain curve.

 f  f 
f
 T = T +   y,T   T 


ET
 ET   f y,T 

n

Eq. (2.13)

The coefficient  was taken as a constant value of 3/7 by Olawale and Plank (1988) and
6/7 by Outinen et al. (1997), while the parameter n is temperature dependent. On the
contrary, Lee et al. (2003) proposed that  should be temperature dependent while the
parameter n was found to be a constant value equal to 15.
Mirambell and Real (2000) and Rasmussen (2003) employed the Ramberg-Osgood model
to develop constitutive models for stainless steels at ambient temperature. Chen and
Young (2007) calibrated these models with their steady-state and transient-state test
results and proposed a two-stage material model for cold-formed steels at elevated
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temperatures. The first part of this model consists of the elastic stage up to the
proportional limit stress and the second part represents the nonlinear plastic curves. Chen
and Young (2008) then calibrated this two-stage material model with steady-state and
transient-state test results from Chen et al. (2006). A new two-stage material model was
proposed, as given by Eqs. (2.14) – (2.17), for mild and high strength steels at elevated
temperatures,
nT
f


f
 T + 0.002  T  ,
f 
 ET
 y,T 
T = 
 f T − f y,T
 f T − f y,T
+  u,T 

f −f
y,T
 Ey,T
 u,T

Ey,T =

for




f T  f y,T
Eq. (2.14)

mT

+  y,T

ET
1 + 0.002nT ET / f y,T

for

f T  f y,T

Eq. (2.15)

nT = 20 − 0.6 T

Eq. (2.16)

mT = 1 + T / 350

Eq. (2.17)

where T is the strain at temperature TC, u,T is the strain corresponding to ultimate
strength at temperature TC, y,T is the strain corresponding to the yield strength at
temperature TC, fT is the stress at temperature TC, fu,T is the ultimate strength at
temperature TC, fy,T is the yield strength at temperature TC, ET is the elastic modulus at
temperature TC, Ey,T is the elastic modulus at yield strength at temperature TC, T is the
value of temperature in degree Celcius (C), and nT and mT are material coefficients
which are related to the temperature TC.
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2.4.2 ASCE material model
A two-stage stress-strain model is adopted in the ASCE Manual of Practice for steel at
elevated temperatures (Lie, 1992), which is widely acknowledged in North America. The
model was proposed by Lie (1992) and given by Eqs. (2.18) and (2.19). This stress-based
model consists of a linear elastic range with a sharp yield point and a plastic strainhardening region with its slope varying temperature. As reported by Kodur et al. (2010),
creep behaviour has to be included explicitly in the analysis when using this model to
obtain good agreement with experimental data. Poh (2001) highlighted that the form of
the stress-strain relationship is less complicated than that codified in EN 1993-1-2 (2005),
due to the adoption of fewer parameters.
 Es,T 

s = 
c3 Fy,T 2
(c1 + c2 ) Fy,T − E
s,T


p =

c2 Fy,T − c3 Fy,T 2
Es,T − c1 Fy,T

for    p
for    p

Eq. (2.18)

Eq. (2.19)

In Eqs. (2.16) and (2.17), s is the stress at temperature T,  is the strain at temperature T,

p is the proportional strain at temperature T, Es,T is the modulus of elasticity at
temperature T, Fy,T is the yield strength at temperature T and c1, c2 and c3 are coefficients
taken as 12.5, 0.975 and 12.5, respectively.
2.4.3 Dounas and Golrang model
Anderberg (1988) and Huang et al. (2006) employed a dimensionless stress-strain model
proposed by Dounas and Golrang in their studies. This model consists of an elliptic curve
and a linear strain hardening region following a linear elastic stage, as shown in Figure
2.7. In Figure 2.7, a and b are the semi-major and semi-minor axes of the ellipse,
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respectively, and 1,  and  are the temperature-dependent parameters that varied with
different types of steel. As reported by Huang et al. (2006), this model is suitable for
steels at temperatures up to 700C but less accurate at higher temperatures.
𝜎T
𝑓0.2%

2

a
b

1

T

2

Figure 2.7: Dimensionless stress-strain curve proposed by Dounas and Golrang
(Huang et al., 2006)
2.4.4 Poh’s model
A general stress-strain relationship for steel at elevated temperatures was developed by
Poh (1997) on the basis of the elastic, perfectly plastic model. This proposed
dimensionless analytical model, which expresses the stress  explicitly in terms of the
strain  in a single continuous curve, can be easily fitted with experimental data, without
having to divide the data into several segments. The material curve has a sharp yield point
at the end of its linear elastic stage followed by a plastic yield plateau and a strainhardening region as shown in Figure 2.8. However, according to Poh (2001), the effect of
temperature was excluded in the stress-strain relationship. Hence, Poh (2001) calibrated
and expanded this model further with additional existing test results on structural steel of
various grades and proposed a new mathematical equation, as presented by Eq. (2.20),
which includes a set of curve-fitting coefficients.
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Figure 2.8: General stress-strain equation model proposed by Poh (1997)
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Eq. (2.20)

4
1

In Eq. (2.20), 1 - 9 are the parameters that determine the shape of the stress-strain curve
and can be determined by equations provided in Poh (2001). According to Kodur et al.
(2010), this model offers a less flexible response as compared to the EN 1993-1-2 (2005)
material model and should be used in conjunction with a high temperature creep model.

25

Chapter 2 – Literature review

2.5

Shortcomings of codified design methods

Current structural steel design standards (EN 1993-1-2, 2005; AISC 360-16, 2016) utilise
the concept of cross-section classification and the effective width method in line with the
corresponding steel design rules at ambient temperature for the design of steel sections at
elevated temperatures. Existing steel design rules at ambient temperature are based on an
assumed elastic, perfectly plastic stress-strain response which is unrepresentative of the
actual nonlinear stress-strain response of steels at elevated temperatures. Furthermore, the
elastic, perfectly plastic material model limits the maximum stress in a cross-section to
the yield stress, thus ignoring the beneficial effect of strain hardening for stocky sections.
For cross-section classification, the overall section class is defined based on the class of
the most slender element, thus neglecting the effects of element interaction, i.e. the ability
of the less slender elements to provide some assistance in resisting local buckling to the
more slender elements. The elastic buckling stress is also determined on the basis of the
most slender element without considering the effects of element interaction between the
edges of the adjoining plates of the cross-section, which results in generally conservative
predictions.
To further demonstrate the shortcomings of cross-section classification, the design
resistances of Class 1-4 cross-sections under isolated axial compression and bending at
elevated temperatures are illustrated in Figures 2.9 and 2.10. In Figure 2.9, the design
load-carrying capacity in compression is normalised by the yield load and plotted against
width-to-thickness ratio, while in Figure 2.10, the design bending resistance is normalised
by the elastic moment and plotted against width-to-thickness ratio. As shown in Figures
2.9 and 2.10, steel cross-sections at elevated temperatures are artificially separated into
discrete behavioural classes; this approach does not, however, reflect the inherent
continuous relationship between the cross-section resistance and its local slenderness.
Moreover, the utilisation of two different design yield strengths in EN 1993-1-2
(2005) (i.e. the stress at 2% total strain f2.0, at temperature  for hot-rolled Class 1-3
cross-sections and the 0.2% proof stress f0.2, at temperature  for hot-rolled Class 4 crosssections) results in further discontinuities in the predicted fire resistances at the boundary
between non-slender (Class 1-3) cross-sections and slender (Class 4) cross-sections. It is
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therefore considered necessary to develop more consistent and accurate methods for the
design of steel cross-sections at elevated temperatures.
Nu,/Ny,

fiAf2.0,θ

1.0

fiAeff f0.2,θ

Class 4

Class 1-3

c/t

Figure 2.9: Cross-section compressive resistance against width-to-thickness ratio

MRd,/Mel,
ky,θWpl f2.0,θ
ky,θWel f2.0,θ
ky,θWeff f0.2,θ

Class 1-2

Class 3

Class 4
c/t

Figure 2.10: Cross-section bending resistance against width-to-thickness ratio
2.6

The Continuous Strength Method

The CSM is a relatively new method developed as an alternative to cross-section
classification for the determination of cross-section resistances at ambient temperature.
The CSM is a deformation-based design approach from which the resistances of crosssections are continuously related to their deformation capacities, abandoning the concept
of cross-section classification employed by codified design methods, and thus,
eliminating the artificial steps in resistance predictions. This method, which consists of a
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base curve developed in conjunction with a material model that allows for the beneficial
influence of strain hardening, has been shown to provide more accurate and less scattered
resistance predictions than the current codified design methods.
The CSM was first proposed for the design of stainless steels and early development of
the CSM was focused on the design of stainless steel plated and circular hollow sections
of different grades. The compound Ramberg-Osgood model was adopted in the early
versions of the CSM to capture the stress-strain response of stainless steels (Ashraf et al.,
2008a; Ashraf et al., 2008b; Gardner and Theofanous, 2008; Gardner and Ashraf, 2006;
Ashraf et al., 2006; Gardner and Nethercot, 2004a; Gardner, 2002). Gardner (2008) then
extended the application of the CSM to the design of carbon steel cross-sections. Based
on a large number of experimental results on stainless steel and carbon steel stub columns
and beams, Afshan and Gardner (2013) modified the CSM base curve and proposed a
new slenderness limit of  p  0.68 as the limit between non-slender and slender sections
for stainless steels, carbon steels and aluminium alloys. Bock et al. (2015) proposed a
material model for ferritic stainless steels. To date, the CSM has been extended to cover
the design of stainless steel SHS, RHS and I-sections (Yuan et al., 2014), lipped channel
sections (Fan et al., 2014), circular hollow sections (Buchanan et al., 2016), un-lipped
channel sections (Liang et al., 2019) and laser-welded I-sections (Bu and Gardner, 2018).
Extension of the CSM to cross-sections under combined loading has been studied for
carbon steels (Yun et al., 2018a; Liew and Gardner, 2015) and stainless steels (Zhao et
al., 2015; Arrayago and Real, 2015). More recently, Yun et al. (2018b) introduced a trilinear material model that accounts for the existence of yield plateau for hot-rolled steels
and incorporated this model in the CSM design of hot-rolled steel cross-sections. Yun and
Gardner (2018a) also extended the CSM for the design of cold-formed steel crosssections under different loading conditions.
The application of the CSM continues to be expanded to the design of stainless steel
slender sections (Zhao et al., 2017; Zhao et al., 2016; Ahmed et al., 2016; Anwar-UsSaadat et al., 2016), aluminium alloys (Su et al., 2016, 2014a & 2014b), high strength
steels (Lan et al., 2018), indeterminate structures (Gkantou et al., 2018; Yun and Gardner,
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2018b; Arrayago et al., 2017; Su et al., 2014c; Theofanous et. al, 2014), stainless steel
frames (Walport et al., 2017) and composite structures (Gardner et al., 2017; Lam and
Gardner, 2008). The CSM has also been incorporated in the AISC Design Guide for
Structural Stainless Steel (2013) and the recent fourth edition of the SCI Design Manual
for Structural Stainless Steel (2017). In the most recent development, the CSM has been
accepted to be incorporated in the next version of EN 1993-1-4.
Most of the studies were focused on the CSM design of structural cross-sections at
ambient temperatures, while application of the CSM at elevated temperatures is
essentially unexplored. At present, application of the CSM at elevated temperatures has
only been studied for hot-rolled steel non-slender sections under isolated loading
(Theofanous et al., 2016; Sharma et al., 2011). The CSM base curve developed for
stainless steel and carbon steel cross-sections at ambient temperature (Afshan and
Gardner, 2013) has been found to provide a reasonable (generally lower bound) fit to hotrolled steel cross-sections at elevated temperatures. The proposed CSM for the design of
hot-rolled steel cross-sections at elevated temperatures (Theofanous et al., 2016; Sharma
et al., 2011) has been shown to provide more accurate and less scattered fire resistance
predictions than current EN 1993-1-2 (2005) provisions. The key features of the CSM are
described in the following sub-sections.
2.6.1 CSM design base curve
The key features of the CSM are a base curve and a representative material model that
accounts for the beneficial influence of strain hardening. The base curve of the CSM
provides a continuous relationship between the cross-section deformation capacity and its
cross-section slenderness, as given by Eq. (2.21). The base curve is generated by fitting
the continuous function given by Eq. (2.21) to collated stub columns and bending tests
data, by which the values of the coefficients A and B are determined.

 csm
A
= B
y p
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The cross-section deformation capacity is defined as the strain ratio εcsm/εy, where εcsm is
the limiting strain that a cross section can sustain prior to failure by local buckling and εy
is the material yield strain. The cross-section slenderness,  p is defined as the square root
of the ratio of the yield strength fy to the elastic buckling stress fcr as shown by Eq. (2.22),
in which fcr can be conservatively taken as the elastic buckling stress of the most slender
individual plate element in the cross-section using the codified plate buckling expression
as specified in EN 1993-1-5 (2006), or determine more accurately using analytical
approximations (Gardner et al., 2019; Seif and Schafer, 2010) or numerical methods, e.g.
CUFSM (Schafer and Ádány, 2006). As the former approach neglects the effects of plate
element interaction within the cross-section, more favourable results can be obtained by
using the latter methods.

p =

fy
f cr

Eq. (2.22)

At elevated temperatures, the cross-section slenderness is defined in the same manner as
that for room temperature but accounting for the temperature influence, as shown in Eq.
(2.23), where the design yield strength at temperature  is taken as the 0.2% proof stress
f0.2, and fcr, is the elastic buckling stress at temperature .

 p, =

f 0.2,
f cr,

Eq. (2.23)

The experimental deformation capacities at elevated temperatures εcsm,θ/εy,θ can be
obtained from the load-deformation curves of the stub column and bending tests. For stub
columns, where the ultimate test load Nu,θ at temperature θ, exceeds the yield load Ny,θ,
the CSM strain ratio is defined by Eq. (2.24), where εlb,θ is the failure strain which can be
calculated by dividing the end shortening δu at ultimate load Nu,θ by the initial stub
column length L. A subtraction of 0.2% from the failure strain is necessary to ensure
compatibility with the adopted CSM material model. The elastic strain εy,θ at temperature
θ is defined as f0.2,θ/Ea,.
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 csm,  lb, − 0.002  u / L − 0.002
=
=
 y,
 y,
 y,

for N u,  N y,

Eq. (2.24)

For stub columns failing below the yield load at temperature θ or the cross-section
slenderness of the stub column is beyond the slenderness limit of 0.68, εcsm,θ/εy,θ is defined
as the ratio of the ultimate load Nu,θ at temperature θ to the yield load Ny,θ at temperature
θ, as given by Eq. (2.25). This relationship is derived to avoid over predictions of
deformation capacity due to the influence of post-buckling response (Ashraf et al.,
2008a). The slenderness value of 0.68 defines the transition limit between non-slender
and slender cross-sections; within this limit, non-slender sections can gain somewhat
benefit from strain hardening (Ashraf and Gardner, 2013), while slender sections that fall
beyond this limit may be calculated by using the existing effective width method (EN
1993-1-5, 2006) or the direct strength method (Schafer, 2008).

 csm, N u,
=
 y,
N y,

for N u,  N y, or  p,  0.68

Eq. (2.25)

Under pure bending, assuming plane sections remain plane and normal to the neutral axis,
a linear relationship between strain εθ at temperature θ and curvature  can be made, as
given by Eq. (2.26), where y is the distance from the cross-section neutral axis. The
deformation capacity εcsm,θ/εy,θ for four-point bending tests, which have a region of
uniform curvature between the loading points, is similar to that established for stub
columns, as given by Eqs. (2.27) to (2.29), where u is the total curvature at ultimate
moment and el is the elastic curvature corresponding to the elastic bending moment at
temperature θ. Note that, for beam tests whose Mu,θ is below Mel,θ, εcsm,θ/εy,θ is defined as
the ratio of Mu,θ/Mel,θ, as given by Eq. (2.28). The same definition is employed for slender
sections, as shown by Eq. (2.29).

 =  y
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 csm,  u ymax − 0.002
=
 y,
 el ymax

For p,  0.68 :

 csm, M u,
=
 y, M el,

For p,  0.68 :

for M u,  M el,

for M u,  M el,

 csm, M u,
=
 y, M el,

For p,  0.68 :

Eq. (2.27)

Eq. (2.28)

Eq. (2.29)

The CSM base curve for stainless steel and carbon steel cross-sections at ambient
temperature (Afshan and Gardner 2013), derived using the variables at elevated
temperatures as described by EN 1993-1-2 (2005), is employed in the present study and
shown by Eq. (2.30). The base curve defined in Eq. (2.30) has been found to provide
generally lower bound fit to non-slender steel cross-sections at elevated temperatures with

 p,θ less than or equal to 0.68 (Theofanous et al., 2016), which is the focus of the present
study. Two upper limits are set on the cross-section deformation capacity (i.e. εcsm,θ/εy,θ):
the first limit of 15 is to avoid excessive deformations while the second limit of εlim,θ/εy,θ
is related to the adopted CSM material model to prevent over-prediction on material
strength. The limit strain εlim,θ at elevated temperature  is taken as 0.03 if strain
hardening after 2% strain is considered (for <400C in EN 1993-1-2 (2005)) and as 0.02
if the strain hardening after 2% strain is ignored (for >400C in EN 1993-1-2 (2005)).
  lim, 
 csm, 0.25
=
but

min
15,
 for  p,  0.68
 y,  p,3.6
 y, 


Eq. (2.30)

For slender steel cross-sections (  p,θ >0.68), the CSM base curve developed for stainless
steel and carbon steel slender cross-sections at room temperature (Zhao et al., 2017) may
be adopted for use at elevated temperatures, as given by Eq. (2.31). However, the
extension of the CSM to the structural fire design of slender cross-sections is not covered
in this present study.
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 csm,θ 
0.222  1
= 1 −

 y,θ   p,θ1.050   p,θ1.050

for  p,θ  0.68

Eq. (2.31)

2.6.2 CSM material model
A simple, yet accurate material model that can capture the stress-strain response of
structural steels at elevated temperatures is required for the development of the CSM. The
systematic utilisation of strain hardening in the CSM allows the attainment of
compression resistances greater than the yield load and bending resistances beyond the
plastic moment capacity. As presented in Section 2.3.1 and Section 2.4 of this chapter,
various material models have been developed and proposed for steel at elevated
temperatures. The material model adopted by EN 1993-1-2 (2005) is the most commonly
used model in fire situations, but adoption of the model results in lengthy design
expressions and complicates the design process. An elastic, linear hardening material
model, which has been employed throughout the recent development of the CSM to
represent the strain hardening response of metallic materials with rounded stress-strain
behaviour at ambient temperature, was also found to accurately capture the general strain
hardening behaviour of steels at elevated temperatures.
Figure 2.11 shows a schematic diagram of the adopted elastic, linear hardening material
model for steels at elevated temperatures. This bilinear model effectively starts at the
0.2% off-set plastic strain and assumes a linear elastic stress-strain response up to the
temperature dependent yield strength f0.2,θ. The corresponding elastic strain εy,θ at
temperature θ is equal to f0.2,θ/Ea,θ where Ea,θ is the slope of the elastic region at
temperature θ. Note that the material nonlinearity in this region has been subtracted from
the definition of the deformation capacity given in Eq. (2.24) and Eq. (2.27). The strain
hardening slope Esh,θ at temperature θ, is defined as the slope of the passing through the
temperature dependent 0.2% proof stress point (f0.2,θ, εy,θ) and a specified maximum point,
which is selected as the yield strength at 2% plastic strain (f2.0,θ, 0.02), as given by Eq.
(2.32).
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Esh,θ =

f 2.0,θ − f 0.2,θ

Eq. (2.32)

0.02 −  y,θ

Stress
f2.0.θ
Esh,θ

f0.2.θ

Ea,θ

EN 1993-1-2
CSM model

εy,θ
0.2%

0.02

Strain

Figure 2.11: Adopted bilinear CSM material model and EN 1993-1-2 material model for
steel at elevated temperatures
For the reduction in stiffness and strength of steels at elevated temperatures, it is
recommended that the values given in EN 1993-1-2 (2005) are utilised in the design,
although measured stiffness and strength values are preferable if available.
2.6.3 CSM cross-section resistance functions
Unlike in the codified fire design methods (EN 1993-1-2, 2005; AISC 360-16, 2016)
where the design yield strength at temperature θ is defined as either f2.0,θ or f0.2,θ, in the
CSM, the design yield stress fcsm,θ at temperature θ is related to the temperature dependent
limiting strain εcsm,θ of the cross-section through the adopted CSM bilinear material
model. Upon obtaining the CSM limiting strain, εcsm,θ the fcsm,θ is determined from the
elastic-linear hardening material model as illustrated in Figure 2.11 and defined by Eq.
(2.33).
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f csm, = f 0.2, + Esh,  (  csm, −  y, )

for  y,   csm,   lim,

Eq. (2.33)
f csm, = Ea ,   csm,

for  csm,   y,

The CSM cross-section compression resistance Ncsm,θ at temperature θ is determined as
the product of the gross cross-sectional area A and the CSM design yield stress fcsm,θ, as
shown by Eq. (2.34).

N csm, =

Af csm,

Eq. (2.34)

 M,fi

The CSM cross-section bending resistance Mcsm,Rd,θ at temperature θ can be calculated
from Eqs. (2.35) and (2.36) for major and minor axis, respectively, where Wel and Wpl are
the elastic and plastic section moduli, respectively, and  is a coefficient equal to 2 for
RHS and SHS bent about either axis and I-sections bent about major axis, and equal to
1.2 for I-sections bent about their minor-axis.
−


 Eq. (2.35)



−


 Eq. (2.36)



M csm,y,

Wpl,y f 0.2,  Esh, Wel,y   csm,   Wel,y
1 +
=
− 1 −  1 −

  Wpl,y
 M,fi  Ea, Wpl,y   y,
 


  csm, 

  y, 



M csm,z,

Wpl,z f 0.2,  Esh, Wel,z   csm,   Wel,z
1 +
=
− 1 −  1 −

  Wpl,z
 M,fi  Ea, Wpl,z   y,
 


  csm, 

  y, 
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2.7

Concluding remarks

In this chapter, an introduction to hot-rolled and cold-formed structural steel sections was
provided followed by a broad review of the current structural steel design methods as
specified in the European Code EN 1993-1-2 (2005) and the American Specification
AISC 360-16 (2016). A review of existing constitutive models that have been developed
for hot-rolled steel in fire conditions was also presented. Of the various material models,
the elastic, perfectly plastic material model is adopted as the basis for the general codified
design rules given in EN 1993-1-2 (2005) and AISC 360-16 (2016), though this does not
represent well the actual nonlinear stress-strain response of steels at elevated
temperatures. Other shortcomings of EN 1993-1-2 (2005) and AISC 360-16 (2016) were
also discussed in Section 2.5 and these highlighted the necessity for developing an
alternative approach for the design of hot-rolled steel cross-sections in fire situations. A
deformation-based design method for structural steel sections at ambient temperature,
known as the continuous strength method (CSM), was introduced and is further
developed for the fire design of hot-rolled steel cross-sections under compression,
bending and combined loading in this thesis.
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3 Experimental Investigation of Hot-Rolled
and Cold-Formed Structural Steel Sections

3.1

Introduction

Structural hollow sections are widely used in a range of engineering applications, offering
structural efficiency, aesthetic solutions and the possibility of being concrete-filled to
achieve greater load-carrying capacity. There are variety of means of producing square
and rectangular hollow sections (SHS and RHS, respectively), the principal two being
hot-rolling and cold-forming, with two further, less common alternative techniques
involving welding two channel sections tip-to-tip or welding four flat plates at their
corners. Cold-formed sections may be subsequently stress relieved. It therefore follows
that SHS and RHS of nominally similar geometries may exhibit different structural
characteristics owing to the different strain histories and thermal actions that may be
experienced during production. Direct comparisons between hot-rolled and cold-formed
structural steel sections are relatively scarce, but many of the above properties have been
studied in hot-rolled and cold-formed steel sections, as presented in Section 2.2. This
chapter reports a series of experimental investigations performed on hot-rolled and cold-
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formed SHS and RHS, as part of the present study. Experimental results of tensile coupon
tests on flat and corner material, measurements of geometric imperfections and residual
stresses and stub column tests, which have been reported by Gardner et al. (2010), are
presented and discussed in the following sections.
3.2

Experimental investigation

A laboratory testing programme comprising material tests, measurements of geometric
imperfections and residual stresses and compressive stub column tests have been
conducted in the Structures laboratory of the Department of Civil and Environmental
Engineering at Imperial College London. A total of ten structural hollow sections (five
hot-rolled and five cold-formed) of the following nominal section sizes: SHS 1001004,
SHS 60604, RHS 60403, SHS 40404 and SHS 40403, were examined. The
nominal yield strengths of the hot-rolled and cold-formed members were 355 N/mm2 and
235 N/mm2 respectively. Ten stub columns from each production group were prepared for
the measurement of geometric imperfections and were subsequently subjected to
compressive testing. Residual stresses were determined from flat and corner coupons
which were then tested to provide the basic mechanical tensile properties of each box
section.
3.2.1 Tensile coupon tests
The basic stress-strain properties of the sections were obtained from tensile coupon tests.
Ten flat and six corner coupons were tested in accordance with EN 10002-1 (1990). Each
flat parallel coupon was machined longitudinally from the face opposite the weld of each
of the ten box specimens. The nominal dimensions of the flat coupons were 350×15 mm
for the smaller cross-section sizes (SHS 40×40×4 and SHS 40×40×3) and 320×20 mm for
the larger cross-sections. Corner coupons were extracted from all five cold-formed
sections in order to examine the influence of the high localised cold-work, and for one of
the hot-rolled sections to confirm uniformity of properties. Figure 3.1 shows the location
of the extracted flat and corner tensile coupons, together with the adopted dimension
labelling system. In Figure 3.1, D and B are depth and breadth of the section, respectively,
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t is material thickness and ri is average internal corner radius.

Corner
coupon

z

Flat
coupon

t
D

y

y

ri

z

Weld

B

Figure 3.1: Section labelling convention and location of flat and corner tensile coupons
All tensile tests were performed using an Amsler 350 kN hydraulic testing machine.
Linear electrical strain gauges were affixed at the midpoint of each side of the tensile
coupon and a series of overlapping proportional gauge lengths was marked onto the
surface of the coupons to determine the elongation at fracture. Load, strain, displacement
and input voltage were all recorded using the data acquisition equipment Datascan and
logged using the Dalite and DSLOG computer packages.
The stress-strain behaviour of hot-rolled and cold-formed material are shown in Figure
3.2. It can be seen the hot-rolled material exhibits the anticipated sharply defined yield
point, yield plateau and subsequent strain hardening whilst the cold-formed material
shows a more rounded and nonlinear response.
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(a) SHS 1001004 hot-rolled and cold-formed flat coupons
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(b) SHS 1001004 cold-formed corner coupon
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(c) SHS 60603 hot-rolled and cold-formed flat coupons
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(d) SHS 60603 cold-formed corner coupon
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(e) RHS 60404 hot-rolled and cold-formed flat coupons
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(f) RHS 60404 cold-formed corner coupon
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(g) SHS 40404 hot-rolled and cold-formed flat coupons
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(h) SHS 40404 hot-rolled and cold-formed corner coupons
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(i) SHS 40403 hot-rolled and cold-formed flat coupons
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(j) SHS 40403 cold-formed corner coupon
Figure 3.2: Stress-strain curves from hot-rolled and cold-formed tensile coupons
The key results from all tensile coupon tests, together with the corresponding mill
certificate (virgin) material properties are given in Table 3.1. The specimens were
identified by their different section geometries followed by the production routes
(HR=hot-rolled and CF=cold-formed). A letter ‘C’ was appended to the specimen
designation to indicate a corner coupon. fy and fu are the yield and ultimate strengths of
the material, respectively, E refers to modulus of elasticity and f is the strain at fracture.
For the hot-rolled sections a distinct yield stress was observed, but for the cold-formed
sections the yield stress was taken as the 0.2% proof stress.
3.2.2 Geometric imperfection measurements
Measurements of local geometric imperfections were performed on all four faces of
twenty stub columns – two specimens for each of the ten box sections. The experimental
set-up for the imperfection measurements employed in this study was similar to that
adopted by Schafer and Pëkoz (1998) and Gardner and Nethercot (2004b). Each specimen
was mounted on the bed of a milling machine where the flat surface provided a reference
plane for the measurements. A displacement transducer, fitted in the head of the milling
machine, was positioned at the centreline of each face of the specimen and driven along
the length. Deviation from the flat condition was monitored and recorded at 10 mm
intervals.
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The measurements revealed high geometric imperfections associated with flaring at the
ends of the stub columns; this was most apparent in the cold-formed sections. The flaring
is caused by through-thickness residual stresses, generated during the forming process
and released upon cutting of the sections. Imperfections due to end flaring were isolated
and deducted from the measured results, which are discussed in Section 3.3.2.
3.2.3 Residual stress measurements
Following the sectioning process, the released tensile coupons were observed to curve
longitudinally from their initial flat geometry, indicating the presence of throughthickness bending residual stresses. This curvature was most evident in the cold-formed
sections. In order to measure the bending residual stresses, strain gauges were attached to
the inner and outer surfaces of the coupons. After initial strain readings were taken in the
curved state the coupons were deformed to their original flat condition, whereupon final
strain readings were taken.
Following the residual strain measurements, tensile coupon tests were performed on each
of the coupons to provide material data (Table 3.1) against which the residual stress
magnitudes could be compared. Derivation of residual stresses from the measured strains
is described in Section 3.3.3. Clearly this process does not capture overall extension or
shortening of the released coupons, and hence membrane residual stresses were not
quantified in this study.
3.2.4 Stub column tests
A total of twenty stub columns were tested under pure axial compression – two repeated
tests, denoted ‘1’ and ‘2’ in Table 3.2, for each of the ten box sections. The nominal
length of the stub columns was selected as four times the larger cross-section dimension
in order to avoid overall buckling but still include a representative distribution of
geometric imperfections and residual stresses. The stub column specimens were cut using
a rotary hacksaw, and the ends of each specimen were machined flat and square to ensure
a uniform distribution of loading during testing. Four linear electrical resistance strain
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gauges were affixed to each specimen at mid-height and in the orientation shown in
Figure 3.3. The strain gauges were positioned at a distance of four times the material
thickness from the corners of the specimens for the larger sections (SHS 1001004 and
SHS 60603), and a distance of three times the material thickness from the corners for
the remaining specimens. Measurements of geometry, including local geometric
imperfections (see Section 3.2.2), were taken prior to the testing.
Strain gauge
3t or 4t

3t or 4t

3t or 4t

3t or 4t

Figure 3.3: Location of strain gauges on a stub column specimen
The experimental set-up of the compression test is shown in Figure 3.4. The specimens
were loaded between the two parallel end platens of a 300 T Amsler hydraulic testing
machine and four displacement transducers (LVDTs) were employed to measure average
end-shortening. A similar testing arrangement has been successfully employed in
previous studies (Chan and Gardner, 2008; Gardner and Nethercot, 2004b). Uniformity of
corner strains (variation between strains at any corner from the average strain being less
than 5%) at low load levels confirmed that the specimens were loaded concentrically.
Readings of load, strain, end shortening and input voltage were recorded at 2 second
intervals using the data acquisition equipment Datascan and logged using the Dalite and
DSLOG computer packages.
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Figure 3.4: General view of stub column experimental set-up
The geometric properties of the stub columns and the key test results are summarised in
Table 3.2, where L is specimen length, D and B are depth and breadth of the sections
respectively, t is material thickness, ri is average internal corner radius, A is the gross
cross-sectional area and Nu is the ultimate load achieved by the stub columns.
The normalised load-end shortening curves (N/Afy versus /L) for all stub columns
investigated in this study are shown in Figure 3.5, where N is the applied load, A is the
measured cross-sectional area, fy is the measured tensile yield strength,  is the recorded
end-shortening and L is the measured specimen length. The cross-sectional areas of the
sections were calculated taking due account of the corner geometry. A distinct yield point
may be observed for the hot-rolled specimens, while the response of the cold-formed
specimens is more rounded. As anticipated, greater load carrying capacity (relative to the
yield load) and superior deformation capacity can be seen in stocky sections. All stub
columns failed by local buckling, either prior to or subsequent to the onset of yielding.
Typical failure modes (for stub columns SHS 100×100×4-CF1 and CF2) are shown in
Figure 3.6. Analysis of the results of the stub column tests is presented in Section 3.3.4.
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(a) Hot-rolled SHS 1001004 stub columns
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(b) Cold-formed SHS 1001004 stub columns
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(c) Hot-rolled SHS 60603 stub columns
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(d) Cold-formed SHS 60603 stub columns
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(e) Hot-rolled RHS 60404 stub columns
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(f) Cold-formed RHS 60404 stub columns
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(g) Hot-rolled SHS 40404 stub columns
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(h) Cold-formed SHS 40404 stub columns
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(j) Cold-formed SHS 40403 stub columns
Figure 3.5: Normalise load-end shortening curves of tested stub columns

Figure 3.6: Typical local buckling failure mode of stub columns
(SHS 100×100×4-CF1 and CF2)
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3.3

Analyses of Experimental Results

3.3.1 Material properties
From Table 3.1, it may be seen that the virgin material properties (from the mill
certificate) and the measured material properties of the flat coupons extracted from the
complete sections are similar. This would be expected for the hot-rolled sections, as the
same material is being tested. However, for the cold-formed sections, the mill test is
carried out on sheet material prior to section forming, whereas the tensile coupon tests
reported herein are performed on material extracted from the complete section. The
limited results presented in this study indicate modest levels of strength enhancement in
the flat faces of SHS and RHS during the cold-forming process – an average increase in
strength of around 4% over the mill certificate value was observed. It would be
anticipated that stockier sections exhibit greater strength enhancements owing to the
higher strain input required during forming – this has been observed in studies on coldformed circular hollow sections (Kurobane et al., 1989). In the case of cold-formed
stainless steel hollow sections, more considerable strength enhancements have been
observed following section forming owing to the pronounced strain-hardening nature of
the material (Cruise and Gardner, 2008; Ashraf et al., 2005).
The results from the corner coupon tests (Table 3.1) have been combined with those from
Guo et al. (2007), Wilkinson and Hancock (1997), Zhao and Hancock (1992) and Key et
al. (1988) and plotted in Figure 3.7. The measured yield strength of the corner material fy,c
has been normalised by the yield strength of the virgin material fy,mill to indicate the level
of strength enhancement due to corner forming, and plotted against the corner ratio ri/t.
The thickness of the test specimens ranged between about 3 and 12 mm, while the corner
radii ranged between about 2 and 20 mm. For some of the test data (Wilkinson and
Hancock, 1997; Zhao and Hancock, 1992; Key et al., 1988), the mill certificate
information was not available, and the corner yield strengths were instead normalised by
the measured yield strength of the flat material taken from the corresponding sections. In
Figure 3.7, the test results have been categorised by their ratio of ultimate tensile strength
to yield strength of the virgin material (fu,mill/fy,mill), which is indicative of the potential for
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cold-work, whilst curves from the predictive model given in the AISI Specification for
the Design of Cold-formed Steel Structural Members (AISI, 1996; Karren, 1967) are also
plotted on the basis of the following Eqs. (3.1) to (3.3):
f y,c,pred
f y,mill

=

Bc
(ri / t ) m

Eq. (3.1)

in which,
2

f

f
Bc = 3.69 u.mill − 0.819  u,mill  − 1.79
f

f y.mill
 y,mill 

m = 0.92

f u.mill
− 0.068
f y.mill

Figure 3.7: Corner material strength data and AISI predictive model
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The experimental data broadly exhibits the anticipated trends, with greater corner yield
strength enhancements being observed for sections with higher ratios of fu,mill/fy,mill and
tighter corner radii. On applying Eqs. (3.1) to (3.3), the mean predicted divided by
measured corner strength for the 40 corner test results (5 from the present study and 35
from the literature (Dubina and Ungureanu, 2002; Wilkinson and Hancock, 1997; Zhao
and Hancock, 1992; Key et al., 1988) was found to be 1.13, with a coefficient of variation
of 0.10. Note however that the corners in cold-formed tubular sections experience a
particular, two-stage strain history, arising from the fact that the sections are initially
formed into a circular profile, seam welded and then subsequently pressed into their final
square or rectangular shapes; this is unlike the more common single continuous operation
typically applied to cold-formed open sections, such as channels and lipped channels.
Based on the collated test data, revised values of the coefficients of the predictive model
for the corner regions of square and rectangular hollow sections, formed in the abovedescribed fashion are proposed, as given by Eqs. (3.4) and (3.5):
2

f

f
Bc = 2.90 u.mill − 0.752  u,mill  − 1.09
f

f y.mill
 y,mill 

m = 0.23

f u.mill
− 0.041
f y.mill

Eq. (3.4)

Eq. (3.5)

The tests results are compared to the revised predictive model in Figure 3.8. Application
of the revised predictive model to the 40 corner test results provides a mean predicted
divided by measured corner strength equal to unity and a coefficient of variation of 0.09.
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Figure 3.8: Corner material strength data and revised predictive model
3.3.2 Geometric imperfections
The maximum imperfection amplitude (deviation from flatness) ω0 was determined for
each surface profile from the twenty specimens. This was then normalised by the material
thickness and plotted against (fy/fcr)0.5 and fy/fcr in order to determine the values of
coefficients β and γ in the predictive models (Eqs. (3.6) and (3.7)) proposed by Dawson
and Walker (1972). Values for the material yield stress fy and elastic buckling stress fcr
were determined based on measured geometry and measured material properties from the
tensile coupon tests. The elastic buckling stress fcr was calculated based on the flat width
of the section faces, determined as b=B–2t–2ri, where symbols are defined in Figure 3.1.

 fy 
=  
t
 f cr 

0

 fy 
= 

t
 f cr 

0
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From least-squared regression, the following values were determined for the coefficients:
β = 0.028 and γ = 0.064 for hot-rolled sections and β = 0.034 and γ = 0.068 for coldformed sections, indicating marginally higher imperfections in the cold-formed sections.
The correlations between ω0/t and (fy/fcr)0.5 and ω0/t and (fy/fcr) for the determination of β
and γ are shown in Figures 3.9 and 3.10, respectively. The results revealed that Eq. (3.6)
provides a better prediction (higher coefficient of determination R2) of the measured
imperfections than Eq. (3.7). Higher values of the coefficients (β=γ=0.2) were proposed
by Dawson and Walker (1972) for cold-formed steel sections, but these were not based on
direct measurements but rather, emerged indirectly from consideration of the
imperfections required to relate resistance functions to tests, where other influences are
clearly present. On the basis of imperfection measurements on structural stainless steel
members, values of γ equal to 0.044, 0.012 and 0.008 were obtained for hot-rolled, coldrolled and press-braked sections, respectively (Cruise and Gardner, 2006), implying lower
imperfections amplitudes than observed in this study. This perhaps reflects the tighter
controls and greater emphasis placed on surface flatness and appearance in stainless steel
components.

Figure 3.9: Correlation between ωo/t and (fy/fcr)0.5 for the determination of β
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Figure 3.10: Correlation between ωo/t and (fy/fcr) for the determination of γ
3.3.3 Residual stresses
Residual stress magnitudes were predicted on the basis of the acquired surface residual
strain measurements. Two possible initial stress distributions were considered, since the
through-thickness distribution cannot be ascertained from surface strain measurements
alone – a linearly varying through thickness distribution and a rectangular stress block
distribution. Strain measurements recorded from the hot-rolled strips were very small,
indicating that the bending residual stresses for hot-rolled sections were, as expected,
negligible. For the cold-formed box sections, the bending residual stresses showed a
consistent tendency of tension on the outer surface and compression on the inner surface
of the sections. The bending residual stresses released from the sectioned material have
been normalised by the corresponding 0.2% proof strength and are summarised in Table
3.3, where σbl refers to the linearly varying distribution and σbr to the rectangular stress
block distribution. For the flat strips, the difference in stress magnitude for the two
distributions is a factor 1.5, this being the shape factor for a rectangular element. For the
corner regions, the plastic and elastic moduli were calculated for each individual
specimen.
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The mean value of the normalised bending residual stresses for the flat faces of the coldformed box sections was found to be slightly higher than that of the corner regions.
Similar patterns were observed for cold-rolled steel channel sections (Schafer and Peköz,
1998) and cold-formed stainless steel box sections (Cruise and Gardner, 2008). The
bending residual stresses magnitudes for both the flat faces and corner regions of the
tested box sections are generally greater than those observed in steel channel sections
(Schafer and Peköz, 1998), but this would be anticipated since springback (and the
resulting release of residual stresses) is effectively restricted in the production of tubes.
3.3.4 Compression test results
The results from the 20 stub column tests described herein were combined with those
from other studies (Tao et al., 2004; Han et al., 2004; Uy, 1998; Ge and Usami, 1992;
Akiyama et al., 1992) to assess the Class 3 slenderness limit specified in EN 1993-1-1
(2005). In total, 10 hot-rolled sections, 21 cold-rolled sections, 24 sections formed from
plates welded at the four corners and 20 press-formed and seam welded sections were
examined. The ultimate loads Nu attained from the stub column tests were normalised by
the section yield load (calculated as the product of measured tensile yield strength fy and
the gross cross-sectional area A) and plotted against plate slenderness c/t, where

=(235/fy)0.5. Note that c is the flat width of the most slender element in the cross-section,
as defined in Section 3.3.2. The results, shown in Figure 3.11, indicate that attainment of
the yield load is dependent on the method of forming, and that the current Class 3 limit of
42 given in EN 1993-1-1 (2005), assessed on the basis of compression test, may be
optimistic, though further test data, particularly for hot-rolled sections are required.
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Figure 3.11: Normalised stub column resistances versus plate slenderness
3.4

Concluding remarks

On the basis of the results generated in the present study, together with those collected
from existing studies, a number of differences between the behaviour of hot-rolled and
cold-formed hollow sections have been observed. It is generally observed that the current
slenderness limits and plastic design approaches are equally applicable to hot-rolled and
cold-formed sections, though the results of the stub column tests indicate a dependency
on forming route and question the current Class 3 slenderness limit. Of the various
features investigated, it is concluded that the strain hardening characteristics represent the
most influential factor in shaping the individual structural responses of hot-rolled and
cold-formed sections, particularly for non-slender sections. The inability of existing codes
to rationally exploit the strain hardening of the material is evident, with stocky sections
achieving load-carrying capacities significantly beyond those predicted by current design
approaches. As discussed in Chapter 2, the continuous strength method (CSM) (Gardner,
2008) has been developed to overcome these shortcomings by offering a systematic
means of utilising strain hardening, based on cross-section deformation capacity.
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4 Design of Steel Sections in Compression
and Bending at Elevated Temperatures

4.1

Introduction

The continuous strength method (CSM) is a deformation-based design approach that
provides an alternative treatment of local buckling in structural elements (Gardner, 2008).
A key feature of the CSM is a continuous measure of cross-section slenderness and
deformation capacity, applied in conjunction with a material model that allows for the
influence of strain hardening. In this chapter, the application of the CSM to hot-rolled
cross-sections in fire, focusing on cross-sections in compression and bending and utilising
the bilinear CSM material model as described in Section 2.6.2, is outlined. Hot-rolled
sections were investigated since these are the most common product type. First, the
development and validation of numerical models against available test results is
performed, and these are utilised in a parametric study on the fire resistance of hot-rolled
steel SHS and RHS under isolated compression and bending, covering several crosssection slendernesses, cross-section aspect ratios and temperature levels. Both the
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experimental and numerical results are then used to examine the accuracy of existing fire
design provisions given in EN 1993-1-2 (2005) and AISC 360-16 (2016).
4.2

Summary of previous fire tests

Existing stub column fire test data for non-slender sections are collated from previous
literature – tests conducted by Yang and Hsu (2009), Yang et al. (2006) and Yang et al.
(2005) have been utilised for the development of the CSM at elevated temperatures. A
total of forty-two stub columns – twelve stub columns from Yang and Hsu (2009), seven
stub columns from Yang et al. (2006) and twenty-three stub columns from Yang et al.
(2005) – comprising of welded I-sections and welded box sections, were tested at both
ambient temperature and elevated temperatures. The welded I-section stub columns from
Yang and Hsu (2009) were fabricated from SN490 steel, while the welded I-section stub
columns from Yang et al. (2006) were made from ASTM A572 Grade 50 steel. Welded
box and I-section stub columns made from fire-resistant steel were tested by Yang et al.
(2005). Tables 4.1 to 4.4 summarize the nominal cross-section dimensions, elevated
temperature material properties and ultimate resistances of the test specimens. In these
tables, B and H are the width and height of the cross-section, tf and tw are the flange and
web thicknesses of the cross-section, respectively, L is length of the test specimen, Ea,θ,
f0.2,θ and fy,θ are the temperature dependent Young’s modulus, stresses at 0.2% proof stress
and stress at 2% total strain, respectively, and Nu,test is the experimental ultimate
resistance, which is taken as the maximum load that the specimen endured at temperature
θ. The test specimens are labelled according to their cross-sectional shape, height and
testing temperature. For example, the label H110_500C indicates an I-section stub
column with a nominal cross-sectional height of 110 mm and tested at an elevated
temperature of 500C.
In these studies, the applied fire temperatures varied from room temperature to 600C and
the steady state test method was adopted for the stub column specimens. Each specimen
was firstly placed in an electrical furnace and then uniformly heated up to a predefined
target temperature. Thermocouples were installed along the specimen length to monitor
the temperature distribution and ensure it remained steady at the desired temperature
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during testing. The stub column specimens were also free to expand, without any restraint
against thermal expansion, during the heating process. After reaching the steady state
condition, the test specimen was loaded under displacement control until its peak load
was reached and the test was ended when the strength decreased to 70% or 60 % of the
peak load. To ensure that the loads were centrally applied to the stub column specimens,
two dial gauges were installed longitudinally on each specimen. Tensile coupon tests
were also performed at ambient temperature and elevated temperatures to determine the
mechanical properties of the steels used for the stub column specimens, as given in Tables
4.1 to 4.4. Other details of the experiments can be found in the respective publications.
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4.3

Extension of the CSM for hot-rolled steel cross-sections

The relationship between deformation capacity and cross-section slenderness for stub
columns at elevated temperatures are shown in Figures 4.1 and 4.2, in which the fire test
data are grouped by their respective source in Figure 4.1 and the stub column test
temperature in Figure 4.2. The deformation capacity  csm,θ /  y,θ of the cross-section is
obtained using Eqs. (2.24) and (2.25), and the cross-section slenderness is determined
from Eq. (2.23). Accounting for the temperature influence as described by EC3, the
adopted CSM base curve at room temperature for stainless steel and carbon steel crosssections (Afshan and Gardner, 2013) defined by Eq. (2.30) can be seen to provide a good,
generally lower-bound fit to the test results considered herein. No significant difference is
observed between the individual data sets, as seen in Figures 4.1 and 4.2. The base curve
is acceptable for the CSM at elevated temperatures because it captures well the general
trend of the fire test data, although the deformation capacity of these data is inherently
scattered due to the more variable cross-sectional behaviour in fire. The resistance
predictions in the inelastic range are also not overly sensitive to the precise value of
deformation capacity since the strain hardening modulus is substantially lower than the
initial elastic modulus of the material. Application of the CSM for cross-sections at
elevated temperatures is currently limited to  p,θ  0.68 (Afshan and Gardner, 2013;
Theofanous et al., 2016).
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Figure 4.1: Relationship between deformation capacity and cross-section slenderness of
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Figure 4.2: Relationship between deformation capacity and cross-section slenderness of
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4.4

Numerical modelling

Numerical modelling and analyses of cross-sections in compression and bending were
performed using the finite element (FE) programme ABAQUS version 6.16 (2016). In
this study, the development of the CSM is focused on the design of hot-rolled SHS and
RHS at elevated temperatures, and therefore, the FE models in compression were
developed and validated using the experimental results from Yang et al. (2005) for
welded box sections, as summarised in Table 4.4. These were subsequently employed in
the parametric studies to obtain additional data covering a range of cross-section
slendernesses and aspect ratios at elevated temperatures.
Isothermal test data on laterally restrained beams were reported by Dharma and Tan
(2007) and Vila Real et al. (2003); however, since the material properties at elevated
temperatures are not reported in these publications, the validation of FE models for
bending could not be conducted.
4.4.1 Description of the FE models for stub column
The four-noded doubly curved shell element with reduced integration referred to as S4R
(ABAQUS, 2016) was adopted to model the welded box section specimens. In order to
achieve accurate results with minimum computational time, mesh convergence studies
were conducted, and an element mesh size of 1/20 of the cross-section height was
employed to discretise the modelled specimens. The engineering stress-strain curves
measured in the steady state tensile coupon tests (Yang et al., 2005) were converted into
true stress and logarithmic plastic true strain curves by means of Eqs. (4.1) to (4.2), as
required in ABAQUS (2016) for the adopted shell element type. In Eqs. (4.1) and (4.2),

nom is the engineering stress, nom is the engineering strain and true and  lnpl are the true
stress and logarithmic plastic strain, respectively. For the boundary conditions of the test
specimens, all six degrees of freedom of the nodes at each end section were constrained to
a concentric reference point. The fixed-end boundary conditions were then applied by
restraining all degrees of freedom of the two reference points except for the longitudinal
translation at the loaded end to allow for vertical displacement.
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 true = nom (1+ nom )

Eq. (4.1)

 true

Eq. (4.2)

 lnpl =ln(1+ nom )-

E

The lowest buckling mode imperfection shapes obtained by conducting a linear buckling
analysis of the modelled specimens under pure axial compression, as shown in Figure 4.3,
were applied to the FE models. Measured geometrical imperfection amplitudes were not
provided for the test specimens, therefore, the sensitivity of the FE simulations to varying
imperfection amplitudes was examined by comparing the fire resistances obtained from
the models with four different imperfection amplitudes: three fractions of the flat width of
the cross-section height, h (h/400, h/300 and h/200) and a modified Dawson and Walker
predictive local imperfection model 0 (Gardner et al., 2010), as given by Eq. (3.6).

Figure 4.3: Typical elastic buckling mode shape employed as the initial local imperfection
in FE models
Residual stresses were not included in the FE models as their influence on the local
buckling of cross-sections in fire has been shown to be negligible (Ng and Gardner, 2007;
Yang and Hsu, 2009) because the magnitudes are significantly eroded under fire
conditions. In the loading step, a predefined temperature field using the Abaqus keywords
*TEMPERATURE (ABAQUS, 2016) was firstly applied to the FE models, leading to the
development of thermal strains and the modification of the material stress-strain response.
An axial load was then imposed by specifying an axial displacement to the reference
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point at the loaded end of the stub columns to mirror the procedure employed in the tests.
The modified Riks method (ABAQUS, 2016) was used to perform the FE analyses,
enabling the full load-deformation histories, including the post-ultimate paths, to be
captured.
4.4.2 Comparison of results
Validation of the FE models was achieved by comparing the ultimate loads, load-end
shortening curves and failure modes obtained from the numerical simulations with those
obtained from the experiments (Yang et al., 2005). The ratios of the ultimate loads
obtained from the experiments Nu,test to those derived from the FE models Nu,FE with the
four different imperfection amplitudes are given in Table 4.5. The response of the FE
models was found to be insensitive to the amplitude of the local geometric imperfections
except for 0, where the ratio of the predicted ultimate resistances is slightly lower than
the other ratios of Nu,test/Nu,FE. The FE models with the local imperfection amplitude of
h/200 were found to provide the closest agreement with the test ultimate resistances, with
the mean value of the ratio of Nu,test/Nu,FE being 0.98 and the corresponding coefficient of
variation being 0.092. Utilization of the local imperfection amplitude of h/200 in the FE
models is also consistent with the recommendations in EN 1993-1-5 (2006). Thus, the
amplitude of h/200 was adopted in the parametric studies described in the following subsection.
Figures 4.4 and 4.5 show typical examples of load-end shortening curves and a typical
failure mode obtained experimentally and compared to their numerical counterparts,
where good agreement can be observed. Overall, the FE models have been shown to be
capable of accurately replicating the cross-sectional tests at both ambient and elevated
temperatures, and therefore, are regarded to be suitable for performing numerical
parametric studies.
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Figure 4.4: Comparison of typical load-end shortening curves obtained from tests and FE
models for specimens: (a) SHS180_400C, (b) SHS200_400C
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Figure 4.5: Comparison of failure mode obtained from test and FE model for specimen
SHS200_400C
4.5

Parametric studies

Numerical parametric studies were performed, using the validated FE models described in
Section 4.4, to investigate the fire resistances of hot-rolled steel SHS and RHS under
compression and bending. Considering various cross-section slendernesses, cross-section
aspect ratios and temperature levels, the modelled specimens covered all four crosssection classes at elevated temperatures according to the slenderness limits of EN 1993-11 (2005), but remained within the range of non-slender sections at temperature θ with
temperature dependent cross-section slenderness  p,θ being less than or equal to 0.68
(Afshan and Gardner, 2013; Theofanous et al., 2016).  p,θ is defined as the square root of
the ratio of the yield strength at temperature θ, which is taken herein as the 0.2% proof
stress f0.2,θ at temperature θ, to the elastic local buckling stress fcr,θ of the cross-section
under the applied loading conditions at temperature θ. The elastic local buckling stress of
the full cross-section fcr,θ was determined by using the finite strip software CUFSM
(Schafer and Ádány, 2006) to account for element interaction.
Three different cross-section aspect ratios (H/B = 1.00, 1.33 and 2.00) were considered in
the parametric studies; the outer height H was kept constant at 200 mm while three
different outer widths of 200, 150 and 100 mm were adopted. A wide range of crosssection slendernesses was achieved by varying the cross-section thickness from 5 mm to
16 mm. The specimen length was set equal to three times the average outer cross-section
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dimension (i.e. (H+B)/2) in all models, while the internal corner radius ri was set equal to
the cross-section thickness t.
For beam models, similar boundary conditions as employed for the stub column models
were applied to the pure bending models but the reference points could rotate in the
direction of bending, where both major axis and minor axis bending cases were
considered. The stress-strain relationship for hot-rolled Grade S355 steel at elevated
temperatures, as defined in EN 1993-1-2 (2005) and shown by Figure 4.6, was adopted in
the parametric studies. Six different elevated temperatures ranging from 300°C to 800°C
in intervals of 100°C were investigated for each modelled specimen, and the alternative
stress-strain curve given in Annex A of EN 1993-1-2 (2005), which allows for strain
hardening for temperatures below 400°C, was adopted for temperature 300°C. A total of
144 numerical parametric results were generated and employed together with the test
results, to assess existing design approaches and the CSM for determining fire resistances
of hot-rolled steel SHS and RHS under compression. For bending, a total of 288
numerical parametric results, bent about both principal axes, were generated for the
assessment of existing fire design methods and the CSM for determining bending
resistances of laterally restrained beams at elevated temperatures.

Stress

f2.0,θ

fp,θ

Ea,θ
εp,θ

0.02

εt,θ (0.15) Strain

Figure 4.6: Stress-strain curve at elevated temperature adopted in EN 1993-1-2 (2005)
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4.6

Assessment of current design methods and the CSM

In this section, ultimate capacities from the numerical parametric studies, together with
the test results from Yang et al. (2005) on welded box section, have been used to assess
the accuracy of the resistance predictions of the CSM (Ncsm,, Mcsm,y, and Mcsm,z,) at
elevated temperatures. The existing design approaches set out in EN 1993-1-2 (2005) and
AISC 360-16 (2016) are also described and assessed for the fire design of hot-rolled steel
SHS and RHS under compression and bending. The accuracy of these design methods is
evaluated by comparing the test and FE ultimate resistances, Nu,test/FE and Mu,test/FE, with
those predicted based on the design rules, Nu,pred and Mu,pred. A value of Nu,test/FE/Nu,pred and
Mu,test/FE/Mu,pred greater than unity indicates a safe-sided resistance prediction. Note that
the calculations were based on the measured (or modelled) material properties, and all
resistance factors (i.e. partial safety factors) were set to equal to unity. As specified in the
code, for the EN 1993-1-2 (2005) resistance calculations, the elevated temperature
strength at 2% total strain f2.0,θ was used as the effective yield strength for structural
members with non-slender cross-sections, while the elevated temperature 0.2% proof
strength f0.2,θ was used for members with slender cross-sections. The same principle was
also employed when calculating the design strengths according to AISC 360-16 (2016).
4.6.1 Hot-rolled steel cross-sections in compression
The codified fire resistance design formulae for hot-rolled steel SHS and RHS in
compression according to EN1993-1-2 (2005) are as given by Eqs. (2.2) and (2.3), while
the design equations for doubly symmetric cross-sections subjected to compression at
elevated temperatures according to AISC 360-16 (2016) are as specified by Eqs. (2.4) and
(2.5), for non-slender and slender cross-sections, respectively. For the CSM, the
compressive resistance prediction expression is given by Eq. (2.34). Table 4.6
summarises a quantitative evaluation of the fire resistance predictions for cross-sections
in compression based on EC3, the AISC Specification and the CSM.
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Figure 4.7 shows the results of the numerical and test ultimate resistances normalized by
the yield load, determined as the product of the gross cross-sectional area A and the
material 0.2% proof stress f0.2, at temperature , and plotted against the cross-section
slenderness  p,θ for hot-rolled steel SHS and RHS in compression. Also shown in the
figure is the Class 3 limit based on EN 1993-1-1 (2005). The data have been grouped
according to the EC3 classes and exhibit a reduction in normalised resistance with
increasing local slenderness.
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Figure 4.7: Numerical and test ultimate resistances normalized by the temperature
dependent yield loads versus local slenderness
The ratios of the test (or FE) ultimate loads to the predicted fire resistances of the
respective design approaches utilised herein, Nu,test/FE/Nu,pred are plotted against the crosssection slendernesses,  p,θ at elevated temperature θ and shown in Figures 4.8 to 4.10. It
can be seen from Figure 4.8 that EC3 yields rather scattered fire resistance predictions for
non-slender (Class 1-3) cross-sections, with a general transition from under-predictions to
over-predictions with increasing  p,θ values. The use of the 0.2% proof strength f0.2,θ as
the design yield strength when calculating the fire resistance of slender (Class 4) crosssections can be seen to result generally in conservative predictions.
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Figure 4.8: Comparison of test and FE results with EC3 fire resistance predictions for
SHS and RHS in compression
A graphical assessment of the compressive fire resistance predictions based on the AISC
Specification is depicted in Figure 4.9. Like EC3, the AISC Specification yields scattered
fire resistance predictions for non-slender cross-sections, with a similar general transition
from under-predictions to over-predictions with an increase in slenderness. The fire
resistance predictions for slender cross-sections are observed to be less conservative as
fewer cross-sections fall into the slender range compared to EC3, as shown in Figures 4.8
and 4.9; this is due to the different design equations and slenderness limits to classify
cross-sections in EC3 and the AISC Specification. Figure 4.10 shows the ratios of the test
(or FE) ultimate loads to the predicted fire resistances of the CSM, Nu,test/FE/Nu,csm plotted
against the cross-section slendernesses,  p,θ at elevated temperature θ. The CSM displays
a significantly reduced number of fire predictions on the unsafe side compared to EC3
and the AISC Specification, indicating the improved safety of this method. As presented
in Table 4.6, the overall mean ratio of Nu,test/FE/Nu,EC3 is 1.09 and the corresponding COV
value is equal to 0.275, while the overall mean ratio of Nu,test/FE/Nu,AISC is 0.93 with the
corresponding COV value equal to 0.147. The mean ratio of Nu,test/FE/Nu,csm is 1.02 with
the corresponding COV value equal to 0.083, indicating a significantly improved
consistency of predictions for cross-sections using the CSM compared to the EC3 and
AISC design approaches.
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Figure 4.9: Comparison of test and FE results with AISC fire resistance predictions for
SHS and RHS in compression
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Figure 4.10: Comparison of test and FE results with CSM fire resistance predictions for
SHS and RHS in compression
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4.6.2 Hot-rolled steel cross-sections in bending
The formulae for determining the bending resistance of hot-rolled steel SHS and RHS in
fire according to EN1993-1-2 (2005) and AISC 360-16 (2016) are as given by Eqs. (2.6)
and (2.7) for non-slender and slender cross-sections, respectively. For the CSM, the
bending resistance prediction equations at elevated temperatures are as specified by Eqs.
(2.35) and (2.36) for bending cases about the major and minor principal axes,
respectively. A quantitative evaluation of the bending resistance predictions based on
EC3, the AISC Specification and the CSM is presented in Table 4.6.
Figures 4.11 and 4.12 show the results of numerical ultimate bending resistances about
the major and minor axes, respectively, normalized by the plastic moment, determined as
the product of cross-section plastic modulus Wpl,y (or Wpl,z) and the material yield strength
taken at 2.0% total strain f2.0, at temperature , and plotted against the cross-section
slenderness  p,θ for hot-rolled steel SHS and RHS in bending. The data have been
grouped according to the classes based on EN 1993-1-1 (2005) and the cross-sections
display a reduction in resistance with increasing slenderness. Note that, since the widthto-thickness ratios between the flange and the web of cross-sections switch for the two
different bending cases, many cross-sections that are classified as non-slender for bending
about the major axis are categorised as slender for bending about the minor axis, as seen
in Figures 4.11 and 4.12.
The ratios of the FE ultimate bending moments to the predicted fire bending resistances
of the respective design approaches utilised herein, Mu,FE/Mu,pred are plotted against the
cross-section slendernesses,  p,θ at elevated temperature θ and shown in Figures 4.13 to
4.18. EC3 yields scattered bending resistance predictions about the major and minor
principal axes for Class 1 and 2 cross-sections, with a general transition from underpredictions to over-predictions with increasing  p,θ values and a large number of the
predictions are on the unsafe side, as shown in Figures 4.13 and 4.14. For Class 3 crosssections, EC3 leads to slight over-predictions of resistance for bending about the major
axis and slight under-predictions resistance for bending about the minor axis, as indicated
in Table 4.6. Conservative predictions are observed for Class 4 cross-sections, owing to
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the utilisation of the 0.2% proof stress f0.2,θ as the design yield strength and effective
section properties in calculating bending resistances.
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Figure 4.11: Numerical ultimate bending resistances about the major axis normalized by
temperature dependent plastic moment capacities
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Figure 4.12: Numerical ultimate bending resistances about the minor axis normalized by
temperature dependent plastic moment capacities
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Figure 4.13: Comparison of FE results with EC3 fire resistance predictions for SHS and
RHS bending about the major axis
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Figure 4.14: Comparison of FE results with EC3 fire resistance predictions for SHS and
RHS bending about the minor axis
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Like EC3, as shown in Figures 4.15 and 4.16, scattered ultimate bending resistance
predictions are observed for Class 1 and 2 cross-sections based on the AISC
Specification. For Class 3 cross-sections, all ratios of Mu,FE/Mu,AISC about the major and
minor principal axes are on the unsafe side, while conservative predictions are observed
for Class 4 cross-sections. Note that, due to the different slenderness limits to classify
cross-sections in EC3 and the AISC Specification, many cross-sections investigated in the
present study that are classified as Class 1 and 2 according to EC3 are categorised as
Class 3 according to the AISC Specification. Figures 4.17 and 4.18 show the ratios of the
FE ultimate bending resistances about the major and minor principal axes, respectively, to
the predicted fire resistances of the CSM, Mu,test/FE/Mu,csm plotted against the cross-section
slendernesses,  p,θ at elevated temperature θ. The CSM generally yields conservative
resistance predictions for non-slender cross-sections bending about the major axis, as
shown in Figure 4.17, compared to the fire resistance predictions of EC3 and the AISC
Specification. For the case of non-slender cross-sections bending about the minor axis,
the CSM fire resistance predictions are observed to be slightly conservative on average,
as seen in Figure 4.18, but less conservative compared to the fire resistance predictions of
EC3 and the AISC Specification, as presented in Table 4.6. The overall mean ratios of
Mu,FE/Mu,EC3 about the major and minor principal axes are 0.96 and 1.12, with the
corresponding COV values equal to 0.133 and 0.187, respectively. The overall mean
values of Mu,FE/Mu,AISC are 0.96 and 1.07 about the major and minor principal axes, with
the corresponding COV values equal to 0.133 and 0.146, respectively, while the mean
ratios of Mu,test/FE/Mu,csm are 1.15 and 1.01 about the major and minor axes, with the
corresponding COV values equal to 0.117 and 0.137, respectively, as reported in Table
4.6. The CSM is reasonably conservative for the scenario of bending about major axis but
less conservative for the scenario of bending about minor axis in comparison with EC3
and the AISC Specification. However, the CSM provides significant improvements in
terms of the consistency of the predictions compared to the existing design methods.
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Figure 4.15: Comparison of FE results with AISC fire resistance predictions for SHS and
RHS bending about the major axis
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Figure 4.16: Comparison of FE results with AISC fire resistance predictions for SHS and
RHS bending about the minor axis
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Figure 4.17: Comparison of FE results with CSM fire resistance predictions for SHS and
RHS bending about the major axis
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Figure 4.18: Comparison of FE results with CSM fire resistance predictions for SHS and
RHS bending about the minor axis
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4.7

Reliability Analysis

The reliability level of the existing fire design approaches and the extended CSM for hotrolled steel SHS and RHS under compression and bending are assessed by conducting
statistical analyses according to the reliability criteria set out by Kruppa (1999). Three
reliability criteria were specified to compare the theoretical (predicted) resistance rt,i,
calculated using the considered design approach, with the corresponding experimental or
FE resistance re,i. These criteria are described below and illustrated in Figure 4.19.
•

Criterion 1: The percentage of the theoretical (predicted) resistances rt,i on the unsafe
side by more than 15% of the benchmark experimental or FE resistances re,i (i.e. rt,i
>1.15re,i) should be zero.

•

Criterion 2: The percentage of the theoretical (predicted) resistances rt,i on the unsafe
side of the benchmark experimental or FE resistances re,i (i.e. rt,i > re,i) should be less
than 20%.

•

Criterion 3: The mean value of all percentage differences between the theoretical
(predicted) resistances rt,i and the benchmark experimental or FE resistances re,i
should be less than zero.

rt,i

Unsafe side
Safe side
(1) ( rt,i / re,i ) max  1.15

45o

(2)

Number of unsafe predictions
 0.2
Total number

(3)

1 n rt,i − re,i
0

n i =1 rt,i

re,i
Figure 4.19: Schematic illustration of the reliability criteria (1), (2) and (3)
(Kruppa, 1999)
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The results of the reliability assessments for the three different fire design methods and
loading scenarios are summarised in Table 4.7. As presented in Table 4.7, the CSM offers
more reliable fire resistance predictions, as shown by the number of criteria passes and
low failure percentages for criterion 1 and criterion 2, for hot-rolled steel SHS and RHS
under compression and bending compared to the existing codified fire design methods
provided in EN 1993-1-2 (2005) and AISC 360-16 (2016).
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4.8

Concluding remarks

In this chapter, the Continuous Strength Method (CSM) has been extended to cover the
design of hot-rolled steel SHS and RHS at elevated temperatures. The fire behaviour and
design of SHS and RHS under compression and bending have been examined using finite
element analysis. Nonlinear finite element models were firstly developed and validated
against available experimental results performed at elevated temperatures (Yang et al.,
2005) for welded box sections in compression. Upon validation, a comprehensive
parametric study was conducted to generate numerical data and explore the structural
performance of hot-rolled steel SHS and RHS, considering varying cross-section
slendernesses and aspect ratios, subjected to pure compression and bending about the
major and minor principal axes at various temperature levels. The results obtained from
the parametric study and test data collected from the literature (Yang et al., 2005) were
used to assess the accuracy of the fire design rules given in EN 1993-1-2 (2005) and
AISC 360-16 (2016), and the extended CSM at elevated temperatures. It was shown that
owing to the discrete nature of the cross-section classification system and the
specification of two distinct levels of design yield strength for Class 1-3 and Class 4
cross-sections, discontinuous steps existed in the fire resistance predictions of EC3 and
the AISC Specification at the boundaries between the different classes, which does not
reflect the observed structural response. Overall, EC3 and the AISC Specification yield
fire resistance predictions that are, in some instances, conservative and, in others, on the
unsafe side, indicating the need for improved provisions. The CSM was shown to
generate fire resistance predictions that are conservative and with significantly improved
consistency than existing fire design methods. The results of the reliability analyses,
performed based on the reliability criteria as set out by Kruppa (1999), also revealed that
the CSM offers more reliable fire resistance predictions for hot-rolled steel SHS and RHS
under compression and bending compared to EN 1993-1-2 (2005) and AISC 360-16
(2016).
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5 Design of Steel Sections under Combined
Loading at Elevated Temperatures

5.1

Introduction

The present study is focused on the assessment of existing codified approaches – EN
1993-1-2 (2005) and AISC 360-16 (2016) – and the extension of the CSM to the fire
resistance design of hot-rolled steel SHS and RHS under combined axial compression and
bending moment; assessment of the proposed method was carried out based on existing
experimental results from previous study (Pauli et al., 2012) and extensive numerical
results generated herein. Development and validation of the finite element (FE) models
against available test results on concentrically and eccentrically loaded hot-rolled steel
SHS and RHS stub columns at both room and elevated temperatures (Pauli et al., 2012)
are first presented. The validated FE models are then utilised in an extensive parametric
study on the fire resistance of hot-rolled steel SHS and RHS under combined loading,
covering a wide range of cross-section slendernesses, cross-section aspect ratios,
combinations of loading and elevated temperatures. Both the experimental and numerical
results are used to appraise the accuracy of existing fire design provisions given in EN
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1993-1-2 (2005) and AISC 360-16 (2016), as well as to underpin the new CSM proposals
for hot-rolled steel SHS and RHS under combined loading. Finally, reliability analyses
are presented to assess the reliability levels of the codified and proposed design rules.
5.2

Summary of previous experimental investigation

An experimental study into the cross-sectional resistance of concentrically and
eccentrically loaded hot-rolled steel SHS and RHS stub columns in fire was conducted by
Pauli et al. (2012). The measured cross-section dimensions, elevated temperature material
properties and ultimate resistances of the test specimens are summarised in Table 5.1,
where B and H are the width and height of the cross-section, t is the thickness of the
cross-section, L is length of the test specimen, Ea,θ, f0.2,θ and f2.0,θ are the Young’s
modulus, 0.2% proof stress and stress at 2% total strain at temperature θ, respectively, and
Nu,test is the experimental ultimate resistance, which is taken as maximum load that the
specimen endured at temperature θ. In Table 5.1, the test specimens are labelled
according to their cross-sectional shape, cross-section height, testing temperature,
bending axis and loading eccentricity. For example, the label RHS120_400C_z10 defines
a RHS stub column with a nominal cross-sectional height of 120 mm, tested at an
elevated temperature of 400°C and with a nominal loading eccentricity of 10 mm to the zaxis (i.e. the weak axis). The labels without information on loading eccentricity indicate
that the specimens were concentrically loaded with fixed-fixed end conditions. Note that
four of the fourteen specimens were tested at ambient temperature for comparison
purposes.
All test specimens were made from Grade S355 structural steel. Deformation-controlled
steady state tensile coupon tests were conducted to determine the material properties of
the investigated cross-sections at elevated temperatures. The tensile coupons were cut in
the longitudinal direction from the flat faces of the SHS and RHS used for the associated
cross-sectional fire tests. The coupon tests were carried out using an electric furnace with
three vertically distributed heating zones, as shown in Figure 5.1. The vertical elongation
of the tensile coupon was measured using an extensometer consisting of two ceramic bars
spaced apart by a distance of 15 mm (see Figure 5.1). In the steady state tests, the
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coupons were firstly heated up to a target temperature; during the heating process, a small
constant tensile load of approximately 300 N was applied to the coupon while the thermal
elongation of the coupon was not restrained. After reaching the target temperature, the
temperature was held constant while a tensile load was applied to the coupon at a constant
strain rate. Since the strain rate can have a significant influence on material properties at
elevated temperatures (Knobloch et al., 2013), the material properties given in Table 5.1
are those measured at a strain rate matching that of the corresponding cross-sectional fire
tests. As expected, a distinctly nonlinear stress-strain response with no sharply defined
yield point was observed for the structural steel at elevated temperatures. Details of the
coupon test setup and results can be found in Pauli et al. (2012).

Tensile coupon

Ceramic bars

Furnace

Figure 5.1: Test set-up for tensile coupon tests at elevated temperatures
(Pauli et al., 2012)
A total of 10 steady state fire tests on hot-rolled steel SHS and RHS stub columns under
concentric and eccentric axial compression were carried out using the test setup shown in
Figure 5.2. End plates of steel grade S355 were welded to both ends of each test
specimen. The concentrically loaded stub columns were tested with the fixed-end
conditions, while for the eccentrically loaded stub columns, two round prismatic rocker
bearings were used at the top and the bottom of the specimens to achieve pinned-pinned
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end restraints. Adopting the steady state testing procedure, each specimen was firstly
placed in an electrical furnace and then uniformly heated up to a predefined target
temperature. Three thermocouples were attached to one surface of each test specimen to
monitor the temperature distribution along the specimen length. After reaching steady
state conditions, the test specimen was loaded under displacement control up to and
beyond its peak load, with a constant strain rate of 0.1%/min. The applied vertical load
and the relative vertical displacement of the test specimens were measured and recorded
during the entire loading phase. The detailed test results are given in Pauli et al. (2012).

Piston covered
with stone wool
insulation
Test specimen

Reaction frame
Electrical furnace

Piston covered
with stone wool
insulation

Loading jack

Figure 5.2: Test set-up for tensile coupon tests at elevated temperatures
(Pauli et al., 2012)
5.3

Numerical investigation

Numerical modelling of hot-rolled steel SHS and RHS stub columns, loaded
concentrically and eccentrically at elevated temperatures, is carried out using the finite
element (FE) analysis software package ABAQUS version 6.16 (2016). The FE models
were validated using the experimental results of Pauli et al. (2012) summarised in Table
5.1 and were subsequently employed in an extensive parametric study to obtain additional
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data covering a wide range of cross-section sizes, cross-section slendernesses, loading
combinations and elevated temperatures.
5.3.1 Descriptions of FE models
The four-noded doubly curved shell element with reduced integration referred to as S4R
(ABAQUS, 2016) was adopted to model the hot-rolled steel SHS and RHS specimens. An
element mesh size equal to 1/20 of the cross-section height, H was used to discretise the
flat regions of the modelled specimens, while a finer mesh of four elements was selected
in the corner portions to ensure that the curved geometry could be accurately captured. As
required in ABAQUS (2016) for the adopted element type, the engineering stress-strain
curves measured in the steady state tensile coupon tests (Pauli et al., 2012) were
converted into the true stress and logarithmic plastic true strain curves, as given by Eqs.
(4.1) and (4.2). The boundary conditions of the test specimens were carefully simulated
according to the corresponding test set-up. For the FE models of the concentrically loaded
stub columns, all six degrees of freedom of the nodes at each end section were coupled to
a concentric reference point. The fixed-end boundary conditions were then mimicked by
restraining all degrees of freedom of the two reference points except for the longitudinal
translation at the loaded end. As for the FE models of the eccentrically loaded stub
columns, each end section was coupled to an eccentric reference point located at an
eccentricity equal to that employed in the corresponding test. Pin ended boundary
conditions were then modelled by restraining appropriate degrees of freedom at the two
reference points, allowing longitudinal translation at the loaded end and rotation about the
axis of bending at both ends. Moreover, the eccentric reference points in the FE models
were offset longitudinally from each end section by a distance equal to the distance
between the specimen end section and the central axis of the rocker bearing in their
corresponding tests, with the purpose of accurately simulating the effective length of the
test specimens.
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The lowest eigenmode-affine imperfection shapes obtained by conducting a prior linear
buckling analysis of the modelled specimens under pure axial compression were applied
to the FE models. The sensitivity of the FE simulations to varying imperfection
amplitudes was apprised by comparing the fire resistances obtained from the models with
four different imperfection amplitudes: the maximum measured amplitude for each of the
test specimens and three fractions of the flat width of cross-section height, h (h/400, h/300
and h/200). Residual stresses were not included in the FE models because their
magnitudes are significantly eroded under fire conditions (Yang and Hsu, 2009) and their
influence on the local buckling of cross-sections in fire has been shown to be negligible
(Ng and Gardner, 2007; Yang and Hsu, 2009). The loading procedure employed in the FE
analyses mirrored that used in the tests, whereby a predefined temperature field using the
Abaqus keywords *TEMPERATURE (ABAQUS, 2016) was firstly applied to the FE
models, leading to the development of thermal strains and the modification of the material
stress-strain response; an axial load was then imposed by specifying an axial
displacement to the reference point at the loaded end of the stub columns. The modified
Riks method (ABAQUS, 2016) was used to perform the FE analyses, enabling the full
load-deformation histories, including the post-ultimate paths, to be captured.
5.3.2 Comparison of results
Validation of the FE models was achieved by comparing the ultimate loads, load-end
shortening curves and failure modes obtained from the numerical simulations with those
obtained from the experiments (Pauli et al., 2012). The ratios of the ultimate loads
obtained from the tests Nu,test to those derived from the FE models Nu,FE with the four
different imperfection amplitudes are given in Table 5.2. The comparisons indicate that
the amplitude of local geometric imperfection has only a minor influence on the ultimate
resistances of the investigated hot-rolled steel SHS and RHS, which fall into the nonslender range (i.e. Class 1-3) according to EN 1993-1-1 (2005).
The FE models with the local imperfection amplitude of h/200 were found to provide the
closest ultimate resistances to those obtained from the FE models with the measured
imperfection amplitudes. Moreover, using the local imperfection amplitude of h/200 in
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the FE models, which is consistent with the recommendations in EN 1993-1-5 (2006),
also provides reasonably accurate yet safe-sided predictions of the test ultimate loads,
with the mean value of the ratio of Nu,test/Nu,FE being 1.07 and the corresponding
coefficient of variation being 0.073. Thus, the amplitude of h/200 was adopted in the
parametric studies described in the following sub-section.
The relatively large deviation between the test and numerical results for the
RHS120_550C_z10 specimen is unexpected, but may relate to the greater uncertainties
associated with structural fire tests compared to those at room temperature – the
sensitivity to loading rate, variations of temperature within the furnace and departure from
the intended loading eccentricities. The experimentally obtained load-end shortening
curves and failure modes were also compared with their numerical counterparts, as
displayed for typical examples in Figures 5.3 and 5.4, where good agreement can be
observed. Overall, the FE models have been shown to be capable of accurately replicating
the cross-sectional tests at both ambient and elevated temperatures, and are thus, deemed
suitable for performing numerical parametric studies.
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Figure 5.3(a): Comparison of load-end shortening curve obtained from test and FE model
for specimen RHS120_400C
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Figure 5.3(b): Comparison of load-end shortening curve obtained from test and FE model
for specimen RHS120_400C_z50
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Figure 5.4: Comparison of failure modes obtained from tests and FE models for
specimens, (a) RHS120_400C and (b) RHS120_400C_z50
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5.4

Parametric Studies

Considering various cross-section slendernesses, cross-section aspect ratios, combinations
of loading and elevated temperature levels, numerical parametric studies were conducted,
using the validated FE models described in Section 5.3, to investigate the fire resistances
of hot-rolled steel SHS and RHS under combined compression and bending. The
modelled specimens covered all four cross-section classes at elevated temperatures
according to the slenderness limits of EN 1993-1-1 (2005), but remained within the range
of non-slender sections at elevated temperature θ with temperature dependent crosssection slenderness  p,θ being less than or equal to 0.68.  p,θ is defined as the square root
of the ratio of the yield strength at temperature θ, which is taken herein as the 0.2% proof
stress f0.2,θ at temperature θ, to the elastic local buckling stress fcr,θ of the cross-section
under the applied loading conditions at temperature θ. The elastic local buckling stress of
the full cross-section fcr,θ was determined by using the finite strip software CUFSM
(Schafer and Ádány, 2006) to account for element interaction.
Three different cross-section aspect ratios (H/B = 1.00, 1.33 and 2.00) were considered in
the parametric studies; the outer height H was kept constant at 200 mm while three
different outer widths of 200, 150 and 100 mm were adopted. A wide range of crosssection slendernesses was achieved by varying the cross-section thickness from 5 mm to
16 mm. For each modelled cross-section, a combination of 10 different loading
eccentricities, e which were varied from 10 mm to 500 mm, and five different loading
angles, α of 0°, 30°, 45°, 60° and 90° was considered to provide a broad range of loading
combinations. The definitions of the loading eccentricity, e and loading angle, α are
illustrated in Figure 5.5. Note that loading angles of 0° and 90° corresponding to major
and minor axis bending plus compression, respectively, while the intermediate angles
(30°, 45° and 60°) represent biaxial bending plus compression. The specimen length was
set equal to three times the average outer cross-section dimension (i.e. (H+B)/2) in all
models, while the internal corner radius, ri was set equal to the cross-section thickness, t.
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Figure 5.5: Definition of loading eccentricity, e and loading angle, α
The stress-strain relationship for hot-rolled Grade S355 steel at elevated temperatures, as
defined in EN 1993-1-2 (2005) and shown by Figure 4.6, was adopted in the parametric
studies. Six different elevated temperatures ranging from 300°C to 800°C in intervals of
100°C were investigated for each modelled specimen. Note that for 300°C, the alternative
stress-strain curve given in Annex A of EN 1993-1-2 (2005), which allows for strain
hardening for temperatures below 400°C, was adopted. The behaviour and design of hotrolled steel SHS and RHS under combined loading at room temperature was investigated
by Yun et al. (submitted), and is thus, not covered in the present study. In total, over 5000
numerical parametric results were generated, which are employed, together with the test
results, to assess existing design approaches and new CSM proposals for determining fire
resistances of hot-rolled steel SHS and RHS under combined compression and bending.
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5.5

Assessment of current design methods and the CSM proposals

In this section, three methods for the fire design of hot-rolled steel SHS and RHS under
combined compression and bending, including two existing design approaches set out in
EN 1993-1-2 (2005) and AISC 360-16 (2016), and a new design proposal based on the
CSM, are described and assessed. The accuracy of these design methods is evaluated by
comparing the test (Pauli et al., 2012) and FE ultimate loads Nu,test/FE with those predicted
based on the design rules Nu,pred. Figure 5.6 shows the graphical definition of Nu,test/FE and
Nu,pred; Nu,test/FE corresponds to the distance from the origin to the test or FE data point,
while Nu,pred corresponds to the projection from the origin to the associated intersection
with the design interaction curve. As shown in Figure 5.6, a value of Nu,test/FE/Nu,pred
greater than unity indicates a safe-sided resistance prediction. Note that the calculations
were based on the measured (or modelled) material properties, and all resistance factors
(i.e. partial safety factors) were set to equal to unity. As specified in the code, for the EN
1993-1-2 (2005) resistance calculations, the elevated temperature strength at 2% total
strain f2.0,θ was used as the effective yield strength for structural members with nonslender cross-sections, while the elevated temperature 0.2% proof strength f0.2,θ was used
for members with slender cross-sections. The same principle was also employed when
calculating the design strengths according to AISC 360-16 (2016).

Figure 5.6: Graphical definition of Nu,test/FE and Nu,pred for the assessment of design
provisions
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5.5.1 Eurocode 3 EN 1993-1-2
The codified fire resistance design formula for hot-rolled steel SHS and RHS under
combined loading is as given by Eq. (2.8). There are no specific resistance expressions for
cross-section design; instead, cross-section design is treated as a special case of member
design. Since short SHS and RHS members are not susceptible to lateral torsional
buckling, only in-plane bending/buckling is considered herein. The ratios of the test (or
FE) ultimate loads to the EC3 predicted fire resistances Nu,test/FE/Nu,EC3 are plotted against
the cross-section slendernesses  p,θ at elevated temperature θ and shown in Figure 5.7 for
uniaxial bending plus compression and Figure 5.8 for biaxial bending plus compression.
A quantitative evaluation of the EC3, the AISC Specification and the CSM at elevated
temperatures is presented in Table 5.3.
It can be seen from Figures 5.7 and 5.8 that EC3 yields somewhat scattered fire resistance
predictions for Class 1 and 2 sections, with a general transition from under-predictions to
over-predictions with increasing  p,θ values. For Class 3 sections, it is observed from
Figure 5.7 that the EC3 fire resistance predictions are generally on the unsafe side for
specimens under uniaxial bending plus compression, with the mean value of
Nu,test/FE/Nu,EC3 being 0.85 and the corresponding COV equal to 0.092 as indicated in
Table 5.3. For Class 3 sections subjected to biaxial bending plus compression, EC3
provides accurate fire resistance predictions on average, but with many predictions on the
unsafe side, as shown in Figure 5.8. The EC3 over-predictions of resistance for Class 3
sections may result from the fact that local buckling occurs prior to the attainment of the
effective yield strength at elevated temperatures, which is defined as the strength at 2%
total strain f2.0,θ. Conversely, use of the 0.2% proof strength f0.2,θ as the design yield
strength when calculating the fire resistance of Class 4 cross-sections can be seen to result
in conservative predictions.
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Figure 5.7: Comparison of test and FE results with EC3 fire resistance predictions for
SHS and RHS under uniaxial bending plus compression
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Figure 5.8: Comparison of FE results with EC3 fire resistance predictions for SHS and
RHS under biaxial bending plus compression
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As reported in Table 5.3, the mean ratios of Nu,test/FE/Nu,EC3 are 1.37 and 1.56, with the
corresponding COV values equal to 0.107 and 0.116, for SHS/RHS with Class 4 crosssections subjected to compression plus uniaxial bending and biaxial bending,
respectively. Owing to the discrete nature of the cross-section classification system and
the specification of two distinct levels of design yield strength for Class 1-3 and Class 4
sections, EC3 also has discontinuous steps in the fire resistance predictions at the
boundaries between the different classes, which does not reflect the observed structural
response. Overall, EC3 yields fore resistance predictions that are, in some instances,
highly conservative and, in others, on the unsafe side, indicating the need for improved
provisions.
5.5.2 American Specification AISC 360-16
The AISC design equations for doubly symmetric cross-sections subjected to combined
bending and compression at elevated temperatures are given by Eqs. (2.11) and (2.12). A
graphical assessment of the AISC design provisions was made by plotting the ratios of
Nu,test/FE/Nu,AISC versus  p,θ , as shown in Figures 5.9 and 5.10 for hot-rolled steel SHS and
RHS subjected to compression plus uniaxial and biaxial bending, respectively. Note that,
as indicated in Figures 5.7 to 5.10, owing to the different slenderness limits and design
rules to classify cross-sections in EC3 and the AISC Specification, many cross-sections
investigated in the present study that are classified as non-slender (i.e. Class 1-3)
according to EC3 are classified as slender sections according to the AISC Specification.
As reported in Table 5.3, the AISC Specification generally yields more conservative and
less scattered fire resistance predictions than EC3 for compact sections, due mainly to the
adopted interaction curves. It can be seen from Table 5.3 and Figures 5.9 and 5.10 that the
AISC Specification leads to improved results over EC3 for both non-compact and slender
sections, but is still unduly conservative for slender sections and with a significant
number of the fire resistance predictions for non-compact sections lying on the unsafe
side.
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Figure 5.9: Comparison of test and FE results with AISC fire resistance predictions for
SHS and RHS under uniaxial bending plus compression
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Figure 5.10: Comparison of FE results with AISC fire resistance predictions for SHS and
RHS under biaxial bending plus compression
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5.5.3 The continuous strength method (CSM)
The shortcomings in current structural fire design rules for hot-rolled steel SHS and RHS
under combined loading result largely from the discrete nature of the cross-section
classification framework and from the inaccurate fire resistance predictions for crosssections under pure compression and pure bending, which serve as the end points of the
design interaction curves. The CSM is a deformation-based method, in which the
resistances of cross-sections are related, in a continuous fashion, to their deformation
capacities, abandoning the concept of cross-section classification and thus eliminating the
artificial steps in resistance predictions. The CSM base curve at ambient temperature for
stainless steel and carbon steel cross-sections (Afshan and Gardner, 2013), derived using
the variables at elevated temperatures as described by EC3 and given in Eq. (2.30), has
been found to provide a reasonable (generally lower-bound) fit to hot-rolled steel crosssections at elevated temperatures. The base curve defined in Eq. (2.30) is suitable for
cross-sections with  p,θ less than or equal to 0.68 (Afshan and Gardner, 2013;
Theofanous et al., 2016), which is the focus of the present study.
For the CSM cross-section resistances under combined loading, the interaction formulae
and coefficients employed in EN 1993-1-2 (2005) are utilised but with the adoption of the
CSM cross-section resistances in compression (Ncsm,θ) and bending (Mcsm,y,θ and Mcsm,z,θ)
as the new end points. The proposed CSM interaction formula is given by Eq. (5.1),
where (χfi)min is taken as the lower value of the reduction factors for flexural buckling
about the major and minor axis in the fire design situation, and ky,csm and kz,csm are the
CSM interaction factors determined based on the CSM cross-section compression
resistance, as given by Eqs. (5.2) and (5.3), respectively.

N fi,Ed
(  fi ) min N csm,

+

k y,csm M y,fi,Ed
M csm,y,

111

+

kz,csm M z,fi,Ed
M csm,z,

1

Eq. (5.1)
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k y ,csm = 1 −

 y N fi,Ed
 3, with  y = ( 2 M,y − 5 )  y,θ + 0.44 M,y + 0.29  0.8
 y,fi Ncsm,θ
Eq. (5.2)

kz,csm = 1 −

z Nfi,Ed
 3, with z = (1.2 M,z − 3)  z,θ + 0.71 M,z − 0.29  0.8
 z,fi Ncsm,θ
Eq. (5.3)

The accuracy of the proposed CSM for predicting the fire resistances of hot-rolled steel
SHS and RHS under combined loading is assessed through comparisons against the test
and FE results, following a similar approach to that used for the evaluation of EC3, as
shown in Table 5.3 and Figures 5.11 and 5.12. The comparisons generally indicate that
the CSM provides significantly improved consistency of predictions compared to the
existing design methods, with COV values of Nu,test/FE/Nu,csm equal to 0.058 and 0.100 for
the scenarios of compression plus uniaxial and biaxial bending, respectively, as reported
in Table 5.3.
The CSM generally yields slightly more conservative fire resistance predictions on
average, but with a significantly reduced number of predictions on the unsafe side,
indicating the improved safety of the proposed method. The conservatism in the proposed
method may result from the adopted simplified CSM material model, which
underestimates the steel strength over the strain range from εy,θ to 2%, as illustrated in
Figure 2.11, and from the employed EC3 interaction factors, which define the shape of
the moment-compression (M-N) curve. This indicates that there is further scope for
improving the proposed CSM by utilising an alternative material model and interaction
factors. Note that when the CSM is implemented within a framework of design by
advanced inelastic analysis, there is no penalty (in terms of complexity of calculations) in
using a more sophisticated material model, since internal forces and moments are
computed numerically (Gardner et al., 2019a; Gardner et al., 2019b; Fieber et al., in
press; Fieber et al., submitted).
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Figure 5.11: Comparison of test and FE results with CSM fire resistance predictions for
SHS and RHS under uniaxial bending plus compression
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Figure 5.12: Comparison of FE results with CSM fire resistance predictions for SHS and
RHS under biaxial bending plus compression
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5.6

Reliability analysis

Statistical analyses are carried out to assess the reliability level of the existing and
proposed fire design methods for hot-rolled steel SHS and RHS under combined loading,
according to the reliability criteria set out by Kruppa (1999) as given in Section 4.7. The
reliability assessment results for the three different fire design methods are summarised in
Table 5.4. As shown in Table 5.4, the existing fire design methods provided in EN 19931-2 (2005) and AISC 360-16 (2016) frequently violate the criteria set out by Kruppa
(1999), while the CSM satisfies all three criteria, indicating that the proposed method is
able to provide reliable fire resistance predictions for hot-rolled steel SHS and RHS under
combined compression and bending with a value of γM,fi equal to unity.
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5.7

Concluding remarks

The fire behaviour and design of hot-rolled steel SHS and RHS under combined
compression and bending have been investigated using the finite element analysis.
Geometrically and materially nonlinear finite element models were firstly developed and
validated using experimental results from a series of cross-sectional tests performed under
fire conditions (Pauli et al., 2012). Upon validation, a systematic parametric study was
performed to explore the structural performance of hot-rolled steel SHS and RHS with
varying cross-section slendernesses and aspect ratios, subjected to different loading
combinations and various elevated temperatures. The results obtained from the parametric
study, together with the test data collected from the literature (Pauli et al., 2012), were
employed to assess the accuracy of the fire design rules given in EN 1993-1-2 (2005) and
AISC 360-16 (2016). It was shown that the existing design methods lead to somewhat
scattered and often unconservative fire resistance predictions for SHS and RHS under
combined loading, owing primarily to the discrete nature of the cross-section
classification concept. The CSM replaces the traditional cross-section classification
concept with a continuous deformation-based design approach and has been extended in
the present study to calculate the fire resistance predictions of hot-rolled steel SHS and
RHS under combined loading; the proposed approach utilises the Eurocode interaction
curves but with the CSM compression and bending resistances as the end points.
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6 Conclusions and Future Work

6.1

Conclusions

This chapter summarises the important findings from this study and presents the overall
conclusions. The development and extension of the deformation-based Continuous
Strength Method (CSM) to cover the design of hot-rolled non-slender steel cross-sections
(SHS and RHS) under compression, bending and combined loading at elevated
temperatures, which is the primary objective of this study, together with an assessment of
the accuracy of current codified fire design approaches – EN 1993-1-2 (2005) and AISC
360-16 (2016), are presented in this thesis. The CSM is an alternative method to crosssection classification currently adopted by codified structural fire design methods, which
utilises a continuous relationship between cross-section slenderness and cross-section
deformation capacity together with a material model that allows for strain hardening. This
method has been successfully applied to the design of cross-sections formed from range
of construction materials at ambient temperature, including hot-rolled and cold-formed
steels, stainless steels, aluminium alloys and steel-concrete composite construction.
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Following a brief description of the background and the main objective of the thesis
presented in Chapter 1, an introduction to hot-rolled and cold-formed structural steel
sections was provided in Chapter 2, followed by a broad review on fire design guidelines
set out in the European Code EN 1993-1-2 (2005) and the American Specification AISC
360-16 (2016). The shortcomings of EC3 and the AISC Specification were discussed,
which indicate the necessity to develop a more accurate and efficient design approach for
structural steel members in fire. Development of the key concepts of the CSM at elevated
temperatures were presented based on previous literature of the CSM at room
temperature. A review on the existing constitutive models that have been developed for
hot-rolled steel in fire conditions was also given in Chapter 2.
Chapter 3 described a comparative experimental investigation between hot-rolled and
cold-formed SHS and RHS, of nominal yield strengths 355 N/mm2 and 235 N/mm2,
respectively, performed at room temperature as part of the current research. A laboratory
testing programme comprising material tests, measurements of geometric imperfections
and residual stresses and compressive stub columns tests were conducted on five hotrolled and five cold-formed cross-sections of nominal section sizes SHS 1001004, SHS
60604, RHS 60403, SHS 40404 and SHS 40403. Corner coupon tests were
performed and the results were combined with other available test data; greater corner
yield strength enhancements were observed for cross-sections with higher ratio of
ultimate-to-yield strengths and tighter corner radii. The results of the imperfection
amplitude measurements were utilised to determine the values of  and  in the predictive
models proposed by Dawson and Walker (1972), and the values of  = 0.028 and  =
0.064 were obtained from least-squared regression for hot-rolled and cold-formed crosssections, respectively. Based on surface residual strain measurements, bending residual
stresses for hot-rolled box sections were found to be negligible, while for cold-formed
box sections, the bending residual stresses showed a consistent tendency of tension on the
outer surface and compression on the inner surface of the cross-sections. The results from
the stub column tests were combined with those from other studies to assess the Class 3
slenderness limit specified in EN 1993-1-1 (2005); it was shown that the current Class 3
limit of 42 is optimistic though further test data, particularly for hot-rolled crosssections, are required. These investigations provide valuable insight into the response and
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failure of structural steel cross-sections, which is relevant at both ambient and elevated
temperatures.
In Chapter 4, existing stub column fire test data collated from the literature (Yang and
Hsu, 2009; Yang et al., 2006; Yang et al., 2005) were utilised for the development of the
CSM at elevated temperatures. The CSM base curve for room temperature (Afshan and
Gardner, 2013), derived using the variables at elevated temperatures as described by EC3,
was shown to capture well the general trend and provide a good, generally lower-bound
fit to the fire test data. Numerical simulations of welded box sections in compression
(Yang et al., 2005) were performed and validated against test results; these were utilised
in a comprehensive parametric study on the fire resistance of hot-rolled steel SHS and
RHS under compression and bending, covering several cross-section slendernesses and
aspect ratios at different temperature levels. Both the experimental results and numerical
results obtained from the parametric study were then used to examine the accuracy of the
design rules given in EC3, the AISC Specification and the extended CSM at elevated
temperatures. Discontinuous steps existed in the fire resistance predictions of EC3 and the
AISC Specification at the boundaries between the different classes owing to the discrete
nature of the cross-section classification system and the specification of two distinct
levels of design yield strength for Class 1-3 and Class 4 cross-sections, which does not
reflect the observed structural response. The overall results revealed that EC3 and the
AISC Specification yield fire resistance predictions that are conservative in some
instances and unconservative in others, indicating the need for improved provisions. The
CSM was shown to generate fire resistance predictions that are conservative and with
significantly improved consistency compared to EC3 and the AISC Specification. The
application of the CSM is currently limited to non-slender sections with cross-section
slenderness  p,θ  0.68. Reliability analysis, based on the three criteria specified by
Kruppa (1999), was also conducted to assess the CSM; the results showed that the CSM
provides a more reliable fire resistance predictions for hot-rolled steel cross-sections
under compression and bending compared to the existing codified fire design methods
provided in EC3 and the AISC Specification.
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The fire behaviour and design of hot-rolled steel SHS and RHS under combined
compression and bending were investigated in Chapter 5. Numerical models were
developed and validated using experimental results from a series of cross-sectional tests
performed under fire conditions (Pauli et al., 2012); the models were utilised in a
systematic parametric study performed to explore the structural performance of hot-rolled
steel SHS and RHS with varying cross-section slendernesses and aspect ratios, subjected
to different loading combinations and various elevated temperatures. The results obtained
from the parametric study, together with the collated test data, were employed to assess
the accuracy of the fire design rules given in EC3 and the AISC Specification. It was
shown that the existing design methods lead to scattered and often unconservative fire
resistance predictions for SHS and RHS under combined loading, owing primarily to the
discrete nature of the cross-section classification concept. The CSM has been extended in
the present study to determine the fire resistance of hot-rolled box sections under
combined loading; the proposed approach utilises the Eurocode interaction curves but
with the CSM compression and bending resistances as the end points. The CSM proposal
was shown to yield more consistent fire resistance predictions than existing methods, with
a significantly reduced number of fire predictions lying on the unsafe side. The results
from the reliability analyses, which were carried out on the basis of the criteria specified
by Kruppa (1999), revealed that the proposed CSM provides significantly more reliable
fire resistance predictions for hot-rolled steel SHS and RHS under combined loading
relative to the existing fire design approaches provided in EC3 and the AISC
Specification.
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9.2

Suggestions for future work

The present study on the CSM is currently limited to the design of hot-rolled non-slender
steel SHS and RHS under compression, bending and combined loading at elevated
temperatures. Extension of this method to cover the design of hot-rolled steel opensections, such as I- and channel cross-sections, subjected to fire situations will form an
important part in promoting the CSM for wider use. The scope of study of the CSM may
also be extended to cover non-slender and slender cross-sections produced from the two
different production routes i.e. hot-rolled and cold-formed cross-sections, and subjected to
different loading conditions at elevated temperatures, since design guidance covering all
types of structural cross-sections and conditions is more desirable and has better
likelihood of acceptance by Standards committees and designers.
The proposed CSM for the fire design of hot-rolled steel SHS and RHS cross-sections
under combined loading was shown to be more conservative than existing codified design
methods; the conservatism may result from the adopted simplified CSM material model,
which underestimates the steel strength over the strain range from εy,θ to 2%, as illustrated
in Figure 2.11, and from the employed EC3 interaction factors, which define the shape of
the moment-compression (M-N) curve. This indicates that there is further scope for
improving the proposed CSM by utilising an alternative material model and different
interaction factors than the ones currently adopted for the CSM at elevated temperatures.
Incorporation of the CSM into a framework of design by second order inelastic analysis
has been accomplished at room temperature; this could also be extended to fire design to
overcome the above shortcoming.
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