Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.

Persistent WRAP URL:
http://wrap.warwick.ac.uk/136008

How to cite:

Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.

© 2020 Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/.

[orelcle]

Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further
information.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications


http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/136008
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wrap@warwick.ac.uk

Compressive resistance of high-strength and normal-strength steel
circular hollow section members at elevated temperatures

Merih Kucukler
School of Engineering, University of Warwick, Coventry, CV4 TAL, UK

Abstract

The compressive behaviour of hot-finished circular hollow section steel members in fire is
investigated in this paper through numerical modelling. CHS members with high-strength
steel grades of S690 and S460 are taken into consideration in addition to those made up of
normal-strength grades S355, S275 and S235. Numerical models of circular hollow section
(CHS) structural steel members able to replicate their response in fire are validated. Using
the validated finite element models, extensive parametric studies are carried out for the pur-
pose of exploring a broad range of factors influencing the cross-section and member buckling
response of CHS steel members under axial compression at elevated temperatures. The ac-
curacy and safety of the design recommendations provided in the European structural steel
fire design standard EN 1993-1-2 for the determination of the axial compression resistances
of CHS steel members in fire are assessed. New design methods able to provide accurate
and safe estimations of the cross-section axial compression resistances and flexural buckling
resistances of CHS steel members at elevated temperatures are proposed. The higher ac-
curacy, reliability and safety of the proposed design methods relative to the existing design
provisions in EN 1993-1-2 are illustrated.

Keywords: Circular hollow section (CHS); Finite element modelling; Geometrical
Imperfections; High-strength steel; Instability in fire; Local buckling; S690 steel; S460 steel

1. Introduction

High-strength steel, defined as structural steel whose yield strength is greater 460 MPa
according to EN 1993-1-12 [1] and 450 MPa according to AS 4100 [2], brings about sig-
nificant advantages as a structural material, leading to decreased material consumptions
and reduced self-weights for structural steel elements which result in more sustainable con-
struction, decreased transportation and construction costs and easier and faster erection of
structural steel members. In view of its advantages over mild steel, a significant research
effort [3—13] has recently been focused the behaviour and design of high-strength steel struc-
tural elements, which may display structural response that is considerably different than
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that of structural steel members made of normal-strength steel owing to the differences in
the material behaviour. However, thus far, research studies on high-strength steel structural
members have predominantly investigated their room temperature behaviour and design.
The elevated temperature response and design of high-strength steel structural elements
have received a relatively lower level of research interest [14-17].

Circular hollow section (CHS) steel members are widely used in structures owing to
their aesthetic appearance, efficiency in resisting buckling in multiple directions and high
torsional stiffness which effectively suppresses flexural-torsional instabilities. Combining the
structural advantages offered by CHS members and the benefits of high-strength steel as
construction material, steel manufacturers [18, 19] provide hot-finished CHS members up
to 890 MPa in Europe, produced conforming to the fabrication requirements and tolerances
set out in EN 10210 [20]. In many instances, high-strength steel CHS members and in
some instances normal-strength CHS elements have slender cross-sections which make them
susceptible to local buckling effects, resulting in significant reductions in their cross-section
resistances. The room temperature cross-section behaviour and design of CHS steel mem-
bers have been comprehensively investigated in the literature. However, their cross-section
behaviour and design at elevated temperatures have been relatively unexplored. Unique
design guidance for the cross-section strength estimations of CHS members in fire is also
not provided in the European structural steel fire design guidance EN 1993-1-2 [21], which
merely directs the designers to the relevant design provisions of the European room tem-
perature structural steel design codes EN 1993-1-1 [22] and EN 1993-1-6 [23], despite the
considerably different cross-section response of CHS elements in fire in comparison to their
room temperature cross-section behaviour. In parallel to the lack of extensive research on
the cross-section response of CHS structural members in fire, the flexural buckling behaviour
of high-strength steel CHS columns at elevated temperatures has also not been thoroughly
investigated in the literature. The existing column buckling design rules of EN 1993-1-2 [21]
are based upon numerical simulations [24, 25| and physical experiments [26] that have been
primarily focused on normal-strength steel I-section members. As part of the FIDESC4 [27]
project supported by the European Commission Research Fund for Coal and Steel (RFCS),
[28-36] have comprehensively investigated the behaviour of structural steel members with
Class 4 sections in fire, which resulted in major developments in understanding the response
of structural steel elements at elevated temperatures and the revisions of a number of design
provisions of EN 1993-1-2 [21] which will be implemented in the upcoming version of the
standard. However, in this project [27], the behaviour and design of only normal-strength I-
and H-section steel members were investigated, signifying that further studies focusing on
the structural response and design of high-strength steel elements in fire are necessary.

With the aim of addressing the existing gap of knowledge on the behaviour of CHS
members at elevated temperatures, a research study focusing on the cross-section and flexural
buckling behaviour of high-strength and normal-strength steel CHS members under axial
compression in fire is carried out in this paper. Finite element models able to replicate
the structural response of CHS steel members in fire are created and validated against
experimental results in the literature. Using the validated finite element models, extensive
numerical parametric studies are carried out on both the cross-section response and flexural
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buckling behaviour of CHS steel members subjected to axial compression in fire, considering
grade S690, S460, S355, S275 and S235 steels, different elevated temperature levels and
various cross-section and global member slendernesses. The accuracy and safety of the
existing design rules in EN 1993-1-2 [21] for the determination of the axial compression
resistances of CHS members in fire are assessed against benchmark results obtained from
the Geometrically and Materially Nonlinear Analyses with Imperfections (GMNIA) of the
created finite element models. New design proposals leading to accurate and safe estimations
of the ultimate cross-section axial compression resistances and flexural buckling resistances
of CHS members in fire are put forward. The higher accuracy and safety of the new proposals
relative to the existing design rules in EN 1993-1-2 [21] are illustrated. Note that in this
paper, steels with yield strengths greater than 450 MPa are classified as high-strength steels.
Moreover, it should also be emphasised that the design methods proposed in this paper is
only applicable to CHS members; the proposed design methods will be extended to tubular
steel members with other cross-section shapes such as square, rectangular and elliptical
cross-sections in a future study.

2. Finite element modelling

In this section, the finite element models able to mimic the behaviour of CHS steel
members at elevated temperatures are developed and validated against experimental studies
from the literature. In the following sections, the validated finite element models will be
utilised in the assessment of the accuracy of the existing provisions of EN 1993-1-2 [21] for
the prediction of the structural response of CHS steel members under compression in fire
and in the development of new design proposals leading to a more accurate assessment of
their behaviour.

2.1. Element type and modelling assumptions

The finite element models were created using the finite element analysis software Abaqus
in this paper [37]. Denoted as S4R in the Abaqus element library, a four-noded, reduced
integration shell element able to account for transverse shear deformations and membrane
stresses was utilised to create the finite element models in this study. This element type
has previously been used to replicate the structural response of steel elements in similar
applications [38—42]. In the finite element models, two planes of symmetry at mid-span and
for half of the cross-section were exploited to improve the computational efficiency by using
the quarter models of CHS members as shown in Fig. 1, adopting appropriate boundary
conditions at the mid-length section and along the two longitudinal edges of the models in
line with the approach followed in [43]. The appropriateness of the computationally efficient
quarter model was verified against the results obtained from the full models of CHS stub
columns and long columns. Note that for long CHS columns, the symmetry about the plane
perpendicular to the global flexural buckling axis was exploited. A fine mesh with element
size of 0.1\/D/t, where D is the outer diameter and ¢ is the thickness, was adopted in the
finite element models, which has been shown to provide accurate estimations of the local
buckling response of CHS members in [44]. While this fine mesh was applied to all the
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regions of the finite element models of CHS stub columns, it was applied only to the mid-
span region of long CHS columns where local buckling is expected as shown in Fig. 1 (b);
for the remainder regions of the finite element models of long CHS columns, a mesh size
of 0.44/D/t was adopted similar to the approach followed in [44]. Note that the length of
the mid-span region where the increased mesh density was used was taken as four times of
the local buckling wavelength of a CHS member. The finite element models were analysed
isothermally where initially a uniform temperature increase to a predefined temperature
value # was assumed, which was represented by the modification of the material response,
and then the loading was applied at the designated elevated temperature value 6. The
modified Riks analysis [45, 46] was utilised to trace the full load-displacement response of
CHS members.

2.2. Material modelling

To replicate the behaviour of CHS members made of normal-strength grade S355, S275
and 5235 steels in fire, the four-stage elevated temperature material model provided in EN
1993-1-2 [21] for carbon steel was adopted, defining the elevated temperature stress versus
strain relationship using the following equations:

o=¢eljy for e<e¢,y,

o= fro—Cc+ (b/a)\/a2 — (eg0 —€)2 for €9 <e<eyy,
g = fy,9 for €y,0 <e< €t,0,
o= fyoll —(e—€p)/(wo—€rp) Tor eg<e<eyp, (1)

where o and € are the engineering stress and strain and Fjy, f,¢ and f, ¢ are the Young’s
modulus, the proportional limit and the effective yield strength at temperature 6, respec-
tively. In eq. (1), €,p is the strain at proportional limit calculated as €,9 = f,0/Ep, €0 18
the yield strain equal to 0.02 (i.e. €9 = 0.02), €. ¢ is the limiting strain for yield strength
taken as 0.15 (i.e. ;9 = 0.15) and €, is the ultimate strain equal to 0.20 (i.e. €, = 0.20).
The auxiliary coefficients a, b and ¢ used in eq. (1) are determined as given below:

0= /(€40 — €p0) (€40 — €p0 + ¢/ Ep),
b= \/C (Eyﬁ — Gpjg) Eg + 02,

o= (fy,e - fp,9)2 (2)

(€y.0 — €p0) Bo — 2 (fy0 — fpﬂ)'

As shown in Fig. 2 (a), the elevated temperature effective yield strength f, » and proportional
limit f, ¢ are calculated by multiplying the elevated temperature yield strength reduction fac-
tor ky ¢ and proportional limit reduction factor k,y by the room temperature yield strength
fy (e fyo = kyof, and fpo = kyof,), whereas the elevated temperature Young’s modulus
Ejy is calculated by multiplying the elevated temperature Young’s modulus reduction factor
kg by the room temperature Young’s modulus of carbon steel E (i.e. By = kggFE). In this
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paper, the values of kg, k,¢ and kg provided in EN 1993-1-2 [21] and illustrated in Fig. 2
(b) were used for grade S355, S275 and S235 steels, where k020 is the elevated temperature
0.2% proof strength reduction factor multiplied by the yield strength f, to determine the
elevated temperature 0.2% proof strength fpoo0 (i.e. fpo20 = kpo20f,). Note that the engi-
neering stress-strain relationship given by eq. (2) was transformed into a true stress-strain
relationship for input into the finite element models.

While the EN 1993-1-2 [21] elevated temperature material model given by eq. (2), which
was originally derived in [47] using results from a series of anisothermal tests on steel beams,
leads to accurate estimations of the elevated temperature stress-strain response of normal-
strength steels, it has been shown in the literature that it overestimates the elevated temper-
ature stress-strain response of high strength steels [48-50]. Thus, the use of the EN 1993-1-2
[21] four stage material model to define the stress-strain behaviour of high-strength steels
may lead to overestimations of the ultimate strengths of high-strength steel elements in fire.
Considering this, the EN 1993-1-2 [21] material stress-strain model was adopted only in the
finite element models of CHS columns made of grade S355, S275 and S235 steels in this pa-
per. For the case of S690 and S460 grade steels, the two-stage elevated temperature material
model put forward by Fang and Chan [17, 51] for high strength grade S690 and S460 steels,
based on the elevated temperature material model for high-strength steels recommended by
Chen and Young [14], was adopted in this study, which is defined using the equations below:

g "
e =—+4+0.002 ( ) for o< fp0.2,97

Ey Ipo0.2,0
0 — f 0.2,0 o — f 0.2,0 "o
Ep0.2,9 fu,@ - fp0.2,9
for  fpo20 <o < fuo. (3)

where €,0.2,¢ is the total strain corresponding to f,0.2,0, ng and my are the exponents defining
the nonlinearity of the stress-strain curve and E, 2 ¢ is the tangent modulus at fp9.2, which
is calculated by

Ey
Epo20 = ' 4
P20 (1 40.002n0 B/ fo2p0) (4)

The exponents ng and my can be determined using the following expressions for grade S690
steel [51]:

7
Ng = 7T — ﬁ’
=1.6+ 6 (5)
"= 600"
and the following equations for grade S460 steel [17, 51]:
6
np =12 — ——
100
30
=21+ ——.
Mg + 600 (6)
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Note that the elevated temperature material model given by eq. (3) was derived in [14, 17,
51| considering the two-stage compound Ramberg-Osgood material model put forward by
Mirambell and Real [52] to represent the stress-strain response of stainless steels at room
temperature and has been shown to provide accurate estimations of the elevated temperature
stress-strain response of high-strength steels [14, 17, 51].

In this paper, the elevated temperature material properties (i.e. Ep, fp0.20, fy0, fue and
€up) of grade S690 and S460 steels were determined using the results from the elevated
temperature material tests carried out on high-strength grade S690 and S460 steels by
Qiang et al. [53] and Qiang et al. [54], respectively. The room temperature yield strength
fy, ultimate tensile strength f,, and strain €, and the Young’s modulus £ for grade S690 and
S460 steel obtained from the room temperature material tests in [53, 54] were multiplied by
the material reduction factors (i.e. kg g, kpo.2,0, kye and ky ) derived in [53, 54] to determine
their values at particular elevated temperature levels 6 in this paper, ie. Ey = kgok,
Tpo20 = kpo2ofy, fyo = kyofy, fup = kuofy and €9 = ke, €, The room temperature
material properties of grade S690 steel were thus taken as £ = 204690 MPa, f,=789 MPa,
0,=821 MPa and ¢,=0.051 as obtained in [53] and those of grade S460 steel were taken
as £ = 202812 MPa, f,=504 MPa, 0,=640 MPa and €,=0.115 as determined in [54].
The corresponding material reduction factors for S690 and S460 steels provided in [53, 54]
and adopted in this study are shown in Table 1 and Table 2 in addition to the Ramberg-
Osgood parameters ng and my calculated using eq. (5) and eq. (6) for different elevated
temperature levels. Fig. 3 shows a comparison of the Young’s modulus kgp and yield
strength reduction factors £, y adopted for high-strength grade S690 and 5460 steels against
those adopted for normal-strength grade S355, S275 and S235 steels. It can be seen from
the figure that the yield strength reduction factors &,y for grade S690 and S460 steels are
lower than those for normal-strength steels, while the Young’s modulus reduction is less
severe for grade S690 steel but more pronounced for grade S460 steel relative to the Young’s
modulus reduction rates of normal-strength grade S355, S275 and S235 steels. The elevated
temperature stress-strain response of grade S690 and S460 steels determined using eq. (3)
and the elevated temperature material properties from [53, 54| are compared against the
elevated temperature stress-strain curves obtained from the material tests by [53, 54] in Fig.
4, showing that the agreement between the elevated temperature stress-strain curves used
in the finite element models and those obtained from the material tests is good.

2.3. Boundary conditions

The boundary conditions adopted in the finite element models of CHS stub columns and
long columns are illustrated in Fig. 1. As can be seen from the figure, the end displacements
and rotations were linked to a reference point located at the centroid of the cross-section
through a rigid body kinematic coupling, where the boundary conditions and axial forces
were applied to the models. For the CHS stub columns, fixed end support conditions were
adopted as shown in Fig. 1 (a) by restraining all the rotations at the reference nodes (i.e.
r, = 1, = r, = 0), while the rotation about z axis was enabled in the finite element
models of CHS long columns (i.e. r, = 7, = 0 but 7, # 0), thereby establishing pin-end
support conditions about z axis. Thus, the finite element models of CHS columns exhibited
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global buckling behaviour about z axis for all the cases in this study which is appropriate
considering the symmetry conditions adopted in the models as shown in Fig. 1 (b).

2.4. Initial imperfections

While only local geometric imperfections were included in the finite element models of
CHS stub columns, both local and global geometric imperfections were incorporated into
the finite element models of CHS long columns. The lowest elastic local buckling modes
obtained from the Linear Buckling Analyses (LBA) of the finite element models but with a
modified thickness of ¢,,, = D /5 were adopted to represent the local geometric imperfection
shapes in the finite element models, thereby avoiding unrealistic, short buckling wavelengths
in the definition of the local imperfections for CHS members with high D/t ratios. The same
approach in the definition of local imperfections for tubular members has also been adopted
in similar studies [44, 55] focused on the local buckling response of circular hollow and
elliptical hollow section steel members, where its appropriateness and reliability have been
verified. Moreover, for high-strength and normal-strength steel CHS members with practical
proportions, the lowest eigenmode affine local imperfection shape approach has been used
in a number of different studies in the literature [56-58] and shown to provide reliable
estimations of their local buckling response. The local imperfection magnitudes were taken
as equal to 80% of the fabrication tolerance of wiyer = D/100 provided in EN 10210 [20]
for hot-finished circular hollow sections in line with the recommendations of EN 1993-1-5
[59] for the consideration of geometric imperfections in the finite element modelling of steel
structures. For the case of global imperfections used for CHS long columns, the lowest global
buckling modes from the LBA of the finite element models were used, which were scaled to
1/1000 of the member lengths (i.e. wgopar = L/1000). Residual stresses were not incorporated
into the finite element models considering that their magnitudes are quite low within hot-
finished CHS steel members, which assume even smaller values at elevated temperatures
due to the development of thermal strains which leads to considerable reductions in the
magnitudes of residual stresses.

2.5. Validation of finite element models

In this subsection, the finite element modelling approach adopted in this paper is val-
idated considering four experimental studies from the literature: (i) the fire experiments
carried out on high-strength steel CHS columns by Tondini et al. [15], (ii) the experiments
performed on high-strength steel CHS stub columns by Wei et al. [60] at room temperature,
(iii) the fire experiments carried out on normal-strength steel CHS columns by Pires et al.
[61] and (iv) the experiments performed on normal-strength steel CHS stub columns by
O’Shea and Bridge [62] at room temperature.

2.5.1. Tondini et al. [15] experiments on high-strength steel CHS columns

The experiments performed by Tondini et al. [15] on high-strength steel CHS columns
in fire are utilised to validate the finite element modelling approach adopted in this paper
herein. The experiments were carried out anisothermally, whereby a prescribed axial load
was first applied to the specimens and then the temperature was increased until failure. The
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geometrical properties of the specimens reported by [15] were included in the finite element
models. The tested CHS specimens were made of high-strength steel with an average room
temperature yield strength f, of 822 MPa (i.e. f, = 822 MPa) and ultimate tensile strength
fu of 881 MPa (i.e. f, = 831 MPa), determined on the basis of the room temperature
material tests performed on the coupons extracted from the tested specimens by [15]. The
cross-sections of all the specimens fall into the Class 4 category according to EN 1993-1-2
[21], indicating that they are susceptible to both local and global instability effects. Since
elevated temperature material tests were not carried out for the specimens by Tondini et
al. [15], the 0.2% proof strength ky924, Young’s modulus kg, ultimate strength &,y and
ultimate strain k., , reduction factors determined by Qiang et al. [54] for S690 steel and
shown in Table 1 were multiplied by the corresponding room temperature yield strength f,
and the ultimate strength f, and strain €, of the specimens measured by [15] to determine
their elevated temperature values (i.e. fuo.20 = kpo2,0fy, fus = Fuofu and €9 = ke, ,€0),
which were used in the finite element models. Note that even though the specimens of
[15] were made of S590 steel, the measured room temperature yield and ultimate strengths
were much higher than the mill certificate values and close to the room temperature yield
strength and ultimate tensile strength values measured for coupons made of grade S690 steel
by [53]; thus, the use of the material reduction factors derived by Qiang et al. [53] was found
appropriate herein. The elevated temperature material stress-strain response was defined
using eq. (3) in the finite element models, where the Ramberg-Osgood exponents ny and my
were determined using eq. (5). The temperature versus time relationships measured during
the tests by Tondini et al. [15] were adopted in the finite element simulations; horizontal
thermal gradients within the specimens reported by [15] owing to the presence of a furnace
wall with gas burners on one side and a closing wall on the other side of the specimens were
considered.

The axial deformation versus time paths of the specimens measured during the experi-
ments and obtained from the finite element models created in this paper are shown in Fig.
5. As can be seen from the figure, the agreement between the experimentally and numeri-
cally determined axial deformation versus time paths is very good, indicating that the finite
element models created in this study are able to replicate the response of high-strength steel
CHS columns at elevated temperatures. The failure mode of the C1 specimen observed fol-
lowing the experiment of [15] and that observed in the finite element simulation carried out
in this paper are compared in Fig. 6, where it can be seen that the failure mode observed in
the numerical simulation is very similar to that observed in the experiment, thus providing
a further verification for the accuracy of the finite element modelling approach adopted in
this study with respect to the consideration of the structural response of CHS steel columns
in fire.

In addition to the finite element models where the elevated temperature stress-strain
response was defined using the two-stage elevated temperature material model of Fang and
Chan [17, 51], the finite element models of the specimens were also created with the elevated
temperature stress-strain relationships defined on the basis of the EN 1993-1-2 [21] elevated
temperature material model with the yield strength £,y and Young’s modulus reduction
factors kg g given in EN 1993-1-2 [21]. Fig. 5 shows the axial deformation versus time paths
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obtained through the finite element models with the EN 1993-1-2 [21] elevated temperature
material model. As can be seen from the figure, the finite element models adopting the EN
1993-1-2 [21] elevated temperature material model generally provide structural response that
is more favourable than that observed for the specimens in the experiments. Particularly,
for the case of the C1 specimen, the use of the EN 1993-1-2 [21] elevated temperature
material model leads to a significantly unconservative prediction of the structural behaviour,
signifying that the adoption of the elevated temperature material model put forward by Fang
and Chan [17, 51] as done in this study leads to more accurate and conservative predictions
of the structural response of high-strength steel columns in fire.

2.5.2. Wei et al. [60] experiments on high-strength steel CHS stub columns

In addition to the fire tests performed on high-strength steel CHS columns by Tondini
et al. [15], the experiments carried out on high-strength steel CHS stub columns at room
temperature are also used in this paper for the validation of the adopted finite element
modelling approach. Since there is no fire experiments performed on high-strength steel
CHS stub columns, the room temperature CHS stub column tests of [60] are used for the
validation herein. The CHS stub columns tested by Wei et al. [60] had an average 0.2% proof
strength f,0.2 of 475 MPa. The geometric and material properties and material stress-strain
response of the tested specimens reported in [60] were adopted in the finite element models
created herein. Moreover, the geometric imperfections were applied to the finite element
models as described in Section 2.4. Fig. 7 shows a comparison of the axial stress versus axial
strain paths of the specimens measured during the experiments and those obtained from the
finite element models created herein. As can be seen from the figure, the agreement between
the experimental and numerical results is very good for CHS stub columns with both outer
diameters of D = 64 mm and D = 102 mm and different ratios of D/t, thus verifying that
the finite element models created in this study are able to consider the influence of local
instabilities on the response of high-strength steel CHS members accurately.

2.5.3. Pires et al. [61] experiments on normal-strength steel CHS columns

In Pires et al. [61], a series of fire experiments were carried out on normal-strength steel
CHS columns with axial and rotational restraints at the ends, which were also reported in
[63]. The columns were made of grade S355 steel and the rotational restraints were provided
against the rotations with respect to the two principal axes of the cross-sections of the
specimens at the member ends. In the tests, for some specimens, the magnitudes of the
axial restraint ka was equal to 13 kN/mm and those of the rotational restraints k4; and
ke 2 with respect to the two principal axes of the column cross-sections were equal to 1992
kN/mm and 4091 kN/mm (i.e. ko = 13 kN/mm, ky; = 1992 kN/mm and ko = 4091
kN/mm); while for the others, the magnitudes of the axial restraint kx was equal to 128
kN/mm and those of the rotational restraints k,; and ke 2 with respect to the two principal
axes of the column cross-sections were equal to 2536 kN/mm and 5079 kN/mm (i.e. ka = 128
kN/mm, kys; = 2536 kN/mm and k4o = 5079 kN/mm). The tested columns had a length
of 3 m, though only the middle portion of the columns with a length of 2.5 m was placed
into the furnace, which resulted in thermal gradients along the lengths of the specimens.
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The experiments were carried out anisothermally, whereby a prescribed axial load was first
applied to the specimens and then the temperature was increased until failure. In the
finite element models of the specimens created in this study, the EN 1993-1-2 [21] elevated
temperature material model was used and the elevated temperature material properties of
the specimens were determined by multiplying their room temperature material properties
reported in [61] by the material strength and stiffness reduction factors provided in EN 1993-
1-2 [21]. Time versus temperature relationships of the specimens reported in [61, 63] were
taken into consideration in the anisothermal finite element simulations carried out herein.

The axial deformation versus time paths of the specimens observed during the experi-
ments of [61] and those determined using the finite element models of the specimens created
in this study are compared in Fig. 8 for the specimens with an outer diameter D of 219.1 mm
and thickness t of 6 mm. As can be seen from the figure, there is a good agreement between
the axial deformation versus time response of the specimens observed in the experiments
and those obtained through the finite element models for different values of axial loading
Ngq, axial stiffness ka and rotational stiffness k4 ; and kg 2, indicating that the finite element
models created in this study are able to replicate the structural response of normal-strength
steel columns in fire.

2.5.4. O’Shea and Bridge [62] experiments on normal-strength steel CHS stub columns

O’Shea and Bridge [62] carried out a number of experiments on normal-strength steel
CHS stub columns, which are used herein for the validation of the finite element modelling
approach adopted in this study. The specimens had an outer diameter D of 165 mm and
190 mm with varying outer diameter-to-thickness D/t ratios. The geometric and material
properties of the specimens reported in [62] were adopted in the finite element models created
in this paper. The geometric imperfections were applied to the finite element models as
described in Section 2.4. In Fig. 9, the axial stress o normalised by the yield (i.e. 0.2%
proof) strength f, (i.e. o/f,) versus axial strain e paths of the specimens obtained from
the experiments of O’Shea and Bridge [62] and the finite element models developed in this
study are compared. As can be seen from the figure, the finite element models created in
this study provides axial stress versus strain paths that are in a good agreement with those
observed in the experiments, which proves that the finite element models created in this
study are able to account for the influence of local instability effects on the behaviour of
normal-strength steel CHS stub columns accurately.

3. Parametric studies

With the aim of carrying out a comprehensive investigation into the accuracy of the
existing rules in EN 1993-1-2 [21] for the design of high-strength steel and normal-strength
steel CHS columns in fire and establishing new design methods leading to accurate and safe
predictions of axial resistances of CHS steel members at elevated temperatures, extensive
numerical parametric studies are carried out in this paper. A summary of the parametric
studies performed in this paper is provided in Table 3. As can be seen from the table, for the
case of CHS stub columns whose lengths L were taken as three times of their outer diameters
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D (i.e. L/D = 3), (i) twenty outer cross-section diameter D to cross-section thickness ¢ ratios
(i.e. D/t) ranging between 10 and 200 with increments in D/t of 10, (ii) five steel grades
5690, S460, S355, S275 and S235 and (iii) five elevated temperature levels 300 °C, 400 °C,
500 °C, 600 °C and 700°C were considered, which all corresponded to the analyses of 500
CHS stub columns in total. In the case of CHS long columns, (i) ten member length L
to outer cross-section diameter D ratios L/D ranging between 5 and 50 with increment in
L/D of 5, (ii) five outer cross-section diameter D to thickness t ratios D/t equal to 25,
50, 100, 150 and 200, (iii) five steel grades S690, S460, S355, S275 and S235 and (iv) five
elevated temperature levels 300 °C, 400 °C, 500 °C, 600 °C and 700°C were taken into
account, resulting in the consideration of 1250 CHS columns. In the following section, the
results from the extensive numerical parametric studies are used to assess the accuracy of
EN 1993-1-2 [21] for the design of CHS members under axial compression in fire and in the
development of new design proposals.

4. Assessment of EN 1993-1-2 for axial compression resistance predictions of
CHS steel members in fire

In this section, the design rules existing in EN 1993-1-2 [21] for the ultimate resis-
tance predictions of CHS members under axial compression in fire are set out, which are
then assessed against the results obtained from the Geometrically and Materially Nonlinear
Analyses with Imperfections (GMNIA) of the finite elements models of CHS members at el-
evated temperatures. In the following section, the design rules proposed in this paper, which
provide more accurate ultimate axial compression resistance predictions of CHS members
in fire, are introduced.

4.1. Design rules provided in EN 1993-1-2 for the determination of axial compression resis-
tances of CHS steel members in fire
According to EN 1993-1-2 [21], the design buckling resistance Ny, f;; pq at time t of
a compression member with a uniform temperature 6 is determined using the following
expressions:

Ak D
Nb,fi,t,Rd = Xf—:l”’e'fy for - S 90637
VM, fi t
iAcsrk D
M, fi

where A is the full cross-section area used for CHS members with Class 1, 2 and 3 sections
(i.e. sections with D/t < 90e3), A.sy is the effective cross-section area used for CHS members
with Class 4 sections (i.e. sections with D/t > 90€3), vas si is the partial safety factor taken
as equal to unity and ¢y is the elevated temperature material constant calculated by the
multiplication of the room temperature material constant € by a factor of 0.85 as given
below

€9 = 0.85¢ = 0.85 E (8)

f
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As can be seen from eq. (7), while EN 1993-1-2 [21] recommends the use of the elevated
temperature material strength at 2% total strain f, 9 = k, ¢ f, for CHS members with Class
1, 2 and 3 sections, it recommends the use of the elevated temperature 0.2% proof strength
fpo.20 = kpo2ef, for those with Class 4 sections. Note that the Class 4 D/t limit ratios
are 22.1, 33.2 and 43.0 for members made of steels with yield strengths of 690 MPa, 460
MPa and 355 MPa, respectively. In eq. (7), xy; is the column buckling reduction factor
determined as

1

Xfi =
—
bo +1\/ 05 — N

(9)

with

dg = 0.5

[ —

1+ arg + Xj} (10)

and

a = 0.65,/235/f,. (11)

The non-dimensional slenderness Ay for the temperature 6 is given by

No =Ny |22 (12)

- /A D
A= N{j for " < 9063,
- A, D
A= jéffy for — > 902, (13)

in which N, is the elastic global flexural buckling load of a CHS member at room temper-
ature.

For the case of Class 4 CHS members, EN 1993-1-2 [21] directs the designer to the room
temperature structural steel design standard EN 1993-1-1 [22] for the determination of the
effective cross-section area A.sr, for which EN 1993-1-1 [22] recommends the use of the
relevant design rules provided in EN 1993-1-6 [23]. Since the reduction in the cross-section
strength of CHS columns is characterised by the ultimate-to-yield stress ratio p = f,/f, in
EN 1993-1-6 [23], the concept of a loss of effectiveness can be utilised as the basic design
approach as recommended by [55], whereby the effective area of a Class 4 CHS member can
be determined as:

f u Ae ff
p 7 1 (14)
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The existing provisions of EN 1993-1-6 [23] recommend the following expressions for the
determination of a local buckling reduction factor p for a Class 4 CHS member subjected to
axial compression:

1 for N\ <0.2
2—02)" T T
p=41-38, (xl _0_2) for  0.2<X <X (15)
el /X? for N\ > Xp

in which ), is the non-dimensional local buckling slenderness defined by
No= 4= (16)
where f.. is the elastic critical local buckling stress of a CHS member which is determined

as:

E 2t

= —— 17
fo= a7 D (17)
In eq. (15), ag is the elastic buckling reduction factor calculated as:
0.83
Qel = 0.88° (18)
1 + 22 (wlocal/t)
Bpi is the plastic range factor given by
0.95
—1_ 19
Ou 14 1.2 (Wigeat /1) (19)
and 7 is the interaction exponent determined using the following expression:
5.4
= ) 20
T 1546 (@ioea /1) (20)
The plastic limit relative slenderness used in eq. (15) can be determined from:
3 Qe
Ap = : 21
P 1— 6pl ( )

Note that egs. (18), (19) and (20) used for the determination of a.;, 5, and n were taken
from Annex D of EN 1993-1-6 [23]; the derivation of these equations are described in [64-66].
In the following subsection, the accuracy of EN 1993-1-2 [21] for the assessment of structural
response of CHS members under axial compression in fire is explored considering a broad
range of parameters summarised in Section 3.
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4.1.1. Accuracy of EN 1993-1-2 for the determination of axial compression resistances of
CHS steel members in fire

The accuracy of the existing provisions of EN 1993-1-2 [21] for the ultimate strength
predictions of CHS stub columns in fire is illustrated in Fig. 10 for different elevated tem-
perature levels, local buckling slendernesses and steel grades. Note that since global member
imperfections were not incorporated into the finite element models of CHS stub columns,
the global buckling reduction factor x was taken as equal to unity in eq. (7) in the de-
termination of the axial compression resistances according to EN 1993-1-2 [21]. In Fig. 10,
the cross-sections are classified as Class 4 if their outer diameter to thickness ratios D/t
are greater than 90€2 (i.e. D/t > 90¢3). Fig. 10 shows that EN 1993-1-2 [21] provides quite
inaccurate estimations of the cross-section axial compression resistances of CHS columns in
fire. As can be seen from the figure, the use of the elevated temperature material strengths
at 2% strain f, 9 = k,of, for Class 1, 2 and 3 sections and the elevated temperature 0.2%
proof strengths fp020 = kpo.2,f, for Class 4 sections results in a discontinuity in the pre-
dictions of the cross-section axial compression resistances, with significant underpredictions
of the ultimate resistances of Class 4 CHS stub columns in fire. The multiple resistance
prediction curves of EN 1993-1-2 [21] for different elevated temperature levels shown in Fig.
10 in the case of Class 4 sections (i.e. for D/t > 90¢2) result from different ratios of the
elevated temperature 0.2% proof strengths fp020 = kpo2,0f, to yield strengths f, 9 = kyof,
(i-e. fpo.20/fy0) at different elevated temperature levels.

Fig. 10 also shows that relative to the elevated temperature axial compression resistances
of normal-strength grade S355 and S235 steel CHS stub columns, those of high-strength
steel grade S690 and S460 stub columns exhibit a higher level of scatter; for the latter,
EN 1993-1-2 [21] leads to a lower degree of accuracy. The higher scatter in the ultimate
strengths of high-strength steel CHS stub columns was attributed to (i) the change of the
roundedness of the elevated temperature stress-strain response for high-strength steels at
different temperature levels with different ny and my exponents unlike the same level of
roundedness of the elliptical EN 1993-1-2 [21] stress-strain curve adopted for normal-strength
steels for all elevated temperature levels, (ii) rather significantly varying ratios of the elevated
temperature 0.2% proof strengths fo20 = kpo2,0fy to ultimate strengths f, o = kyof. (i€
fpo.2,0/ fue) for different temperature levels, which are closer to unity in some cases as can
be seen from Table 1 and Table 2; CHS members lose their initial elevated temperature
stiffness at later stages of the loading history for high f,0.24/ fu s ratios which leads to larger
ultimate cross-section resistances and (iii) the use of the elevated temperature strength at
2% strain f, 9 = ky ¢ f, in the normalisation of the axial compression resistances even though
in some cases the strains €,y corresponding to the elevated temperature ultimate material
strengths f, o = ku0f, were lower than 2% for grade S690 and S460 steels as shown in Fig. 4.
Since in some instances the elevated temperature strengths at 2% total strain f, 9 = ky o f,
are located within the descending branch of the elevated temperature stress-strain curves
of high-strength steels (see Fig. 4), it may be argued that the use of f, 9 = kyof, in the
determination of the ultimate resistances of high strength steel members in fire may not be
appropriate for these cases. This is because the ultimate load carrying capacities of CHS
members are primarily influenced by the parts of the stress-strain curves up to the elevated
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temperature ultimate tensile strengths f,, 9 = Ky 0 fy-

In addition to the assessment of cross-section axial compression resistance predictions
of EN 1993-1-2 [21] for CHS stub columns at elevated temperatures, the accuracy of EN
1993-1-2 [21] for the predictions of flexural buckling resistances of CHS columns in fire is
also assessed in Fig. 11, considering different cross-section outer diameter to thickness ratios
D/t, non-dimensional slendernesses \g and elevated temperature levels. Note that in Fig.
11, A* is equal to the full cross-section area A for Class 1, 2 and 3 sections (i.e. A* = A
for Class 1, 2 and 3 sections) and equal to the effective cross-section area A.fs for Class 4
sections (i.e. A* = A.ss for Class 4 sections). As can be seen from Fig. 11, due primarily
to the inaccurate predictions of the cross-section axial compression resistances, EN 1993-
1-2 [21] leads to quite inaccurate estimations of the ultimate strength predictions of CHS
columns in fire, with generally significant underestimations of the ultimate resistances. It
should however be noted that for the case Class 1, 2 and 3 CHS columns in fire, EN 1993-1-2
[21] considerably overestimates the ultimate resistances in some cases, which can be seen in
Fig. 12 where the accuracy of EN 1993-1-2 [21] is assessed for CHS columns with Class 1, 2
and 3 sections.

As can be understood from the results presented in this section, the design rules existing
in EN 1993-1-2 [21] lead to quite inaccurate predictions of the ultimate cross-section axial
compression resistances and flexural buckling resistances of both high-strength steel and
normal-strength steel CHS columns in fire, signifying the need for the development of design
formulae leading to accurate estimations of the structural response of such members. In the
following section, new design rules for the determination of cross-section axial compression
resistances and flexural buckling resistances of CHS columns at elevated temperatures are
put forward.

5. Proposed design rules for high-strength steel and normal-strength steel CHS
steel columns in fire

To enable more accurate ultimate strength predictions of CHS steel members under axial
compression in fire, new design rules are proposed in this section. Initially, the proposed
design rules are introduced; then their accuracy for the determination of the axial compres-
sive resistances of CHS stub columns and long columns at elevated temperatures is assessed
against the results obtained from GMNIA. The accuracy and reliability of the proposed de-
sign rules are also compared against those of the existing design provisions of EN 1993-1-2
21].

5.1. Proposed design rules for the determination of axial compression resistances of CHS
steel members in fire

The design buckling resistance Ny f; + ra at time ¢ of a compression member with a uniform
temperature 6 is proposed to be determined using the following expressions:

XfiAk;efy

for Mg < Moo,
YM, fi

Ny fit,rd =
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Xfilerrky oy

for Xlﬂ > X17970, (22)
VM, fi

Ny tit.rd =

where Xlﬂ is the non-dimensional elevated temperature local buckling slenderness of a CHS

section calculated as
_ _ |k f k*
Moo=\ y,0 —_ Y y,0 23
Lo l\/ kgg V Jer \ krg’ (23)

in which & , is the modified elevated temperature yield strength factor determined as given
below

Kig=hyo if ke, e, > 0.02,

0o = kuﬁ& it ke, €4 < 0.02. (24)

fy
This approach is recommended to avoid the use of the elevated temperature strengths at
2% (i.e. fyo = kyof,) when the strain corresponding to the elevated temperature ultimate
strength €,9 = ke, €, is smaller than 2% (i.e. €,9 < 0.02), which is observed for high-
strength steels in some cases due to their reduced ductility relative to normal-strength steels
(see Fig. 4), thereby preventing the use of material strengths within the descending branch
of the stress-strain curves and using the elevated temperature ultimate tensile strengths
fuo = kupofu in the determination of ultimate resistances for these cases. In eq. (22), Xz,a,o is
the threshold non-dimensional local buckling slenderness; if the elevated temperature non-
dimensional local buckling slenderness of a CHS )¢ is greater than A\ g0 (i.e. Ao > Ngo),
it is classified as Class 4 and its effective section area A.ss is utilised in the determination
of its axial compression resistance. It should be noted that unlike the existing design rules
in EN 1993-1-2 [21], this study recommends the use of the same material strengths k, ¢y in
the determination of the axial compression resistances of CHS members with sections falling
into all Class 1, 2, 3 and 4 categories as can be seen from eq. (22). Since effective cross-
section areas A.ss are used in the determination of the axial compression resistances of CHS
columns with Class 4 sections and full cross-section areas A are used for the calculation of the
ultimate load carrying capacities of those with Class 1, 2 and 3 sections, only the limit for the
classification of a CHS as Class 4 is provided herein. Future research will be directed towards
the behaviour of high-strength and normal-strength steel CHS members under bending and
combined bending and axial compression in fire, for which new classification limits for Class
1, 2 and 3 sections will be developed.
In eq. (22), the column buckling reduction factor y; is determined as

1

Xfi = = (25)
o+ 1/ 62 — Ny
with
do = 0.5 [1 +arg + Xﬁ} (26)
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and

a = 0.90,/235/f,. (27)

As can be seen from eq. (27), a higher imperfection factor o = 0.904/235/ f,, is recommended
herein relative to a = 0.65,/235/ f,, which was obtained through calibration against the
GMNIA results of long CHS columns with different elevated temperature levels, steel grades
and length-to-cross-section diameter ratios L/D in this paper.

The effective cross-section area A.fy of a Class 4 section used in eq. (22) can be deter-
mined as

Acpr = pA. (28)

Following equations are proposed for the determination of a reduction factor p used for
the calculation of effective cross-section areas A.;y of CHS members, which were deter-
mined through calibration against GMNIA results of CHS stub columns with various outer
diameter-to-thickness ratios D/t and different elevated temperature levels and steel grades:

p=10 for X< Ngpo,
p=1-05 (Xl,o - X1,0,0) for Xz,e > X1,9,07 (29)

where 3y is the auxiliary coefficient taken as

and Xz,o,o is the threshold slenderness calculated by

Aigo = 0.4 —0.24/235/f,. (31)

Note that the proposed expressions for the determination of p given by eq. (29) uses the
elevated temperature local buckling slenderness Xlﬁ =N/ k‘;ﬁ /kgp of a CHS, thereby con-

sidering the influence of the differential erosion rates of strength and stiffness on the lo-
cal buckling response of CHS members under axial compression at elevated temperatures.
Moreover, the proposed equations for the determination of the reduction factor p for the
consideration of local buckling in CHS members in fire employs threshold slenderness \; g0
varying with the yield strength of steel as can be seen from eq. (31). The higher the yield
strength, the longer the plateau slenderness Xlﬂ,() below which p is taken as equal to unity
(i.e. p = 1.0). This is in line with the observations made using the numerical benchmark
data obtained for CHS stub columns at elevated temperatures in this paper. It should also
be emphasised that as can be seen from eq. (22) and eq. (23), the use of the elevated tem-
perature ultimate strengths f, ¢ in lieu of the elevated temperature yield strengths f, ¢ for
the cases where €,y = k6, < 0.02 leads to an increase in the local buckling slenderness

of a cross-section \g by a factor of 4/ fue/fye- Thus, a cross-section classified as Class 3
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using the elevated temperature yield strength f, ¢ can fall into a Class 4 category when the
elevated temperature ultimate tensile strength f, 4 is used to determine its resistance and
if the cross-section is not able to reach the ultimate load carrying capacity of Ny = Af,0-
This was taken into consideration in the calibration of the local buckling reduction factor
p formulae and the threshold slenderness \; g expression provided in eq. (29) and eq. (31)
by using the elevated temperature ultimate tensile strength f, ¢ for cross-sections where
€up = ke, o€u < 0.02. In the following subsection, the accuracy of the new design proposals
for the determination of the ultimate cross-section axial compression resistances and flexural
buckling resistances of CHS members in fire is explored.

5.2. Assessment of the accuracy of the proposed design rules against the existing design rules
in EN 1993-1-2

In this subsection, the accuracy of the proposed design method for the determination
of the axial compression resistances of CHS members in fire is investigated. Fig. 13 illus-
trates the assessment of the ultimate axial compression resistances determined through the
proposed method against those obtained from GMNIA for CHS stub columns with various
elevated temperature cross-section local buckling slendernesses leg, steel grades and ele-
vated temperature levels. As can be seen from the figure, the proposed approach leads to
considerably more accurate ultimate cross-section axial compression resistance predictions
relative to EN 1993-1-2 [21] for CHS members in fire. The use of a single reference material
strength fy 9 =k} of, in the proposed method precludes the discontinuity in the resistance
predictions made for Class 4 and Class 1, 2 and 3 sections, thereby resulting in a much more
accurate assessment of the behaviour relative to EN 1993-1-2 [21]. The proposed approach
is particularly very accurate for normal-strength grade S355, S275 and S235 CHS members,
though it also leads to safe and accurate strength predictions for high strength steel grade
S690 and S460 steel CHS members. Note that the conservative predictions for high-strength
grade S690 and S460 steel CHS stub columns were primarily observed for the cases where the
ratios of the elevated temperature 0.2% proof strengths fp020 = kpo.2,0f, to ultimate tensile
strengths f, 9 = kuofy, (i-e. fpo20/fy0) are high, which can be understood by comparing the
strength reduction factors k02 and k,» provided in Tables 1 and 2 with the results pre-
sented in Fig. 13 (a) and (b). As previously stated, in the cases where f,020/ fu¢ ratios are
high, the CHS stub columns lose their initial elevated temperature stiffness at later stages of
the loading history relative to those with low f,020/fue ratios, thus exhibiting higher local
buckling strengths at elevated temperatures. For the case of normal-strength grade S355,
5275 and S235 steel CHS stub columns, since (i) the ratios of the elevated temperature proof
strengths f, 9 = kpof,, after which the material starts to lose its initial elevated temperature
stiffness as can be seen from Fig. 2, to the elevated temperature strengths at 2% total strain
fyo = kyof, (ie. foo/fye) are rather constant in the practical elevated temperature range
of 300 °C — 700 °C and (ii) the same elliptical material model was assumed for different
temperatures, similar local buckling response at different elevated temperature levels was
observed. This enables the very accurate local buckling strength estimations of the proposed
method for all the considered parameters in the case of normal-strength CHS stub columns
as can be seen from Fig. 13.
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A statistical appraisal of the accuracy of the proposed design approach for the determi-
nation of the ultimate elevated temperature cross-section axial compression resistances of
CHS members against that of EN 1993-1-2 [21] is provided in Table 4, where N is the number
of the considered stub columns, € is the ratio of the ultimate resistance of a stub column ob-
tained from GMNIA to that determined through a design method (i.e. € = Rgynia/ Rmethod)
and €4, €cOV, €mar and €,;, are the average, coefficient of variation, maximum and min-
imum of € values respectively. As can be seen from Table 4, relative to EN 1993-1-2 [21],
the proposed approach leads to significantly more accurate ultimate cross-section resistance
predictions of both high-strength steel and normal-strength steel CHS columns in fire. The
accuracy of the proposed design approach relative to EN 1993-1-2 [21] is also graphically
illustrated in Fig. 14, where the considerably higher accuracy of the proposed design method
can also be observed.

Following the assessment of the accuracy of the proposed design approach for the cross-
section axial compression resistances of CHS members in fire, its accuracy for the predictions
of the flexural buckling strengths of CHS columns at elevated temperatures is also investi-
gated in Fig. 15. As can be seen from the figure, the proposed design method leads to safe
and accurate flexural buckling strength predictions for different steel grades, slendernesses
Ao and elevated temperature levels. The accuracy of the proposed design approach is as-
sessed in Fig. 16 for the ultimate strength predictions of CHS columns with Class 1, 2 and
3 sections in fire. Comparing Fig. 16 with Fig. 12, it can be observed that the use of the
imperfection factor expression given in eq. (27) relative to the EN 1993-1-2 [21] imperfection
factor expression provided in eq. (11) results in safer ultimate strength predictions for CHS
columns with Class 1, 2 and 3 sections in fire. In Table 5, the accuracy of the proposed
design method is also compared against that of EN 1993-1-2 [21]. As can be seen from
the table, the proposed design method leads to more accurate and safe ultimate strength
predictions relative to EN 1993-1-2 [21] for high-strength and normal-strength steel CHS
columns in fire with lower ecoy ratios. The relatively higher accuracy of the proposed de-
sign method against EN 1993-1-2 [21] for ultimate strength predictions of CHS columns in
fire is also graphically shown in Fig. 17. For the purpose of investigating the accuracy of
the use of the imperfection factor a = 0.65,/235/ f, recommended in EN 1993-1-2 [21] in
the proposed design method, the ratios of the ultimate resistances obtained from GMNIA
to those determined by using o = 0.65,/235/f, in lieu of o = 0.90,/235/f, in eq. (22)
are also provided in Table 5, where it can be seen that the use of a = 0.65,/235/ f, in the
proposed design method leads to somewhat unsafe results in some cases. However, note
that the imperfection factor o = 0.65,/235/ f,, adopted in EN 1993-1-2 [21] was developed
considering the ultimate resistances of normal-strength steel columns obtained from a large
number of fire experiments [24], where the likelihood of specimens having the imperfection
magnitude of Wy = L/1000 with the most detrimental imperfection shape (i.e. in the
shape of the lowest buckling mode) is small; the original imperfection factor recommended
for EN 1993-1-2 [21] considering the worst geometric imperfection shape with a magnitude
of Wyiopar = L/1000 was higher [24]. Thus, a comprehensive number of fire experiments that
will be carried out on high-strength steel CHS columns may indicate the suitability of the
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use of an imperfection factor expression providing imperfection factors smaller than those
obtained through the imperfection factor expression of a@ = 0.904/235/ f,, proposed in this
study.

Finally, the reliability of the proposed design method for the design of CHS columns at
elevated temperatures is assessed in Table 6 taking into consideration the three reliability
criteria proposed by Kruppa [67] for the design of steel members in fire. Note that the
three reliability criteria proposed by Kruppa [67] have been approved and adopted by the
CEN TC/250 Horizontal Group focusing the development of the European structural steel
fire design standard EN 1993-1-2 [21] for the assessment of the accuracy and reliability of
methods for the fire design of steel structures, which were also used in [68-71]. According to
Criterion 1 of [67], none of the strength predictions obtained through the considered design
approach should exceed GMNIA results by more than 15%, while Criterion 2 states that less
than 20% of the design predictions should be on the unsafe side. Finally, Criterion 3 states
that the design predictions should be safe-sided on average. In Table 6, the percentage
of the columns for which the overestimations of the ultimate strengths exceeded 15% of
those obtained from GMNIA is shown under Criterion 1, the percentage of the columns
whose ultimate resistances were overestimated is shown under Criterion 2 and the average
percentage of the differences between the design and GMNIA ultimate strengths is shown
under Criterion 3. The violated criteria are highlighted with “*’. As can be seen from
Table 6, the proposed method satisfies all the reliability criteria of Kruppa [67] with the
exception of Criterion 2 but this is deemed to be acceptable considering that Criterion 1
is only violated for a small number of very slender CHS columns with \g > 2.0 which are
generally outside of the column proportions used in practice. On the other hand, Table 6
shows that EN 1993-1-2 [21] generally violates the reliability criteria of Kruppa [67], proving
that the proposed design method leads to both more reliable and accurate ultimate strength
predictions of high-strength and normal-strength CHS columns at elevated temperatures.
The reliability of the proposed design method is also assessed in Table 6 when it is used
with the imperfection factor expression a = 0.654/235/f, recommended in EN 1993-1-2
[21], where it can be seen that it leads to the violation of a number of reliability criteria
recommended by Kruppa [67].

6. Conclusions

In this paper, the behaviour and design of high-strength and normal-strength grade S690,
5460, S355, S275 and S235 steel CHS members subjected to axial compression in fire is in-
vestigated. Finite element models of CHS steel members were created and validated against
the results obtained from experiments on CHS steel columns in fire and room temperature.
Following the validation of the finite element models, they were utilised to carry out exten-
sive numerical parametric studies to generate comprehensive structural performance data
for CHS stub columns and long columns at elevated temperatures, considering different steel
grades, elevated temperature levels, local cross-section slenderness and global member slen-
derness. In total, 500 CHS stub columns and 1250 long CHS columns were considered in the
numerical parametric studies. The obtained structural performance data of CHS members
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subjected to axial compression in fire were then used to assess the existing provisions of
EN 1993-1-2 [21] for the determination of cross-section axial compression resistances and
flexural buckling resistances of CHS columns at elevated temperatures. It was observed that
EN 1993-1-2 [21] leads to quite inaccurate predictions of the ultimate cross-section axial
compression resistances and flexural buckling resistances of CHS steel columns susceptible
to local and global buckling effects in fire, where the predictions were particularly more
inaccurate for high strength steel CHS members. For the purpose of establishing a more
accurate way of assessing the structural response of CHS columns at elevated temperatures,
a new design method for the determination of the axial compression resistances of CHS
members in fire was put forward. It was illustrated that the proposed method leads to
considerably more accurate and safe cross-section axial compression resistances and flexural
buckling resistances of both high-strength and normal-strength CHS columns influenced by
local and global instability effects at elevated temperatures. The reliability of the proposed
design method was also verified using the three reliability criteria set out by Kruppa [67] for
the design of structural steel members in fire, while the existing design rules in EN 1993-1-2
[21] violated a number of reliability criteria of [67] for CHS columns at elevated tempera-
tures. In this paper, the cross-section axial compression resistances and flexural buckling
resistances of high-strength and normal-strength steel grade S690, S460, S355, S275 and
S235 CHS members in fire were investigated, future research will be directed towards the
behaviour and design of high-strength and normal-strength steel CHS members under bend-
ing and combined bending and axial compression at elevated temperatures. Future research
will also focus on the structural response and design of high-strength and normal-strength
tubular steel members with square, rectangular and elliptical hollow sections in fire.
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Figures captions

Figure 1 : Details of the finite element models of CHS stub columns and columns devel-
oped in this study

Figure 2 : Stress-strain relationship and material property reduction factors for carbon
steel at elevated temperatures adopted in this study as given in [21]

Figure 3 : Comparison of the Young’s modulus reduction factors kg ¢ and yield strength
reduction factors k, ¢ for grade S690, 5460, S355, S275 and 5235 steels adopted in this study

Figure 4 : Elevated temperature stress-strain response of S690 and S460 grade steels at
different elevated temperature levels obtained by [53, 54| and material model adopted in the
finite element models

Figure 5 : Comparison of the axial deformation versus time paths obtained from the fire
experiments carried out on high-strength steel CHS columns by Tondini et al. [15] and those
determined through the finite element models created in this study

Figure 6 : Comparison of the failure mode of C1 CHS high-strength steel column speci-
men observed in the experiment of Tondini et al. [15] and that determined through the finite
element model of the specimen created in this study

Figure 7 : Comparison of the axial stress versus axial strain paths obtained from the
experiments carried out on high-strength steel CHS stub columns by Wei et al. [60] at room
temperature against those determined through the finite element models created in this study

Figure 8 : Comparison of the axial deformation versus time paths obtained from the fire
experiments carried out on normal-strength steel CHS columns by Pires et al. [61] and those
determined through the finite element models created in this study

Figure 9 : Comparison of the axial stress normalised by the yield strength versus axial
strain paths obtained from the experiments carried out on normal-strength steel CHS stub
columns by O’Shea and Bridge [62] at room temperature against those determined through
the finite element models created in this study

Figure 10 : Accuracy of EN 1993-1-2 [21] for the ultimate strength predictions of CHS
stub columns in fire

Figure 11 : Accuracy of EN 1993-1-2 [21] for the ultimate strength predictions of CHS
columns in fire

Figure 12 : Accuracy of EN 1993-1-2 [21] for the ultimate strength predictions of CHS
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columns with Class 1, 2 and 3 sections in fire

Figure 13 : Accuracy of the proposed design method for cross-section axial compression
resistances of CHS members at elevated temperatures

Figure 14 : Accuracy of the proposed design method against EN 1993-1-2 [21] for the
ultimate cross-section axial compression resistance predictions of CHS members in fire

Figure 15 : Accuracy of the proposed design method for the flexural buckling resistance
predictions of CHS steel columns at elevated temperatures

Figure 16 : Accuracy of the proposed design method for the flexural buckling resistance
predictions of CHS steel columns with Class 1, 2 and 3 sections at elevated temperatures

Figure 17 : Accuracy of the proposed design method against EN 1993-1-2 [21] for flexural
buckling strength predictions of CHS columns in fire
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Figure 1: Details of the finite element models of CHS stub columns and columns developed in this study
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Figure 6: Comparison of the failure mode of C1 CHS high-strength steel column specimen observed in the
experiment of Tondini et al. [15] and that determined through the finite element model of the specimen
created in this study
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Figure 8: Comparison of the axial deformation versus time paths obtained from the fire experiments carried
out on normal-strength steel CHS columns by Pires et al. [61] and those determined through the finite
element models created in this study
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Figure 10: Accuracy of EN 1993-1-2 [21] for the ultimate strength predictions of CHS stub columus in fire
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Figure 11: Accuracy of EN 1993-1-2 [21] for the ultimate strength predictions of CHS columns in fire
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Figure 12: Accuracy of EN 1993-1-2 [21] for the ultimate strength predictions of CHS columns with Class

1, 2 and 3 sections in fire
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Figure 13: Accuracy of the proposed design method for cross-section axial compression resistances of CHS
members at elevated temperatures
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Figure 14: Accuracy of the proposed design method against EN 1993-1-2 [21] for the ultimate cross-section
axial compression resistance predictions of CHS members in fire
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Figure 15: Accuracy of the proposed design method for the flexural buckling resistance predictions of CHS
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Figure 16: Accuracy of the proposed design method for the flexural buckling resistance predictions of CHS
steel columns with Class 1, 2 and 3 sections at elevated temperatures
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Figure 17: Accuracy of the proposed design method against EN 1993-1-2 [21] for flexural buckling strength
predictions of CHS columns in fire
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Table 1: Material reduction factors derived by Qiang et al. [53] and Ramberg-Osgood exponents used in
this study for grade S690 steel (E = 204690 MPa, f,=789 MPa, ¢, =821 MPa and ¢,=0.051)

Temperature (°C)  kpg kpo2o kye kue ke, ng me
200 0.875 0.884 0.982 0.991 0.957 6.20 1.93
300 0.839 0.879 0.975 0.961 0.696 5.80 2.10
400 0.775 0.794 0.850 0.828 0.280 5.40 2.27
500 0.685 0.628 0.624 0.628 0.161 5.00 2.43
550 0.546 0.554 0.533 0.558 0.178 4.80 2.52
600 0.372 0.380 0.371 0.377 0.196 4.60 2.60
700 0.141 0.100 0.133 0.130 0.333 4.20 2.77

Table 2: Material reduction factors derived by Qiang et al. [54] and Ramberg-Osgood exponents used in
this study for grade S460 steel (E = 202812 MPa, f,=504 MPa, 0,=640 MPa and ¢,=0.115)

Temperature (°C)  kpg kpoo2e Kkyo kuo ke, , ng me

200 0.881 0.812 0.994 0.969 0.758 10.00 2.70
300 0.799 0.750 1.000 1.000 0.804 9.00 3.00
400 0.669 0.681 0.949 0.880 0.517 8.00 3.30
500 0.509 0.520 0.739 0.601 0.296 7.00 3.60
550 0.374 0496 0.559 0.443 0.217 6.50 3.75
600 0.291 0.379 0415 0328 0.139 6.00 3.90
700 0.153 0.196 0.187 0.157 0.066 5.00 4.20
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Table 3: Summary of numerical parametric studies carried out in this paper

Cross-section L/D D/t Steel grade Temperature
» » S690 300 °C
O |- D 10 to 200 S460 400 °C
D 3 with S355 500 °C
NEJ AD/t =10 S275 600 °C
Stub D =100 mm S235 700 °C

columns
S690 300 °C
D o

) 5 to 50 95. 50, 100, S460 400 °C
with 150, 200 S355 500 °C
AL/D =5 ’ 8275 600 °C
D = 100 mm S235 700 °C

Columns

Table 4: Accuracy of the proposed design method against EN 1993-1-2 [21] for the ultimate cross-section
axial compression resistance predictions of CHS members in fire
Steel grade N €av  €ECOV  €maz Emin
S690 100 1.69 0.346 3.05 1.05
S460 100 1.51 0.243 2.37 0.99
EN 1993-1-2 [21] S355 100 1.50 0.214 2.11 0.96
S275 100 1.41 0.204 1.92 0.96
S235 100 1.35 0.197 183 0.94
S690 100 1.17 0.112 145 1.00
S460 100 1.14 0.095 1.44 0.99
Proposal S355 100 1.03 0.019 1.08 0.98
S275 100 1.01 0.018 1.06 0.99
S235 100 1.00 0.019 1.06 0.97
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Table 5: Accuracy of the proposed design method against EN 1993-1-2 [21] for flexural buckling strength
predictions of CHS columuns in fire

Steel grade N € €OV €mazr  Emin

S690 250 1.34 0.311 2.73 0.80

S460 250 1.37 0.225 239 0.88

EN 1993-1-2 [21] S355 250 1.35 0.205 2.19 0.84
S275 250 1.27 0.221 2.07 0.82

S235 250 1.25 0.218 1.99 0.81

S690 250 1.23 0.143 1.72 0.83

S460 250 1.31 0.129 2.01 0.96

Proposal S355 250 1.18 0.103 1.53 0.94
S275 250 1.16 0.118 1.53 0.92

S235 250 1.15 0.129 1.54 0.92

S690 250 1.15 0.137 1.59 0.79

S460 250 1.20 0.120 1.81 0.89

Proposal — o = 0.65,/235/ f, S355 250 1.08 0.097 1.35 0.84
S275 250 1.05 0.111 1.35 0.82

S235 250 1.04 0.121 1.36 0.81

Table 6: Assessment of the reliability of the design proposal made in this study and EN 1993-1-2 [21] on the
basis of the three reliability criteria set out by Kruppa [67]. Note that the numbers denoted by * violates
the corresponding criterion

Steel Grade Criterion 1 Criterion 2  Criterion 3

S690 3.61* 9.24 -19.86

S460 0.00 3.24 -24.25

EN 1993-1-2 [21] S355 2.82% 8.06 -23.03
S275 8.03* 20.08* -17.47

S235 9.28* 22.36* -15.77

S690 3.21% 12.45 -17.16

S460 0.00 0.81 -22.34

Proposal S355 0.00 8.87 -14.46
S275 0.00 12.85 -12.99

5235 0.00 16.03 -11.89

S690 8.43* 16.47 -11.17

S460 0.00 4.86 -15.74

Proposal — o = 0.65,/235/ f, S355 2.82* 24.60* -6.11
S275 5.62* 32.93* -3.79

S235 8.44* 40.93* -2.17
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