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The behaviour of cold-formed normal- and high-strength steel columns with square and rectangular hollow
sections (SHSs and RHSs) at elevated temperatures was investigated numerically in this paper. A finite element
model was developed and validated against experimental results for the cold-formed steel SHS and RHS
stub and long columns tested at ambient and elevated temperatures. Parametric studies were subsequently
conduced on cold-formed normal- and high-strength steel SHS and RHS columns with various cross-section
slenderness and member slenderness at elevated temperatures ranging from ambient to 800 °C. Based on the
numerical results and experimental results reported in literature, the applicability of existing design approaches
in European and North American standards to the columns at elevated temperatures was evaluated. The
evaluation shows that the approaches in standards provide quite conservative strength predictions for the
cold-formed normal- and high-strength steel SHS and RHS columns at elevated temperatures except for the
overestimation of cross-sectional resistance obtained based on the North American standard. Modified design
approaches were proposed to improve the accuracy of strength predictions and can be safely applied to generate
designs for the columns under various elevated temperatures.

1. Introduction

Cold-formed steel hollow section structures have been widely ap-
plied in the construction industry for buildings, bridges and offshore
platforms, owing to their high resistance to buckling and aesthetic
appearance [1-3]. In addition to the widely used normal-strength
steel for fabricating these structures, high-strength steel with nominal
yield strength above 460 MPa has gained increasing popularity in
the construction industry and can be used to form the cold-formed
hollow section structures with higher strength, reduced sizes and lower
embodied carbon footprint [4-7]. In order to implement the structures
formed with high-strength steel, extensive research studies have been
conducted to investigate the behaviour and design of cold-formed high-
strength steel hollow section structures subject to compression [3,8-
10], bending [11] or combined compression and bending [12-14].
These research studies primarily focused on the structural performance
under the ambient temperature condition. However, structures can be
subject to elevated temperatures due to the occurrence of fire which
causes significant damages to steel structures since the strength and
stiffness of the material deteriorate with increasing temperatures [15-
18]. Therefore, the behaviour of the structures at elevated temperatures
needs to be fully understood in order to conduct fire resistance design.
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Previous studies with the consideration of elevated temperature
conditions mainly focused on the hot-finished hollow section struc-
tures [22-24]. Compared with the hot-finished structures, the struc-
tures fabricated through cold-forming processes can have different ma-
terial properties, residual stresses and geometric imperfections which
all can influence the structural performance [19,25]. Limited research
studies were performed on the cold-formed hollow section structures
at elevated temperatures and are reviewed here. Feng et al. [26] per-
formed numerical simulations on cold-formed SHS columns made of the
S355 grade steel at two elevated temperatures of 400 °C and 600 °C.
In the study, it was found that the resistance of the columns at elevated
temperatures was dependent on the global geometric imperfection
magnitudes. They also compared the ultimate loads of the columns
from numerical simulations with those predicted based on European
standard [27] and found that conservative strength predictions were
obtained. Balarupan and Mahendran [21] conducted experiments on
nine cold-formed SHS columns at ambient and elevated temperatures
up to 700 °C. The columns with two cross-sectional sizes and the same
length were fabricated using the steel with nominal yield strength of
450 MPa. Through the experimental investigations, the columns were
found to experience significant strength decrement with increasing tem-
peratures. The ultimate loads for the columns from experiments were
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Table 1
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Dimensions and parameters of cold-formed SHS and RHS columns tested at ambient and elevated temperatures.

Specimen B (mm) H (mm) t (mm) Steel grade Boundary conditions L (mm) Temperature conditions

H80 x 80 x 4-S [10] 80.4 80.1 3.94 $700 Fixed 240 Ambient

H100 x 100 x 4-S [10] 100.5 100.2 3.92 $700 Fixed 300 Ambient

H120 x 120 x 4-S [10] 120.9 120.7 3.92 $700 Fixed 360 Ambient

H140 x 140 x 5-S [10] 140.2 141.0 4.94 $700 Fixed 420 Ambient

H140 x 140 x 6-S [10] 141.1 141.1 5.96 $700 Fixed 420 Ambient

H160 x 160 x 4-S [10] 160.5 160.3 3.97 $700 Fixed 480 Ambient

H100 x 50 x 4-S [10] 100.2 50.5 3.94 $700 Fixed 300 Ambient

H200 x 120 x 5-S [10] 200.3 120.5 4.94 $700 Fixed 565 Ambient

V80 x 80 x 4-S [10] 80.4 80.2 3.94 5900 Fixed 240 Ambient

V100 x 100 x 4-S [10] 100.3 100.4 3.97 $900 Fixed 300 Ambient

V120 x 120 x 4-S [10] 121.2 121.4 3.92 5900 Fixed 360 Ambient

SHS 100 x 100 x 4-CF1 [19] 100.6 100.5 3.59 $355 Fixed 405 Ambient

SHS 60 x 60 x 3-CF1 [19] 60.1 60.3 2.78 $355 Fixed 245 Ambient

H80 x 80 x 4-LBC [20] 80.3 80.1 3.94 5700 Pinned 1480 Ambient

H100 x 50 x 4-LBC [20] 100.2 50.6 3.97 $700 Pinned 1480 Ambient

H50 x 100 x 4-LBC [20] 50.3 100.2 3.98 $700 Pinned 1480 Ambient

65 x 65 x 3-room [21] 65.0 65.0 3.00 G450 Fixed 1800 Ambient

65 x 65 x 3-T200 [21] 65.0 65.0 3.00 G450 Fixed 1800 200 °C

65 x 65 x 3-T400 [21] 65.0 65.0 3.00 G450 Fixed 1800 400 °C

65 x 65 x 3-T500 [21] 65.0 65.0 3.00 G450 Fixed 1800 500 °C

65 x 65 x 3-T600 [21] 65.0 65.0 3.00 G450 Fixed 1800 600 °C

65 x 65 x 3-T700 [21] 65.0 65.0 3.00 G450 Fixed 1800 700 °C

65 x 65 x 6-T500 [21] 65.0 65.0 6.00 G450 Fixed 1800 500 °C

65 x 65 x 6-T600 [21] 65.0 65.0 6.00 G450 Fixed 1800 600 °C

65 x 65 x 6-T700 [21] 65.0 65.0 6.00 G450 Fixed 1800 700 °C
also compared with the strength predictions based on European [27] —\\ |
and North American [28] standards. The comparison showed that the
European and North American standards primarily provide conserva-
tive strength predictions. From these existing research studies, it is
evident that these investigations focused on structures with a specific G N
steel grade and limited range of dimensions. Besides, the behaviour of ¢ _
the cold-formed SHS and RHS columns formed using steel with higher -
grades and subject to elevated temperatures remains unexplored. t -

Therefore, in this study, the behaviour of cold-formed normal- and

high-strength steel SHS and RHS columns at elevated temperatures
was investigated numerically. A finite element model was developed
and validated using the experimental results reported in literature for NS /) N————
cold-formed normal- and high-strength steel SHS and RHS columns B B

tested under ambient and elevated temperatures. Parametric studies
were subsequently performed on cold-formed SHS and RHS columns
with various cross-sectional dimensions, member slenderness and steel
grades and subject to elevated temperatures ranging from 20 to 800 °C.
Furthermore, the applicability of design specifications in Eurocode 3
and AISC 360 standards to the structures at various elevated tempera-
tures was evaluated based on the results of parametric studies in this
study and experimental results in literature. Based on the evaluation,
design approach modifications were also proposed.

2. Numerical modelling

Numerical investigations on cold-formed normal- and high-strength
steel SHS and RHS columns at elevated temperatures were performed
through finite element (FE) modelling using the software package
ABAQUS 6.14 [29]. Compared with physical testing of the structures,
the finite element modelling methodology is economical and efficient
for the investigations on structures at elevated temperatures [30-32]. A
FE model was developed and validated using the experimental results
for the cold-formed normal- and high-strength steel SHS and RHS stub
and long columns at ambient and elevated temperatures [10,19-21], as
shown in Table 1 for the summary of experimental results in literature
based on the nomenclature defined in Fig. 1.

2.1. Finite element model

The cold-formed normal- and high-strength steel SHS and RHS
stub and long columns were simulated using the four-noded shell

Fig. 1. Symbols of the SHS and RHS.

elements S4R with reduced integration [33-35]. The element mesh
size of about the same as the plate thickness of the columns was
adopted through mesh sensitivity analysis. To accurately simulate the
structural behaviour, the material properties for the columns provided
in the experimental investigations [10,20,21,36] were employed. As
for the cold-formed stub columns tested by Gardner et al. [19] at the
ambient temperature, the stress—strain relationship was obtained using
the model provided by Gardner and Yun [37] for cold-formed steel
hollow sections since no completed material stress—strain relationship
was provided. The stress—strain relationship obtained at ambient and el-
evated temperatures for the respective columns were converted into the
true stress versus log plastic strain relationship which was subsequently
substituted as the input for the modelling.

Initial local and global geometric imperfections can influence the
behaviour of the cold-formed normal- and high-strength steel hol-
low section columns [4,8,38]. To take this effect into account, the
lowest local and global eigenmode shapes for the columns obtained
through separate linear eigenvalue buckling analysis were used as
the geometric imperfection shapes. For the stub columns tested in
Ma et al. [10] and Gardner et al. [19], the obtained geometric im-
perfection shapes were scaled with the local geometric imperfection
magnitudes measured in those studies for model validation and no
global geometric imperfections were considered since the governing
failure mode is local buckling. For the long columns tested at ambient
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and elevated temperatures, the measured magnitudes of the local and
global imperfections [10,20,21] were adopted for the FE modelling of
the structures. Since no local geometric imperfections were provided for
the columns tested by Balarupan and Mahendran [21], the imperfection
magnitudes provided by Gardner et al. [19] for cold-formed SHS were

adopted.
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(b) Long column based on the experiment reported in [21].

Fig. 2. Typical FE models compared with experimental conditions.

Apart from the geometric imperfections, membrane and bending
residual stresses were found to exist in the cold-formed hollow sections
due to the fabrication processes. The bending residual stresses were
inherently incorporated by applying the input material properties mea-
sured for specimens extracted from the cold-formed hollow sections [8,
14,39]. The effect of bending residual stresses was introduced in the
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Fig. 3. Comparison of the obtained P, for cold-formed SHS and RHS stub columns
with different steel grades with the P, from experiments [10,19-21].
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Fig. 4. Comparison of the load versus axial displacement responses predicted in FE
modelling with experimental results reported in literature for typical stub columns [10,
19].

material properties measurement tests by straightening the specimens
with curved shapes due to the release of bending residual stresses in
the process of extracting the specimens from the cold-formed hollow
sections [39,40]. As for the membrane residual stresses, their effect
on the behaviour of columns was found to be quite limited [8,14].
Thus, membrane residual stresses were not taken into account in the
FE model.

The boundary conditions used in the experiments for the columns
were also simulated in the model using reference points coupled with
the nodes of end surfaces of each column. For the columns tested
under fixed-ended conditions, all degrees of freedom at the reference
points were restrained except for the longitudinal translation. For the
pin-ended columns, the rotations about the buckling axis at two ends
and the displacement in the direction of loading at the loaded end
were allowed at the respective reference points while other degrees
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Fig. 5. Comparison of the load versus mid-height deflection responses predicted in FE
modelling with experimental results reported in literature [20] for typical long columns.

of freedoms were restrained. Typical FE models for stub and long
columns are shown in Fig. 2 in comparison with the column specimens
in experimental investigations. The load was subsequently applied
through the reference point on the loaded side by specifying an axial
displacement in a static RIKS step employed to predict the behaviour
of the structures.

2.2. Validation

The FE model described in the previous section was validated by
comparing the FE results with the experimental results reported in liter-
ature for cold-formed normal- or high-strength steel SHS and RHS stub
and long columns tested at ambient and elevated temperatures [10,19-
21]. The ultimate loads (P, pg) from FE modelling were firstly compared
with those (Pu,exp) obtained in experiments, as shown in Fig. 3. As can
be seen in the figure, the ultimate loads were accurately predicted, with
the mean P, g/ P, ., ratio of 1.00 and the coefficient of variation (CoV)
of 0.04.

The load-displacement responses predicted in FE modelling were
also compared with the experimental results. The comparison of the
load versus axial displacement responses from FE modelling and exper-
iments for typical stub columns is presented in Fig. 4 while the com-
parison of load versus mid-height deflection for typical long columns
is provided in Fig. 5. It can be observed in these figures that the load-
displacement responses for cold-formed SHS and RHS stub and long
columns were replicated by the FE model. Furthermore, the predicted
local or global buckling failure modes of the structures also compared
well with the failure mode observations from experimental investiga-
tions, as shown in Fig. 6 for typical stub and long columns. These
comparisons between the results from FE modelling and experimental
investigations demonstrate that the FE model can provide accurate
predictions of the behaviour of cold-formed normal- and high-strength
steel SHS and RHS stub and long columns at ambient and elevated
temperatures.

,exp

3. Parametric study

With the validated FE model, systematic parametric studies were
performed on cold-formed normal- and high-strength steel SHS and
RHS stub and long columns at elevated temperatures ranging from
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Fig. 6. Comparison of the failure modes predicted in FE modelling with the experi-
mental observations for (a) H160 x 160 x 4-S [10]; (b) SHS 100 x 100 x 4-CF1 [19];
(c) 65 x 65 x 6-T600 [21] and (d) H50 x 100 x 4-LBC [20].

ambient temperature to 800 °C (ambient temperature, 200 °C, 400 °C,
600 °C and 800 °C). A variety of parameters for the cross-sectional di-
mensions, member slenderness ratios and steel grades were considered.
For the SHS columns, the dimension for B and H of the cross-sections
equals to 140 mm while varying plate thicknesses between 3 mm and
7 mm were used to obtain the Class 1-3 and Class 4 cross-sections
according to the European standard [27]. For the RHS columns, the
width B and height H as 100 mm and 200 mm respectively were used
while the plate thickness varied between 4 mm and 10 mm to obtain
Class 1-4 cross-sections. The length for the fixed-ended stub columns
was taken as three times of the H of the cross-sections to avoid the
occurrence of global buckling [10,19]. For the pin-ended long columns,
member slenderness as the effective length over radius of gyration ratio
(L/r) is ranged from about 20 to 100 by adopting different effective
lengths for the columns. For RHS long columns, the buckling about both
major and minor axes was considered.

Thin-Walled Structures 180 (2022) 109947

For these stub and long columns, grades of S355, S450, S700 and
S900 to cover normal- and high-strength steel were considered. The
material properties, especially the stress—strain relationship, for these
grades of steel in cold-formed sections at the ambient temperature,
were obtained based on the models proposed in previous studies [36,
37,41]. As for the elevated temperature conditions, the material prop-
erties such as the elastic modulus, yield strength, and ultimate strength
were obtained based on the nominal values at the ambient temperature
and reduction factors for the properties of those steel grades based on
experimental investigations [18,36,42]. The stress—strain relationship
at the elevated temperatures was generated based on the model in Im-
ran et al. [42] for S355 steel, the model in [36] for S450 steel and that
in Li et al. [43] for S700 and S900 high-strength steel. Apart from the
input of material properties, initial geometric imperfections were also
incorporated. For the magnitudes of local geometric imperfections, the
magnitudes suggested by Gardner et al. [19] for cold-formed normal-
strength steel SHS and RHS was adopted while the magnitudes given
by Ma et al. [10] for those sections fabricated with S700 and S900
high-strength steel were used. For the global geometric imperfections,
the magnitude as effective length over 1000 was found to be suitable
for cold-formed SHS and RHS long columns [44] and was used in the
parametric study.

4. Design approaches

With the numerical results generated in this study and the exper-
imental results in literature, the applicability of design approaches in
Eurocode 3 and AISC 360 standards to the cold-formed normal- and
high-strength steel SHS and RHS columns was assessed. The strength
predictions for SHS and RHS stub and long columns investigated in
parametric studies were obtained based on the material properties used
for the modelling. As for the structures from experimental investiga-
tions in literature, the material properties in those studies were used
for estimating the ultimate loads. The predicted ultimate loads (P,)
were compared with the P, pg ey, from parametric studies and experi-
mental results. The accuracy of the approaches for strength predictions
is discussed in the subsequent sections. Modifications to the design
approaches were also proposed to generate more accurate predictions.

4.1. Evaluation of existing design approaches

4.1.1. Eurocode 3

The Eurocode 3 provides design approaches in the Part 1-2 [27]
for steel stub and long columns at elevated temperatures. For the SHS
and RHS stub columns subject to axial compression, the resistance of
the structures with Class 1-3 (non-slender) or Class 4 (slender) cross-
sections can be estimated using Eq. (1). In the equation, A and A
are the gross and effective cross-sectional area respectively, f,, is the
stress corresponding to 2% strain at elevated temperatures and f, 4 is
the 0.2% proof strength of the material at elevated temperatures. The
Ay for Class 4 cross-sections can be estimated based on the effective
width (b,) calculated using Eq. (2) provided in the Part 1-5 of Eurocode
3 [45,46]. In Eq. (2), b is the plate width excluding the corner regions,

4, is the non-dimensional slenderness of a plate element in any SHS
or RHS and y is the stress ratio based on the stress distribution. The
determination of cross-section classification is based on the parameter
eo which is defined in Eq. (3). In Eq. (3), the value 0.85 is given in
the standard as the averaged value of the square root for the ratios of
reduction factor for elastic modulus (kg ,) over that for yield strength
(k, ) at elevated temperatures. As for the long columns, the resistance
can be estimated by multiplying the cross-section resistance calculated
from Eq. (1) by the reduction factor (ygc) for flexural buckling. The
ec is estimated using Egs. (4)-(7). In the equations, 7 is the non-
dimensional member slenderness at the ambient temperature and can
be estimated from Eq. (8) where N, is the elastic critical force.

AX frg for Class 1 —3 cross — sections
Ppcs = { ) @

Acrr X fooe for Class 4 cross — sections
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Fig. 7. Comparison of the strength predictions based on Eurocode 3 for cold-formed
SHS and RHS stub columns with those from parametric studies and experimental results
in literature [10,19].
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The strengths (P, gc3) estimated based on these equations are com-
pared with the P, g,y for the cold-formed SHS and RHS stub and long
columns made of normal- and high-strength steel, as shown in Figs. 7
and 8 for stub and long columns respectively. As can be seen in the
figures, the ultimate loads for the columns were underestimated. For
the stub columns with SHS and RHS, the mean P, pgexp/Pypcs ratios
are about 1.03-1.16 with the CoV as 0.02-0.10, as shown in Tables 2
and 3 respectively. As for the long columns, the mean P, pgexp/ Purcs
ratios are about 1.20-1.40 with CoV of 0.09-0.18, as shown in Table 4.

4.1.2. AISC 360

AISC 360 provides the specifications for steel structural design at
elevated temperatures in Appendix 4. The resistance of columns can
be estimated from Eq. (9) using the material properties at elevated
temperatures. The F, , is the critical stress at elevated temperatures
and can be calculated using Eq. (10) given for the elevated temper-
ature conditions. In Eq. (10), F,, is the elastic buckling stress at
elevated temperatures. For the stub and long columns with slender
cross-sections, the estimation of b, for the slender plate elements in
the cross-sections is specified in the standard for determining A,
as given in Eq. (11). The F,, is the elastic local buckling stress at
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Fig. 8. Comparison of the strength predictions based on Eurocode 3 for cold-formed
SHS and RHS long columns with those from parametric studies and experimental results
in literature [20,21].

elevated temperatures and estimated based on Eq. (12) where 4 is the
width-to-thickness ratio for the plate element and A, is the limiting
width-to-thickness ratio as given in Eq. (13) where E, is the elastic
modulus at elevated temperatures. While calculating the P, z;gc for
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Table 2
Statistic evaluation of strength predictions based on design approaches for cold-formed SHS stub columns at ambient and elevated temperatures.
Steel grade Cross-section classification Parameters P rerexp/ Puics Py pesexp/ Puaisc Py pe+Exp/ Pu,modics P pe+Exp/ Pu,modaisc
S355 Non-slender Mean 1.03 1.01 - -
cov 0.03 0.04 - -
Slender Mean 1.04 0.91 1.04 1.05
Ccov 0.04 0.04 0.04 0.05
S450 Non-slender Mean 1.04 0.02 - -
cov 0.10 0.10 - -
Slender Mean 1.04 0.87 1.04 1.06
cov 0.06 0.03 0.02 0.06
S700 Non-slender Mean 1.10 1.09 - -
cov 0.02 0.02 - -
Slender Mean 1.15 0.99 1.03 1.02
cov 0.10 0.08 0.07 0.06
S900 Non-slender Mean 1.09 1.09 - -
Ccov 0.04 0.04 - -
Slender Mean 1.13 0.98 1.05 1.04
cov 0.10 0.08 0.06 0.06

Table 3
Statistic evaluation of strength predictions based on design approaches for cold-formed RHS stub columns at ambient and elevated temperatures.
Steel grade Cross-section classification Parameters Py re+exp/ Puics Py pesexp/ Puaisc Py perixp/ Pumodecs Py pe+ixp/ Pumodaisc
S355 Non-slender Mean 1.06 1.06 - -
cov 0.03 0.03 - -
Slender Mean 1.07 0.95 1.01 1.01
cov 0.05 0.02 0.05 0.06
S450 Non-slender Mean 1.05 1.05 - -
cov 0.04 0.04 - -
Slender Mean 1.09 0.95 1.01 1.01
cov 0.05 0.02 0.04 0.03
S700 Non-slender Mean 1.13 1.13 - -
cov 0.03 0.03 - -
Slender Mean 1.16 1.12 1.01 1.03
cov 0.10 0.10 0.03 0.02
S900 Non-slender Mean 1.15 1.15 - -
Ccov 0.03 0.03 - -
Slender Mean 1.16 1.07 1.04 1.05
cov 0.06 0.07 0.04 0.05
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Fig. 9. Comparison of the strength predictions based on AISC 360 for cold-formed SHS
and RHS stub columns with those from parametric studies and experimental results in
literature [10,19].

stub columns, the F, , in Egs. (9) and (11) can be taken as the yield
strength at elevated temperatures ( fyﬂ) [47]. In order to have the direct
comparison with the design specifications from Eurocode 3, the fy , for
strength predictions followed the same arrangements as that based on
Eurocode 3, as presented in Eq. (1).

AXF,. o for non— slender cross — sections
Parsc = ) (C)]
Aopp X Fepg for slender cross — sections

Im
o =042V el I £, (10)

FC
F F
by=bx|1-02x )= ) /=22 11)
cr,0 Fcr,é‘
y) 2
Fyg= <1.38 X 7’) X fro 12)
E9
Ao=14x /=% (13)
».0

The strength predictions based on AISC 360 are compared with
those from the numerical results in this study and experimental results
in literature, as shown in Figs. 9 and 10 for stub and long columns
respectively. The statistical evaluation for the accuracy of strength
predictions is provided in Tables 2-4. As can be observed in Fig. 9
and Tables 2 and 3, overestimations of the ultimate loads by 1%-—
13% on average were obtained mainly for the SHS and S355 and S450
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Statistic evaluation of strength predictions based on design approaches for cold-formed SHS and RHS long columns at ambient and elevated temperatures.

Cross-section shape Steel grade Buckling axis Parameters P re+xp/ Pucs P pesexp/ Puaisc P, pe+exp/ Pu,modecs P pe+Exp/ Pu,modaisc
SHS $355 - Mean 1.31 1.39 1.20 1.25
cov 0.11 0.09 0.10 0.10
5450 - Mean 1.40 1.46 1.33 1.26
- Cov 0.12 0.11 0.14 0.12
S700 - Mean 1.33 1.50 1.17 1.29
cov 0.16 0.12 0.12 0.16
S900 - Mean 1.22 1.42 1.10 1.24
cov 0.13 0.10 0.12 0.13
RHS S355 Major axis Mean 1.27 1.38 1.15 1.18
cov 0.10 0.08 0.08 0.06
Minor axis Mean 1.26 1.36 1.14 1.18
Ccov 0.10 0.08 0.08 0.08
S450 Major axis Mean 1.36 1.40 1.16 1.20
Ccov 0.18 0.15 0.11 0.09
Minor axis Mean 1.32 1.41 1.18 1.21
cov 0.12 0.14 0.10 0.08
S700 Major axis Mean 1.27 1.45 1.14 1.23
cov 0.12 0.11 0.10 0.11
Minor axis Mean 1.26 1.45 1.13 1.23
cov 0.10 0.08 0.07 0.08
S900 Major axis Mean 1.20 1.43 1.09 1.20
Ccov 0.09 0.09 0.08 0.10
Minor axis Mean 1.21 1.47 1.10 1.20
Ccov 0.09 0.11 0.07 0.09

RHS stub columns with slender sections while underestimations by 1%—
13% on average were generated for the stub columns with non-slender
sections and different steel grades. As for the long columns, the strength
predictions are quite conservative with the mean P, pg ey / Py arsc ratios
of about 1.36-1.50 and the CoV of 0.08-0.15, as shown in Table 4.

4.2. Modified design approaches

4.2.1. Design approaches for resistance of stub columns with slender cross-
sections

The evaluation of design approaches for estimating the resistance of
stub columns demonstrates that the AISC 360 can provide unconserva-
tive strength predictions for the structures with slender cross-sections
while underestimations up to 16% on average were obtained based
on Eurocode 3. These results indicate that more accurate design ap-
proaches are required for estimating the resistance of the stub columns
with slender cross-sections. The modifications to the specifications
based on effective width methods in Eurocode 3 and AISC 360 are
described separately in the subsequent sections.

4.2.1.1. Modification to Eurocode 3. To improve the accuracy of
strength predictions for each SHS or RHS stub column with a slender
cross-section, the strength contribution (P, ;) from the plate element
undergoing local buckling to the ultimate capacity of each stub column
was obtained from the FE modelling. The P, . values normalised
by A x fy,, are plotted against /l_p estimated according to Eurocode
3, as shown in Fig. 11(a). From the figure, it can be observed that
the P, e can be higher than A x f;,,, revealing that using f,,
can lead to quite conservative strength predictions. Besides, the high
scattering and conservative predictions may be also due to the lack
of accurate consideration for the reduced elastic modulus and yield
strength at different elevated temperatures which can influence the
resistance of stub columns that undergo local buckling [30]. According
to Eurocode 3, the 0.85 in Eq. (3) refers to the averaged value of
the square root for the kg, over kyg ratios ([kgg /ky,9]0~5). However,
the [kgg/kys]1"° varies between about 0.91 and 1.97 for steel in
different grades according to the measurements of material properties
at elevated temperatures [18,36,42].

In order to generate more accurate and consistent predictions, the
£p.mod Can be estimated using Eq. (14) based on the measured kg, and
ky o for steel in different grades and used for estimating Ep,mod to accu-
rately incorporate the variation of elastic modulus and yield strength
with different temperatures. The f,, was employed for the strength
predictions to be consistent with that applied to the non-slender cross-
sections and to reduce the conservatism of strength predictions for
the stub columns with Class-4 sections and relatively lower plate slen-
derness. To develop a suitable approach for strength predictions, the
P, prate values normalised by A x f, 4 are plotted against Ep,mod obtained
using &g ,0q calculated from Eq. (14), as presented in Fig. 11(b). As
can be seen in the figure, the P, ,,./A X f,, decreases with increasing
Ep,mod in a consistent manner, indicating that mathematical expression
of the relationship can be used for predicting the structural resistance.
It can also be observed that Eq. (2) based on original specifications in
Eurocode 3 agrees well with the variation of P, ;,./A X f, with _p,mad
for RHS stub columns. For the SHS stub columns, the P, ,,./A X f, 4 for
a specific El,ﬁmod is relatively lower than that for RHS stub columns since
the plates with lower widths in RHS can provide better restraints to the
plate elements undergoing local buckling. To accurately estimate the
resistance for SHS stub columns based on _p’mod, Eq. (15) was generated
to fit the variation of P, /A X fr9 With Epmd and to provide the
lower bound based on the data obtained in this study. The accuracy
of strength predictions (P, ,,qec3) based on the proposed modifications
was evaluated statistically, as shown in Tables 2 and 3. The mean
P, g 1Exp/ Pumodecs Tatios are about 1.01-1.05 with CoV of 0.03-0.07.
Compared with the P, p; obtained based on the original specifications
in Eurocode 3, the modified approach provides more accurate and less
scattered strength estimations, as shown in Tables 2 and 3.

235 [keo
€9.mod = ' X Ton 14
¥y A
2008 =008l X(B+y)  _
be,mad =bx pmod — fOr Ap,mod > 0.51 (15)
j'p,m.')d

4.2.1.2. Modification to AISC 360. The specifications given in AISC 360
for estimating the P, i5c for stub columns with slender cross-sections
are based on the 4., as shown in Egs. (11)-(13). Thus, the estimation
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Fig. 10. Comparison of the strength predictions based on AISC 360 for cold-formed
SHS and RHS long columns with those from parametric studies and experimental results
in literature [20,21].

of 4, can directly influence the accuracy of strength predictions. To
obtain accurate estimation of 4, for elevated temperature conditions,
the P, for plate elements of SHS and RHS stub columns were

obtained and the normalised P, .. by A X f,, are plotted against
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Fig. 11. Variation of normalised strength contribution (P,,.) from plate elements
with non-dimensional slenderness of plates (a) based on original specifications in
Eurocode 3 and (b) based on proposed modifications.

A/( f—*’) in Fig. 12. The f,, was adopted since the use of f,, for
2.0 ’ -

strength predictions can lead to more significant underestimations of
the resistance for the stub columns with non-slender cross-sections.

As can be seen in Fig. 12, the A, as 1.4 x fE—" is unsafe for those
2.0

SHS and RHS stub columns under elevated temperatures and A, ,,4 as
115 x /£ s proposed.
20

In order to develop an approach for safe and more accurate strength
predictions, the variation of P, /A X f5 9 With /4, noq Was obtained,
as presented in Fig. 13. Based on the relationship in Fig. 13, Eq. (16)
was generated through regression analysis by satisfying that be starts to
reduce when A reaches A, .4, and the relationship from Eq. (16) agrees
with the data for SHS and RHS stub columns with different grades
as the lower bound. The P, 4a1sc estimated based on the modified
approach for SHS and RHS stub columns with slender cross-sections
are compared with the P, gg ey, @s shown in Tables 2 and 3. The
mean P, pgyexp/ Pumodarsc Tatio is about 1.01-1.06 with CoV of 0.02-
0.06. Therefore, the modified approach can be applied to generate
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Fig. 13. Variation of normalised strength contribution (P, ;,.) With 4/4, , ratios for
plate elements of SHS and RHS columns.

more accurate and safe estimations of the resistance for SHS and RHS
stub columns with slender cross-sections at elevated temperatures in
comparison with those obtained based on the original approach in AISC
360.

Armod )“rmod 2
b x 1.17'T—O.l7><<’T> , for SHS

(16)

e

j'rmad 073 Armad :
bx 1.2<’T> —0.2X<’T> , for RHS

4.2.2. Design approaches for long columns

The strength predictions obtained based on existing design ap-
proaches in Eurocode 3 and AISC 360 for long columns were found
to be significantly conservative, as discussed in Section 4.1. To reduce
the conservativism for economical designs, more accurate approaches
are needed for estimating the strengths of long SHS and RHS columns
subject to elevated temperatures. Modifications to the approaches in
Eurocode 3 and AISC 360 are proposed in the subsequent sections.
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Fig. 14. Proposed yu. versus 2, relationship based on the normalised resistance of
SHS and RHS long columns.

4.2.2.1. Modification to Eurocode 3. The estimation of P, 3 for long
SHS and RHS columns at elevated temperatures is based on the esti-
mation of cross-sectional resistance and the ypc versus 4, relationship
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Fig. 15. Variation of normalised P, preq, With fyo/fco-

which is dependent on the parameter «. In addition to the proposed
approaches in Section 4.2.1.1 for cross-sectional resistance predictions,
to further improve the accuracy of predicting the resistance of the
long columns, the P, gy, for the structures are normalised by the
cross-sectional resistance obtained based on Eurocode 3 for non-slender
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sections and the modified approach in Section 4.2.1.1 for slender
sections, and subsequently plotted against 4,, as shown in Fig. 14. The
relationship of gy versus 4, based on the « given as Eq. (6) is also
shown in the figure. It can be seen in the figure that the yg- versus
4, curve locates below the normalised P, re+exp data since the a was
obtained by fitting limited data [30] without covering a wide range
of steel grades. Based on the normalised P, pp .y, versus 2, obtained
for the columns with different grades, a formula for calculating a,,.4
was generated, as given as Eq. (17). The statistical evaluation of the
modified approach for long columns is presented in Table 4. The
P, modec3 Values are 9%-33% on average lower than P, ggey, With CoV
of 0.07-0.14. Compared with the P, g-; obtained based on the original
specifications in Eurocode 3, the modified approach generates more
accurate and safe strength predictions, as shown in Table 4.

Toq = 0.52 X 1/235/,

4.2.2.2. Modification to AISC 360. The P, 55c predictions for the long
columns were primarily based on the F_, in Egs. (9) and (10). To
improve the accuracy of strength predictions, a more accurate approach
for estimating F, would be required. Thus, the P, pg,cx, for the
SHS and RHS long columns were normalised by the cross-sectional
resistance obtained based on the original AISC 360 for those with non-
slender sections and the modified approach in Section 4.2.1.2 for those
with slender sections and the normalised P, pg,.y, are plotted against
fye/fep> @s shown in Fig. 15. As can be seen in the figures, the F g
calculated from Eq. (10) would lead to quite conservative strength
predictions. Thus, Eq. (18) obtained through regression analysis is
proposed to generate the F , that agree better with the data for
the columns, as demonstrated in Fig. 14. By using Eq. (18), more
accurate P, ;,,qaisc Were obtained, as shown in Table 4 for the statistical
evaluation.

a7

Iy

0.6
Fog= 0.52(5> X f10 (18)

c

5. Conclusions

The structural performance of cold-formed normal- and high-
strength steel SHS and RHS columns at elevated temperatures was
investigated through finite element modelling. A finite element model
was developed with the validated capability of replicating the ex-
perimental results for the behaviour of those columns at ambient
and elevated temperatures. Parametric studies were subsequently con-
ducted on the cold-formed normal- and high-strength steel SHS and
RHS stub and long columns with a wide range of cross-sectional
dimensions, member slenderness and steel grades and subject to various
elevated temperatures up to 800 °C. The ultimate loads obtained for the
stub and long columns through parametric studies and those from ex-
perimental investigations in literature were compared with the column
strengths predicted based on specifications in Eurocode 3 and AISC 360
standards. The comparison shows that the Eurocode 3 underestimates
the strengths for the stub and long columns at elevated temperatures
for up to 40% on average. As for the AISC 360 standard, unconservative
strength predictions were obtained primarily for the SHS stub columns
and S355 and S450 RHS stub columns while the standard generates
quite conservative predictions for the ultimate loads of SHS and RHS
long columns. To improve the accuracy of strength predictions, modi-
fications to the design approaches in the standards were proposed. The
modified approaches provide more accurate strength predictions than
those based on original design approaches in the standards and thus are
recommended to be used for the design of the cold-formed normal- and
high-strength steel SHS and RHS columns under elevated temperatures.
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