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The structural behaviour and design of stainless steel circular hollow sections (CHS) and elliptical hollow sec-
tions (EHS) at elevated temperatures are investigated in this paper. Shell finite element models of stainless steel
CHS and EHS are created and validated against experimental results from the literature, which are subsequently
used to generate benchmark structural performance data. Parametric studies are performed on a large number of
cold-formed and hot-rolled austenitic, duplex and ferritic stainless steel CHS and EHS subjected to (i) pure axial
compression, (ii) pure bending, (iii) combined axial compression and bending and (iv) combined bending and
shear at elevated temperatures; the studied cases comprise 24,495 stainless steel CHS and EHS in fire and cover a
wide range of cross-section slendernesses and elevated temperature levels. Calibrated against the benchmark
structural performance data obtained from the numerical parametric studies, new design proposals for predicting
the cross-section resistances of stainless steel CHS and EHS in fire are put forward. The accuracy, safety and
reliability of the new design proposals are assessed. It is shown that in comparison to the design provisions of the
European structural steel fire design standard EN 1993-1-2, the proposed design methods provide more accurate

and safe-sided cross-section resistance predictions for stainless steel CHS and EHS at elevated temperatures.

1. Introduction

Stainless steel is increasingly being used in the construction and
offshore industries owing to its excellent corrosion resistance, very high
durability and low maintenance costs. In comparison to carbon steel,
stainless steel also exhibits superior strength and stiffness retention at
elevated temperatures [1], resulting in a considerably improved fire per-
formance for stainless steel structures [2]. Owing to their aesthetic
appearance, circular hollow sections (CHS) and elliptical hollow sections
(EHS) are widely used in structural applications. Relative to open section
members, CHS and EHS members also possess significantly higher
torsional stiffness, which effectively suppresses flexural-torsional in-
stabilities. Combining the structural advantages of CHS and EHS and the
benefits of stainless steel as a construction material, stainless steel CHS and
EHS structural members are increasingly being used in practice and their
fire design is of interest to designers. However, thus far, the previous
research has predominantly focused on the room temperature structural
response and design of stainless steel CHS and EHS and there is very
limited knowledge with respect to the behaviour and design of stainless
steel CHS and EHS structural members at elevated temperatures.
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Local buckling impairs the cross-section resistances of steel cross-
sections, which must be considered in both room temperature and
elevated temperature design. The current European structural steel fire
design standard EN 1993-1-2 [3] adopts the room temperature local
buckling assessment rules provided in the European room temperature
structural steel standard EN 1993-1-1 [4] and stainless steel design
standard EN 1993-1-4 [5] to consider the influence of local instability
effects on the ultimate resistances of carbon steel and stainless steel
cross-sections in fire, respectively. However, these design rules were
originally developed by taking into account the local buckling response
of carbon steel and stainless steel cross-sections at room temperature,
thus typically providing inaccurate estimations of the structural
behaviour of carbon steel and stainless steel cross-sections in fire owing
to the significantly different material response of carbon steel and
stainless steel at elevated temperatures. Considering this, recently, a
number of research studies into the local buckling behaviour of carbon
steel and stainless steel elements at elevated temperatures have been
performed. Ranby [6] recommended the use of room temperature steel
cross-section design methods with (i) the elevated temperature material
strengths at 2% total strain f5 ¢ for the fire design of Class 1, 2 and 3 steel
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Fig. 1. Details of finite element models developed in this study.

cross-sections and (ii) the elevated temperature 0.2% proof strengths
fpo.2,0 for the fire design of Class 4 steel cross-sections, considering the
low probability of the attainment of high strain levels in Class 4 steel
cross-sections due to local buckling. This recommendation was adopted
in EN 1993-1-2 [3] in conjunction with the room temperature local
buckling design rules provided in EN 1993-1-1 [4] and EN 1993-1-4 [5]
for the local buckling assessment of carbon steel and stainless steel cross-
sections at elevated temperatures, respectively. However, [7-9]
demonstrated that EN 1993-1-2 [3] does not only lead to rather inac-
curate ultimate resistance predictions for steel cross-sections in fire in a
large number of cases but also generates an artificial step between the

ultimate resistance predictions for Class 3 and 4 cross-sections owing to
the adoption of two distinct elevated temperature material strengths (i.
e. fa,9 and fpo.2,0). To eliminate this inaccuracy and discontinuity, Couto
et al. [9] recommended the use of the elevated temperature material
strengths at 2% total strain f>  for the ultimate resistance predictions of
steel cross-sections in fire regardless of their cross-section class in
conjunction with a new effective width method for carbon steel plates at
elevated temperatures. Considering that Couto et al. [9] only took into
account the structural response of carbon steel plates and cross-sections
in fire, Xing et al. [10] investigated the local buckling behaviour of
stainless steel plates at elevated temperatures and proposed a new
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Table 1
Determination of equivalent diameters D, for CHS and EHS under different
loading conditions.

Cross-section Loading condition Equivalent diameter D,

CHS Axial compression D

D[l + (1 72.3(5)0'6) (g, 1)]

D2
or conservatively equal to B

Axial compression

B2
EHS — for D/B<1.36
Major axis bending D

2
0.4 % for D/B greater than 1.36

Minor axis bending D?

B

effective width-based design method to accurately predict the ultimate
resistances of stainless steel plates at elevated temperatures, employing
the elevated temperature material strengths at 2% total strain f; ¢ as the
reference material strengths in all design cases. The design approach
proposed in Xing et al. [10] has also been verified for stainless steel
welded I-sections subjected to pure axial compression and pure bending
at elevated temperatures by [11]. However, since it was developed for
the local buckling assessment of stainless steel I-sections and square and
rectangular hollow sections (i.e. flat sections) at elevated temperatures,
the design approach put forward in [10] cannot be used for the local
buckling assessment of stainless steel CHS and EHS (i.e. non-flat sec-
tions) in fire. Taking into account the need for the accurate fire design of
steel CHS elements, Kucukler [12] investigated the compressive
behaviour of carbon steel CHS members at elevated temperatures and
proposed a new design method which is able to provide accurate and
safe compressive resistance predictions for high-strength and normal-
strength carbon steel CHS at elevated temperatures. However, since
carbon steel and stainless steel have distinctively different material
characteristics at elevated temperatures, the design method developed
in [12] is also not applicable to stainless steel CHS in fire and it is still
necessary to develop a fire design method specifically for stainless steel
CHS. Moreover, owing to the increasing use of stainless steel EHS
members in practice [13], a new design method furnishing accurate
estimations of the local buckling resistances of EHS in fire is also
required, which currently does not exist in the literature.

Considering the necessity for the development of accurate fire design
methods for stainless steel circular hollow sections (CHS) and elliptical
hollow sections (EHS), a research study focusing on the cross-section
behaviour and design of stainless steel CHS and EHS at elevated tem-
peratures is carried out in this paper. Both cold-formed and hot-rolled
CHS and EHS and austenitic, duplex and ferritic stainless steel grades
are considered; a wide range of cross-section slendernesses and elevated
temperature levels are covered; different loading conditions such as (i)
pure axial compression, (ii) pure bending, (iii) combined compression
and bending and (iv) combined bending and shear are investigated.
Calibrated against the numerical results obtained from the validated
shell finite element (FE) models of 24,495 stainless steel CHS and EHS in
fire, new design methods for predicting the cross-section resistances of
stainless steel CHS and EHS at elevated temperatures are developed.

The proposed fire design rules are also compared against the design
rules provided in the European structural steel fire design standard EN
1993-1-2 [3] for the local buckling assessment of stainless steel CHS and
EHS in fire. It is shown that relative to the existing EN 1993-1-2 [3]
provisions, the proposed design rules provide considerably more accu-
rate, safe and reliable ultimate resistance predictions for stainless steel
CHS and EHS at elevated temperatures.
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2. Finite element modelling

In this study, shell FE models are developed to mimic the behaviour
of CHS and EHS at elevated temperatures. Geometrically and Materially
Nonlinear Analyses with Imperfections (GMNIA) of the shell FE models
are carried out to generate extensive benchmark structural performance
data for CHS and EHS in fire, against which the proposed design
methods could be calibrated. The development and validation of the
shell FE models and comprehensive numerical parametric studies per-
formed in this study are described in this section.

2.1. Development of finite element models

2.1.1. Modelling approach

The finite element analysis software Abaqus [14] was used to carry
out the GMNIA simulations. The four-noded shell element S4R taking
into account transverse shear deformations and finite membrane strains
with reduced integration and a large-strain formulation, which has been
successfully employed in previous studies for similar applications
[11,12,15], was used to create all the models. Employing suitable
boundary conditions at the midspan and along the two longitudinal
edges through the member length in line with the approach adopted in
[12], two symmetry planes were exploited at the midspan and along the
half of the cross-section respectively, whereby computationally efficient
quarter models are generated as shown in Fig. 1. The generated quarter
models have been verified against the results obtained from the corre-
sponding full models. The end displacements and rotations were linked
to the reference points where the kinematic coupling and boundary
conditions are applied as can be seen from Fig. 1. For stub columns, fixed
end support conditions were employed by restraining all rotations r and
displacements u with the exception of the longitudinal displacements at
the loaded end (i.e. uy =u, =ry=ry=r,=0). For the other members
subjected to bending (i.e. stub beam-columns, beams subjected to uni-
form bending and 3-point bending), pin-ended support conditions about
the bending axis were established at the reference points by releasing the
rotation about the bending axis (i.e. uy=u, =ry=ry=0, butr, #0). In
all of the models with the exception of the 3-point bending cases, the
forces (i.e. concentric or eccentric axial force Ngq and bending moment
Mgq) were applied to the reference points at the ends, while in the
models subjected to 3-point bending, all degrees of freedoms at the
midspan section were linked to a reference point through rigid body and
a vertical load Vg4 was applied to the reference point at the midspan, as
shown in Fig. 1 (c). A fine mesh with shell element size of 0.1 \/D.t was
adopted, where t is the cross-section thickness and D, is the equivalent
diameter. The equivalent diameter D, is equal to the outer diameter D
for CHS but varies for EHS under different loading conditions [16-20] as
provided in Table 1, where D is the larger outer diameter and B is the
smaller outer diameter. Cross-section properties of CHS and EHS are
shown in Fig. 2. The element size along the member length was chosen
such that the element aspect ratios were approximately equal to unity.
This meshing strategy has been shown to be sufficiently refined to
provide accurate estimations of the local buckling behaviour of CHS and
EHS members [21,22]. This fine mesh was applied to all regions of stub
columns and stub beam-columns. For long members, e.g. uniform
bending cases and 3-point bending cases, the fine mesh was only applied
to the midspan regions where local buckling is expected, whose lengths
were taken as six times of the elastic local buckling half-wavelengths of
the cross-sections; on the other hand, for the remainder of the modelled
members, a coarser mesh with the element size of 0.5 +/D.t was adopted
in line with [22]. This meshing strategy was also used in [21,22] for CHS
and EHS members, which was shown to be able to reflect the member
behaviour while also maintaining good computational efficiency. The
Simpson integration method was used and five integration points were
employed through the thickness of the shell elements [14]. The
isothermal analysis approach was adopted for all the considered CHS
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Fig. 2. Geometry of CHS and EHS.
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Fig. 3. Two-stage elevated temperature Ramberg-Osgood material model for
stainless steel [23-25].

and EHS in fire in this study, where the temperatures of CHS and EHS
were initially increased to predefined elevated temperature levels 6
which resulted in the development of thermal strains and modification
of the material behaviour and then the loading was applied up to failure;
the maximum values of the applied loads observed in the FE simulations
were taken as the ultimate resistances of CHS and EHS at the predefined
elevated temperature levels 6. The modified Riks analysis [14] was
employed to obtain the full load-deformation response of the considered
stainless steel CHS and EHS in all the FE simulations, including the post-
ultimate response.

2.1.2. Material modelling

Both cold-formed and hot-rolled stainless steel CHS and EHS were
considered in this paper. For each stainless steel family, one typical
grade was chosen: 1.4301 austenitic (A), 1.4462 duplex (D) and 1.4003

Table 2

ferritic (F). In this study, the two-stage Ramberg-Osgood material model
[23-25] was used to express the full stress—strain o-¢ response at tem-
perature 6, as given by Egs. (1)-(2) and illustrated in Fig. 3, where Ej is
the Young’s modulus at temperature 0, Epg .24 is the tangent modulus as
given by Eq. (3), epo.2,0 is the total strain equal to 0.002 + f;,0.2,0/Ep at the
0.2% proof stress f0.2,0, fu,0 and & ¢ are the ultimate strength and strain
at temperature ¢ and ny and my are the strain hardening exponents,
respectively. The adopted two-stage Ramberg-Osgood material model
[23-25] is able to capture the nonlinear material stress—strain behaviour
[26] and accurately predict the stress—strain behaviour of stainless steel
at elevated temperatures [27-29]. Relative to the current provisions of
EN 1993-1-2 [3], this material model is less complex but more accurate
when compared to test results [28]; thus, it will be included in the up-
coming version of EN 1993-1-2 [3].

ng
e=240002(-7) for o< s @
E, o020
_ 0~ Jwas
€= 20 + Ey20
+ (e £ Juo *fpo.z,a) 6 — fro20 ' &)
.0 — 0.2,0 — g
w020 Ep20 Juo — o020

for foo20 < 0<fup

Ey
- 7 3
1 + 0.002n,-22 3)

fo02.0

Ey20 =

The material properties at elevated temperatures (i.e. f50.2,6, f2,0 fu,05
eu,0, Ep) utilised in Egs. (1)-(3) were determined by multiplying the
material properties at room temperature, i.e. the yield (0.2% proof)
stress fy, ultimate stress fy, ultimate strain ¢, and Young’s modulus E by
the corresponding strength (kpo.2,6, k2,6, ku,9), ductility (k) and stiff-
ness (kg,9) reduction factors provided in the Steel Construction Institute
(SCI) Design Manual for Structural Stainless Steel [30], which are based
on the extensive elevated temperature material testing results reported
in [27-29,31], thus fro20=kpo2dfy, fro=koofys fuo=kudfw

Summary of the adopted standardised material properties for stainless steel in the FE models [32].

Type Grade Young’s modulus E (N/mm?) Yield (0.2% proof) stress f Ultimate stress Ultimate strain &, Strain hardening exponent n
(N/mm?) fu (N/mm?)

Austenitic (A) 460 700 0.20 7.1
Cold-formed Duplex (D) 200,000 630 780 0.13 7.5
Ferritic (F) 430 490 0.06 11.5
Austenitic (A) 280 580 0.50 9.1
Hot-rolled Duplex (D) 200,000 530 770 0.30 9.3
Ferritic (F) 320 480 0.16 17.2
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Fig. 4. Typical elastic local buckling modes of CHS and EHS.

Table 3

Summary of the validation study for the developed shell FE models against the experimental results from [38,13].

Reference No. of tests Grade Section

Fire condition Ny,re/Nuy,test

Mean CoV Max Min

He et al. (2019) [38] 16 A CHS
Theofanous et al. (2009) [13] 6 A EHS

Post-fire 0.984 0.061 1.079 0.898
Room temperature 0.959 0.010 0.971 0.945

€u,0 = keu,0eu and Ey = kg gE. Since the material reduction factors from the
SCI Design Manual for Structural Stainless Steel [30] consider the results
from a higher number of elevated temperature material tests than those
taken into account in the development of EN 1993-1-2 [3], they lead to
more accurate estimations of the elevated temperature material prop-
erties of different stainless steel grades. The adopted material reduction
factors in this study will also be included in the upcoming version of EN
1993-1-2 [3]. The standardised room temperature material properties
for stainless steel recommended in [32], which were derived based on
the analysis of a comprehensive material test data on different stainless
steel products existing in the literature, were employed in this study, as
shown in Table 2. Note that the additional strength enhancement is
gained from cold working in cold-formed steel sections [33]. In line with
the recommendations of [30], the strain hardening exponent ny which is
used to define the first stage of the elevated temperature material
response was assumed as equal to the room temperature values n, which
were taken from [32] and are listed in Table 2. The strain hardening
exponent my was calculated using Eq. (4) [34] to ensure that the second
stage of the Ramberg-Osgood material model passes through f> g and f,, ¢
exactly at the 2% total strain and ultimate strain &, , respectively.

) .0 /p0.2.0
In (0‘026;;02.0 20

| | Juo~Tp020
€u,0—€p0.2,0

Ep0.2,0
fo—fpo20
In (fu o—/p0. 2.9)

2.1.3. Initial imperfections

Since this study focuses on the cross-section behaviour of stainless
steel CHS and EHS in fire, only local imperfections were taken into
consideration in the parametric studies. Local imperfections were
incorporated into the FE models in the form of the lowest elastic local
buckling modes obtained from the Linear Buckling Analyses (LBA) of the
modelled sections but with a modified thickness of tyoq = D/5 for CHS

) but 1.5 < my <5 )

mgy =

and tyoq = B/5 for EHS, where B is the smaller outer diameter of EHS;
this modified approach was found to effectively preclude the use of
inappropriate elastic local buckling shapes with unrealistically short
local buckling half-wavelengths in the application of local geometric
imperfections to the finite element models of CHS and EHS [22]. Fig. 4
presents examples of typical elastic local buckling modes obtained from
LBA for (a) a CHS subjected to pure axial compression, (b) an EHS
subjected to combined axial compression and major axis bending and (c)
an EHS subjected to combined axial compression and minor axis
bending. Following the recommendations of Annex C of EN 1993-1-5
[35], the local imperfection amplitudes were taken as 80% of the geo-
metric fabrication tolerances given by EN 10219-2 [36] for cold-formed
steel hollow sections and EN 10210-2 [37] for hot-rolled steel hollow
sections. Thus, the geometric fabrication tolerance value was taken as
D/100 but no less than 0.5 mm for CHS and EHS and it was also lower
than 10 mm for CHS. Residual stresses were not incorporated into the
shell FE models since their magnitudes are quite low within stainless
steel CHS and EHS and become even smaller at elevated temperatures
due to the development of thermal strains, thus having an insignificant
influence on the cross-section behaviour in fire [12].

2.2. Validation of numerical models

The shell FE models developed in this study were validated against
the results from physical experiments performed on stainless steel CHS
and EHS in the literature [13,38,39]. The geometric properties, material
properties, boundary conditions and loading conditions of the shell FE
models were consistent with those employed in the considered
experiments.

Since there is currently no experimental study performed on stainless
steel CHS and EHS stub columns or beam-columns at elevated temper-
atures in the literature, the developed shell FE models were first vali-
dated against experimental results on (i) austenitic stainless steel CHS
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CHS columns at elevated temperatures.

stub columns tested after their exposure to elevated temperatures [38]
and (ii) EHS stub columns tested at room temperature [13]. Table 3
shows a summary of the validation studies against the considered ex-
periments. In Table 3, the mean, coefficient of variation (CoV),
maximum and minimum values of the ratios of the ultimate load car-
rying capacities determined from the shell FE models Ny g to those
obtained from experiments Ny test (i.€. Ny re/Nuy,test) are provided. As can
be seen from Table 3, the shell FE models created in this study are able to
provide ultimate strength predictions that are generally very close to
those obtained from the physical experiments of [38] and [13]. Fig. 5
presents the experimental and numerical load-deformation curves for a

sample of the tested specimens. Fig. 5 (a) displays the axial load-end
shortening curves of the specimens labelled as the D73 series which
were tested after their exposure to the elevated temperature values of
450°C, 800 °C and 1000 °C (referred to as T 450, T 800 and T 1000) in
[38]. Moreover, Fig. 5 (b) shows the axial load-end shortening curves of
the EHS specimens OHS 86 x 58 x 3-SC1 and OHS 86 x 58 x 3-SC2
tested at room temperature in [13]. It can be seen from the figures that
the numerical load-deformation paths generally agree well with the
experimental load-deformation paths, highlighting the ability of the
developed finite element models in this study to replicate the behaviour
of CHS and EHS subjected to local instability effects.
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The fire experiments on pin-ended high-strength steel CHS columns
performed by Tondini et al. [39] were also utilised to validate the shell
FE modelling approach adopted in this study. For these long columns, in
addition to the local imperfections as described in Section 2.1.3, global
imperfections were also incorporated into the FE models, using the
lowest global buckling modes scaled to the maximum amplitudes of 1/
1000 of the member lengths L (i.e. L/1000). In [39], anisothermal ex-
periments were carried out, whereby a series of predefined axial loads
were first applied to the specimens, and then their temperatures were
increased until failure while the applied axial loads were kept constant.
The specimen temperature versus time relationships measured during
the experiments were adopted in the FE analysis. Since (i) the elevated
temperature material properties of the specimens were not provided in
Tondini et al. [39] and (ii) the room temperature material properties of
the specimens reported in [39] were close to the room temperature QB | 1”&
material properties measured for coupons made of grade S690 steel by
Qiang et al. [40], in the finite element models of the specimens created
herein, the elevated temperature material properties of the specimens
were defined through multiplying the material reduction factors derived
in [40] for S690 steel by the corresponding room temperature material
properties of the specimens from [39], following the approach adopted
by [12]. Comparison of the axial deformation versus time curves of the
C1, C2 and C3 specimens observed in the experiments of [39] and those
obtained from the shell FE models are shown in Fig. 6. As can be seen
from the figures, the axial deformation-time paths obtained from the
shell FE models closely follow the paths observed in the experiments.
The validation studies performed in this section indicate that the shell FE
models created in this paper are able to accurately replicate the struc-
tural response of CHS and EHS in fire and at room temperature and can
be used to generate benchmark structural performance data for their
response at elevated temperatures, against which new design methods
can be calibrated. It should be noted that the adopted finite element
modelling approach has also been extensively validated for stainless
steel and carbon steel plates, cross-sections, columns in fire in Kucukler
etal. [7,12,41,42] and Xing et al. [10,11].
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2.3. Parametric studies

Upon the validation of the FE models developed in this study,
parametric studies were carried out to generate benchmark structural
performance data. Table 4 summaries the details of the numerical
parametric studies. Both cold-formed and hot-rolled austenitic, duplex
and ferritic stainless steel were considered, covering (i) stub columns
subjected to pure axial compression Ngq, (ii) beams subjected to uniform
bending Mgq (Mygq for major axis bending or M,gq for minor axis
bending), (iii) stub beam-columns subjected to combined axial
compression Ngq and major or minor axis bending Mgq, and (iv) beams
subjected to major or minor axis 3-point bending which leads to com-
bined bending Mgq and shear Vgq. Isothermal analyses were performed
for all the considered members, adopting five different elevated tem-
perature levels of 6 =300 °C, 400 °C, 500 °C, 600 °C and 700 °C. The
aspect ratios of the studied EHS, i.e. the ratios of the larger outer
diameter D to the smaller outer diameter B, were taken as D/B=1.5, 2
and 2.5. The outer diameter D of CHS and the larger outer diameter D of
EHS were taken as a contant value equal to 100 mm in all the considered
cases in the numerical parametric studies, while the cross-section
thicknesses t were varied to achieve a broad spectrum of cross-section
slendernesses for CHS and EHS in fire. To take into account the influ-
ence of different material strengths on the local buckling behaviour of
CHS and EHS, the normalised material strength factor (fy;/235) was
adopted in the consideration of varying cross-section thicknesses in the
parametric studies, considering the use of this normalised material
strength factor (fy/235) in the cross-section classification rules of EN
1993-1-1 [4] and EN 1993-1-4 [5]. For CHS subjected to pure axial
compression and pure bending, the diameter D to cross-section thickness
t ratios multiplied by (fy/235) were ranged between 20 and 250 with an

20 - 250

with A10
40 - 250

with A10

Mgq

20 - 250

with A10
40 - 250

Nea
with A10

D/B
5
5

[§9)
300
400
500
600
700

Cold-formed

and
hot-rolled

Material
D, is the equivalent diameter of EHS under pure axial compression (see Table 1).

Cross-section

CHS
EHS

Summary of parametric studies performed on stainless steel CHS and EHS at elevated temperatures.

Table 4
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Fig. 7. Definition of radial angle ¢ for the combined compression and bending
loading condition.

Table 5

Limit equivalent diameter D, to thickness t ratios (De/t);im for the classification
of stainless steel CHS and EHS at elevated temperatures according to EN 1993-1-
2 [3].

Class Compression Bending

Class 1
Class 2
Class 3

(De/Diim = 50e4”
(De/D)tim = 70¢4>
(De/Dtim = 280¢,”

(De/Diim = 50e4”
(De/Dtim = 704>
(De/Dtim = 90e,”

increment of 10 (i.e. (D/t)(fy/235) = 20-250 with A10). While for EHS
subjected to pure axial compression and pure bending, (De/t)(fy/235)
ratios were ranged between 40 and 250 with an increment of 10; note
that a higher lower limit was adopted for (De/t)(fy/235) ratios in the
case of EHS to avoid unrealistic thicknesses for high cross-section aspect
ratios D/B. For CHS and EHS under combined bending and axial
compression, (De/t)(fy/235) ratios were ranged between 20 and 240 and
40-240 with an increment of 20. In the case of CHS subjected to 3-point
bending (i.e. combined bending and shear), (D/t)(fy;/235) ratios were
ranged between 20 and 100 with an increment of 10; while for EHS
subjected to major and minor axis 3-point bending, (D/t)(fy/235) and
(B/t)(fy/235) were ranged between 20 and 100 with an increment of 10,
respectively. As can be seen from Table 4, to avoid the cases where shear
buckling may be of significance, an upper limit of 100 is imposed on (D/
)(fy/235) and (B/t)(fy/235) ratios for CHS and EHS under 3-point
bending (i.e. combined bending and shear), considering the recom-
mendations of [43]. The shear buckling of CHS and EHS in fire will be
comprehensively investigated in future research and is outside the scope
of this study. It should be noted that in EN 1993-1-4 [5], the nominal
thicknesses of cold-formed cross-sections is limited to 6.4 mm or 8 mm
for different stainless steel grades. Thus, the cross-section thicknesses of
the studied cold-formed CHS and EHS are limited to 6 mm in the nu-
merical parametric studies in line with [2,44].

As summarised in Table 4, for stub columns and stub beam-columns,
the member length L was taken as three times of the cross-section depth
3D in accordance with [45], which is deemed long enough for free
development of local buckling but also short enough to avoid significant
influence from global buckling. For CHS members subjected to 3-point
bending and EHS members subjected to 3-point major axis bending,
the member length to cross-section depth L/D ratios were taken as 2, 3,
5, and 10, while for EHS members subjected to 3-point minor axis
bending, the member length to cross-section width L/B ratios were taken
as 2, 3, 5, and 10 whereby different interaction levels of bending and
shear could be captured. For the case of CHS and EHS subjected to pure
bending, the bending capacity may be influenced by the member length
due to the ovalisation effect [46,47]. To account for the ovalisation
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effect, the member length in uniform bending should be long enough,
which was taken as L = 7D+/D/8t for CHS and EHS subjected major axis

bending and L=7D./B/8t for EHS subjected to minor axis bending.
These adopted member lengths correspond to the long cylinder domain
in which the ovalisation effect is stable and essentially the most severe
[46,47].

For CHS and EHS stub beam-columns, which are subjected to com-
bined axial compression and major or minor axis bending, a parameter
referred to as the radial angle ¢ was used to describe the level of
interaction between the applied axial compression Ngq and bending
moment Mggq, as determined by Eq. (5) and presented in Fig. 7. In Eq. (5),
A and Wy are the cross-section area and plastic section modulus,
respectively.

¢ — tan—l ( NEd/(Akzagf)') ) (5)

Mg/ (Wyikaofy)

As shown in Fig. 7, the radial angle ¢ varies between 0° and 90°. In
this study, in addition to pure bending ¢ = 0° and pure axial compres-
sion ¢ =90°, five different radial angles ¢ =15°, 30°, 45°, 60° and 75°
were also considered in the numerical analyses of stub beam-columns in
fire, thereby accounting for different intensity levels for axial
compression and bending.

Taking into consideration the broad range of parameters shown in
Table 4, in total, 24,495 stainless steel CHS and EHS members at
elevated temperatures were considered in the numerical parametric
studies in this paper, which comprised (i) 2500 CHS and EHS stub col-
umns, (ii) 4475 CHS and EHS subjected to uniform bending, (iii) 10,600
CHS and EHS stub beam-columns subjected to combined axial
compression and bending and (iv) 6920 CHS and EHS beams subjected
to three-point bending which resulted in the application of combined
shear and bending. The comprehensive structural performance data
obtained from these extensive numerical parametric studies on 24,495
CHS and EHS in fire will be utilised in the following sections for the
assessment of EN 1993-1-2 [3] and the development of new design
methods for CHS and EHS subjected to different loading conditions at
elevated temperatures.

3. EN 1993-1-2 design method for stainless steel CHS and EHS in
fire

In this section, the methods provided in the European structural steel
fire design standard EN 1993-1-2 [ 3] for the design of stainless steel CHS
and EHS at elevated temperatures are briefly introduced; the accuracy of
these methods is investigated in Section 5. According to EN 1993-1-2
[3], the ultimate cross-section resistances of stainless steel CHS and
EHS at elevated temperatures could be calculated through the combi-
nation of the general fire design rules given in EN 1993-1-2 [3] and the
room temperature design rules given in the European room temperature
structural stainless EN 1993-1-4 [5] and carbon steel EN 1993-1-1 [4]
design standards, adopting the elevated temperature material properties
of stainless steel. Currently, EN 1993-1-4 [5] and EN 1993-1-1 [4] do not
include any provisions for the cross-section classification of steel EHS.
Thus, the room temperature cross-section classification rules provided in
EN 1993-1-4 [5] for CHS were adopted for the cross-section classifica-
tion of EHS in this study, utilising the equivalent diameter D, (see
Table 1) in lieu of the outer diameter D specified for CHS. Note that this
procedure is in line with the upcoming version of EN 1993-1-4 [5].
Moreover, EN 1993-1-4 [5] and EN 1993-1-1 [4] also does not include
any design equations for the determination of the effective section
properties of steel CHS and EHS. Considering this, the formulae for the
determination of the effective cross-section areas A and section moduli
Weg of CHS and EHS put forward in Chan and Gardner [16,17] were
employed in this paper in conjunction with the provisions of EN 1993-1-
2 [3] for the local buckling assessment of stainless steel CHS and EHS in
fire. Note that the formulae provided in Chan and Gardner [16,17] for
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Table 6
Cross-section resistances of stainless steel CHS and EHS at elevated temperature
according to EN 1993-1-2 [3].

Class Compression Bending

Mg 1 ra = Wpik2,ofy/ 7w fi
Mg, rd = Welka,of o/ 76
Mg, rd = Westkpo.2,ofy/ 7\ 6

Class 1 and 2
Class 3
Class 4

Nii,t ra = Ak, ofy/ M fi
Nii,e rd = Ak, ofy/rmfi
N, rd = Aestkpo.2,afy/7M 6

the determination of the effective cross-section areas Aes and section
moduli Weg of CHS and EHS will be included in the next revision of the
European structural stainless steel design standard EN 1993-1-4 [5]. Itis
also noteworthy that the described approach used in this study in the
investigation of the accuracy of EN 1993-1-2 [3] for stainless steel CHS
and EHS in fire was also adopted in Martins et al. [48].

3.1. Cross-section classification

According to EN 1993-1-2 [3], the cross-section classification of
stainless steel CHS and EHS in fire can be carried out following the same
rules provided in the European room temperature stainless steel design
standard (i.e. EN 1993-1-4 [5]) but with a reduced elevated temperature
material factor ¢y determined as given by Eq. (6) where ¢ is the room
temperature material factor.

235 E

—0.856 = 0.85, | = ——
“ ¢ 7, 210000

(6)

In accordance with EN 1993-1-4 [5], stainless steel CHS and EHS in
fire are classified into four classes, depending on the ratio of the
equivalent diameter D, to thickness t (i.e. D./t) as well as the elevated
temperature material factor &y. The limit equivalent diameter to thick-
ness (De/t)im ratios for CHS and EHS subjected to different loading
conditions at elevated temperatures given by EN 1993-1-2 [3] are listed
in Table 5. Note that the equivalent diameter D, of a cross-section is
calculated as shown in Table 1 for the corresponding loading condition.

3.2. Cross-section resistance

Table 6 summarises the design resistance calculations given in EN
1993-1-2 [3] for stainless steel CHS and EHS subjected to axial
compression or bending at elevated temperatures on the basis of their
cross-section class. In the table, Ng (rqa and Mg 1 rq are the design axial
compression and bending moment resistances of a cross-section for
temperature 6 at time t, A and A are gross and effective section areas,
Wpl, Wel and Wy are plastic, elastic and effective section moduli and yy,
g is the partial safety factor for fire design taken as equal to unity. In line
with the recommendations of Chan and Gardner [16,17], the effective
section area A¢fr and effective section modulus Wegr are determined using
the following equations:

% 235
D./t f,

[140 235
Wee = W - 8
ff el Dc /[ fy ( )

where the equivalent diameter D, of a cross-section is calculated as
shown in Table 1, considering the applied loading conditions. Note that
according to EN 1993-1-2 [3], the effective section properties stainless
steel cross-sections at elevated temperatures should be taken as the same
as those for room temperature. Since the elevated temperature strength
at 2% total strain fo g = ko ofy is used as the reference material strength
for Class 1, 2 and 3 cross-sections but the elevated temperature 0.2%
proof strength f,0.2,0 = kpo.2,qfy is used as the reference material strength
for Class 4 cross-sections, there is an artificial step between the ultimate

At =A

)

Engineering Structures 285 (2023) 115996

resistances of Class 3 and Class 4 CHS and EHS in fire according to EN
1993-1-2 [3]. The accuracy of the fire design rules provided in EN 1993-
1-2 [3] for CHS and EHS is assessed in Section 5.

In the case of stainless steel CHS and EHS subjected to combined
axial compression and bending, there are no specific expressions in EN
1993-1-2 [3] for the cross-section design, which can instead be treated
as an extreme case of member design. Since it was assumed that stub
beam-columns are not susceptible to global buckling (e.g. flexural
buckling or lateral-torsional buckling) and no global imperfection was
incorporated into the shell FE models in this study, the global buckling
reduction factors were taken equal to unity and only the interaction
between the cross-section axial compression resistance and bending
resistance was taken into account in the assessment of EN 1993-1-2 [3]
for the design of CHS and EHS subjected to combined axial compression
and bending in fire. The design formula provided in EN 1993-1-2 [3] for
cross-sections subjected to combined compression and bending at
elevated temperatures is given by Eq. (9),

N kyM.
Ed yi¥ly Ed +

Nii ¢ ra

kzMz.Ed

M, fi 1 ra

<1 %)

My 5i ¢ ra

in which My g4 and M gq are the applied major and minor axis bending
moments and My ¢ rd and M, f;  rq are the design major and minor axis
bending resistances, respectively. In Eq. (9), ky and k; are the interaction
factors as given by Egs. (10) and (11), where the major and minor axis
equivalent uniform moment factors fyy and fy,, are equal to 1.1 for
uniform bending moment. Note that since global buckling was not
considered herein, Zyﬂ and 4, were taken equal to the extreme value of
0 in the determination of the cross-section resistances of CHS and EHS
under combined compression and bending according to EN 1993-1-2 [3]
in this study.

ky =1

N
y = ,M<37

Nigra (10)
with g, = (2B, — 5)Ayo + 0446y, +029< 0.8

_HNea s
Nrira 11
with y, = (1.28y, — 3) 4,0 + 0.718y, — 0.29 < 0.8

k, =1

High shear forces have an adverse effect on the cross-section re-
sistances of CHS and EHS at elevated temperatures, which should be
taken into account in their fire design. Directing the designer to the
European room temperature structural steel design standard EN 1993-1-
1 [4], the European structural steel fire design standard EN 1993-1-2 [3]
recommends the determination of the reduced cross-section bending
resistances due to high shear forces by means of the reduced elevated
temperature material strengths fy ¢ ; as calculated by Eq. (12), where ky ¢
is equal to ko for Class 1, 2 and 3 cross-sections and kpo 2,6 for Class 4
cross-sections.

Fyor = (1= p,)kyafy 12)

In Eq. (12), py is a reduction factor for the consideration of high shear
forces. The factor py can be calculated as given by Eq. (13) for CHS and
EHS when the applied shear force Vgq exceeds half of the elevated
temperature plastic shear capacity Vi¢ra (i.e. Viq>0.5Vfrq). The
elevated temperature plastic shear resistance Vf (rq of a cross-section
can be calculated using Eq. (14), in which Ay is the shear area. EN
1993-1-2 [3] refers to EN 1993-1-1 [4] which provides a formula for the
determination of the shear areas Ay of CHS that is given by Eq. (15); the
formulae for the determination of the shear areas A, of EHS put forward
in Gardner et al. [49] which will be incorporated into the upcoming
version of EN 1993-1-1 [4] are also given by Eq. (16). It should be noted
that the described approach of using reduced elevated temperature
material strengths recommended in EN 1993-1-2 [3] in the ultimate
strength predictions of CHS and EHS under high shear forces in fire is in
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Table 7
Proposed factors for the determination of the effective cross-section areas A of
stainless steel CHS and EHS under compression at elevated temperatures.

Cross-section Grade n p @
A 0.4 1.0 0.6
CHS D 0.4 1.0 0.7
F 0.3 0.8 0.9
A 0.4 0.8 0.6
EHS D 0.4 0.8 0.7
F 0.3 0.7 0.9
Table 8

Proposed factors for the determination of the effective section moduli Weg of
stainless steel CHS and EHS under bending at elevated temperatures.

Cross-section Grade n p 17

A 0.40 1.0 0.75

CHS D 0.40 1.0 0.85

F 0.35 1.0 1.00

A 0.40 1.0 0.55

EHS (major axis) D 0.40 1.0 0.65
F 0.35 1.0 0.85

A 0.40 1.0 0.80

EHS (minor axis) D 0.40 1.0 0.85
F 0.40 1.0 0.90

accordance with the conventional approach of considering high shear
effects on the ultimate resistances of structural steel members at room
temperature.
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Viira = Avkaofy a14)

A, = 2A/r for CHS (15)

A — 2¢(D — t) for EHS under major axis bending (load parallel to depth)
Y7 | 2¢(B — t) for EHS under minor axis bending (load parallel to width)

(16)
4. Proposals for design of CHS and EHS in fire

The proposed design rules for the determination of the ultimate
cross-section resistances of stainless steel CHS and EHS at elevated
temperatures are presented in this section.

4.1. Cross-section classification and design at elevated temperatures

In line with (i) the design approach put forward in [10,11] for
stainless steel plates and I-sections in fire and (ii) the design method
developed in [12] for carbon steel CHS members at elevated tempera-
tures, the adoption of the elevated temperature material strengths at 2%
total strain fop=kyqfy is recommended as the reference material
strengths for the determination of the ultimate cross-section resistances
of CHS and EHS in fire regardless of their cross-section class in this
study. On the basis of their cross-section slenderness at elevated tem-
peratures Zp_yg, this study recommends the classification of CHS and EHS
into two classes referred to as (i) ‘non-slender’ and (ii) ‘slender’ in fire,
departing from the four-class cross-section classification system given in
EN 1993-1-4 [5] for room temperature design. Note that this new pro-
posal made herein is fully in accordance with the new stainless steel fire

2
Py = (ZVEd/ Viitra — 1) for Veq / Viiira > 0.5 13) cross-section classification rules put forward in Xing et al. [10] which
will be incorporated into the upcoming version of EN 1993-1-2 [3] for
the fire design of stainless steel sections.
Niga Mgga
Akzﬂfy W, plkz,a]g
WelkZ,()f y
Non- Slender Non- Slender
slender slender
po,Q Ip,f) Ipoﬂ Zpﬁ
(a) Compression (b) Bending
Neas
My /(W oks )
or
Ak, of, 4 My /(Wi of )
1.0
Aefka,H/‘;/
Slender Ny,
% non-slender Mg,
%
0 .
Wefszﬁfy Wplkzﬂfy MEd 0 0.5 1.0 VEd/(A\rkz_(fy)

(¢) Combined compression and
bending

(d) Combined bending and shear

Fig. 8. Proposed design cross-section resistances for stainless steel CHS and EHS at elevated temperatures under different loading conditions.
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Table 9

Determination of the ultimate cross-section axial compression and bending
moment resistances of stainless steel CHS and EHS at elevated temperatures
according to the proposed fire design rules in this study.

Classification Compression Bending

Non-slender
Slender

Npi,o rd = Ako,ofy/ T fi
Nt rd = Aettko,ofy/ Y,

Mgt rd = Wpika ofy/ 76
M . rd = Wesrko,ofy/ Y i

In the proposed cross-section classification approach for CHS and
EHS in fire, when the elevated temperature cross-section slenderness 4, ¢
of a cross-section is lower than or equal to the threshold slenderness Zpo_g
G.e., /_Ip,(, < /_1,,0_9), the cross-section is classified as a ‘non-slender’ cross-
section. On the other hand, if the elevated temperature cross-section
slenderness of a cross-section is larger than the threshold slenderness
G.e., Zp‘g >;1p0<(,), the cross-section is categorised as a ‘slender’ cross-
section, for which the effective cross-section properties should be used
to determine the cross-section resistance. The elevated temperature
cross-section slenderness 1,y of CHS and EHS in fire is determined by Eq.
a7,

; [ [k
oo =& (J;%wnh &= ﬁ

where & is the elevated temperature strength-to-stiffness reduction ratio
factor, fy is the room temperature 0.2% proof strength f,0.2, and o, is the
elastic critical local buckling stress of CHS and EHS at room temperature
as determined by Eq. [50-53], in which D, is the equivalent diameter of
the cross-section for the corresponding loading condition as provided in
Table 1 and v is the Poisson’s ratio equal to 0.3.

17

E 2t

3(1-12) De a8

O =

The threshold slenderness Zpo,g used in the cross-section classification
of CHS and EHS in fire is calculated as

T = (;1 —02,/235/f, ) N

in which 7 is the auxiliary coefficient; the recommended values of  for
austenitic, duplex and ferritic CHS and EHS in fire are given in Table 7
and Table 8 for axial compression and bending, respectively.

19

4.2. Cross-section resistances of CHS and EHS under pure axial
compression in fire

Design cross-section axial compression resistances Nf ; ¢ of CHS and
EHS for temperature 6 at time t can be determined through Egs. (20) and
(21),

Ak _ _
Nii(ra = yz.afy for non — slender sections with 4,0 < 400 (20)
M. fi
Acrek: . - -
Niiira = Lﬂfy for slender sections with 4,9 > A0 21)

™M fi

where A is the full cross-section area and A is the effective cross-
section area which can be calculated by Eq. (22),

Acr = pA (22)

In Eq. (22), p is the local buckling reduction factor determined by Eq.
(23), where $ and ¢ are the auxiliary coefficients which are provided in
Table 7 for austenitic, duplex and ferritic stainless steel CHS and EHS
subjected to axial compression in fire.

11
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p = 1.0 for 2,9 < Zpo0

- - »
p= 1-— /} (Ap(}:/f_&;()é]) for Zp‘g > /71})0'9
6

(23)

The determination of the design cross-section axial compression re-
sistances Nf; 1 rq of CHS and EHS for temperature 6 at time t is also shown
in Fig. 8 (a) and Table 9. The elevated temperature cross-section slen-
derness 4,4 and the threshold slenderness 4,0, for pure axial compres-
sion are calculated through Egs. (17) and (19) respectively, employing
the auxiliary coefficients # provided in Table 7 for the determination of
the threshold slenderness 4, It should be noted that unlike EN 1993-1-
2 [3], this study recommends the adoption of the elevated temperature
cross-section slenderness 1, 4 for the determination of the local buckling
reduction factors p for stainless steel CHS and EHS in fire as can be seen
in Eq. (23). This enables the consideration of the differential erosions of
the strength and stiffness of stainless steel at different elevated tem-
perature levels, thereby leading to the accurate assessment of the
structural response of stainless steel CHS and EHS in fire.

4.3. Cross-section resistances of CHS and EHS under pure bending in fire

In accordance with the approach put forward for the local buckling
assessment of CHS and EHS under pure axial compression in fire, this
study recommends the determination of the design cross-section
bending moment resistances Mg ¢ rq of CHS and EHS for temperature 6
at time t through Eq. (24) and (25).

Wik _ _
M ra = Wokaafy for non — slender sections with 4,9 < Ay (24)
M fi
Wesik: _ _
M (ra = M for slender sections with 4,9 > A0 (25)

Y™t

in which Wy, is the plastic section modulus and Weg is the effective
section modulus given by Eq. (26) where W is the elastic section
modulus.

Wesr = pWer (26)

In Eq. (26), the local buckling reduction factor p is still determined
using Eq. (23) for CHS and EHS subjected to bending in fire, but with
different values for the auxiliary coefficients  and ¢ which are given in
Table 8 for CHS and EHS in bending. The elevated temperature cross-
section slenderness Zp_ﬂ and the threshold slenderness Zpo_g for bending
are also calculated through Egs. (17) and (19) respectively, but using the
auxiliary coefficients  provided in Table 8 for the latter. This study
recommends the determination of the elastic local buckling stresses o¢,
of stainless steel CHS and EHS in bending through the critical buckling
stress formula given by Eq. (18) using the equivalent diameters De
provided in Table 1 in line with the approach adopted in [54,55]. The
determination of the design cross-section bending moment resistances
Mg+ rda of CHS and EHS for temperature 6 at time t is also shown in Fig. 8
(b) and Table 9.

4.4. Cross-section resistances of CHS and EHS under combined axial
compression and bending in fire

In the case of stainless steel CHS and EHS subjected to combined
axial compression and bending in fire, the adoption of a linear interac-
tion relationship between the cross-section axial compression re-
sistances Npirq and bending moment resistances Mg ra iS
recommended for the assessment of the cross-section resistances, in
accordance with the proposals made for flat sections in [10]. Thus, the
cross-section strength can be assessed as given by Eq. (27).
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Fig. 9. Comparisons of the ultimate resistance predictions obtained using the proposed design method Ny prop and the provisions of EN 1993-1-2 Ny gcs, against the
benchmark FE predictions Ny g for cold-formed stainless steel CHS under pure compression at elevated temperatures.
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Niigra  Miigra

<1.0 (27)

In the proposed fire design approach herein, (i) first, the cross-
section axial compression resistances Nfrq and bending moment re-
sistances Mg ¢ ra of CHS and EHS for temperature ¢ at time t are calcu-
lated independently as described in Section 4.2 and 4.3 and (ii) then, the
linear interaction equation given by Eq. (27) is utilised to assess the
cross-section resistances of CHS and EHS subjected to combined axial
compression and bending in fire. As shown in Fig. 8 (c), if the cross-
section is classified as non-slender for both pure compression and pure

12

bending, the use of the full cross-section area A and the plastic section
modulus Wy, is recommended for the determination of the cross-section
axial compression Ny rq and bending moment resistances M 1 rq (i.e.,
Nri ¢ rd = Ak2 ofy, Mgt ra = Wpika,ofy). On the other hand, the use of the
effective cross-section area Aeff and the plastic section modulus Wy, is
recommended for the determination of the cross-sectional axial force Ng;
t,rd and bending moment resistances Mg ; rd, Wwhen the cross-section is
classified as slender under pure axial compression but non-slender under
pure bending (i.e., N t,rd = Aefrk2,0fy, Mfit,rd = Wpika,afy). Of course, the
use of the effective cross-section area A and effective section modulus
Wesr is recommended for the determination Nf ¢rq and Mg g, if the
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Fig. 10. Comparisons of the ultimate resistance predictions obtained using the proposed design method Ny, p;p and the provisions of EN 1993-1-2 Ny, gc3, against the
benchmark FE results Ny g, for hot-rolled stainless steel CHS under compression at elevated temperatures at elevated temperatures.

cross-section is classified as slender under both pure axial compression
and pure bending cases (i.e., Nt rd = Aettk2,afy, Mri,t;rd = Wertko,ofy).

4.5. Cross-section resistances of CHS and EHS under combined bending
and shear in fire

To take into consideration the adverse effects of high shear forces on
the cross-section resistances of CHS and EHS at elevated temperatures,
this study recommends the adoption of an approach in line with that
given in the room temperature structural steel design standard EN 1993-
1-1 [4] described in Section 3.2. Thus, the reduced cross-section
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resistances of CHS and EHS with Vggq > 0.5V ; rq should be determined
through the reduced elevated temperature material strengths at 2% total
strain f o » which is calculated by Eq. (28).

Joor = (1= p)kaafy

In Eq. (28), py is areduction factor for the consideration of high shear
forces, which should be determined by Egs. (29) and (30) in line with EN
1993-1-1 [4]. For the determination of the shear areas Ay, the use of the
formula provided in EN 1993-1-1 [4] for CHS as given by Eq. (31) and
the formulae provided in [49] for EHS as given by Eq. (32) is

(28)
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Fig. 12. Assessment of the accuracy of the ultimate cross-section resistance predictions obtained through the proposed design method Ny prop and the provisions
given in EN 1993-1-2 Ny gcs against those from FE modelling Ny g for cold-formed and hot-rolled CHS and EHS under compression at elevated temperatures.

recommended in the implementation of the proposed fire design
approach to CHS and EHS subjected to high shear forces in fire.

Py = (ZVEd/Vﬁ,t,Rd — 1)2 for VEd/Vﬁ,t,Rd > 0.5 (29)
Viiira = Avkaafy (30)
A, = 2A/x for CHS (31

A — 2¢(D — 1) for EHS under major axis bending (load parallel to depth)
Y7 | 2¢(B — t) for EHS under minor axis bending (load parallel to width)

(32)
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The proposed approach for the consideration of high shear effects in
fire for CHS and EHS is also graphically illustrated in Fig. 8 (d), in which
the shear-reduced bending capacity is calculated using the factor (1-p)
multiplied by the pure bending capacity at temperature 6. Similarly, the
reduced axial compression resistances can also be calculated adopting
the same approach if CHS and EHS are subjected to combined axial
compression and bending as well as high shear forces.

5. Assessment of proposed design methods

In this section, the accuracy of the proposed new fire design rules for
CHS and EHS is assessed against the benchmark structural performance
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Table 10
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Summary of the mean, CoV, maximum and minimum values of the ratios of the resistance predictions obtained from FE modelling N, g to those determined using new
proposal Ny, prop and the provisions of EN 1993-1-2 [3] N gcs for all the studied cold-formed and hot-rolled stainless steel CHS and EHS under pure axial compression at

elevated temperatures.

Type Grade No. Ny re/Nuprop Ny,re/Nuc3
Mean CoV Max Min Mean CoV Max Min
A 395 1.17 0.038 1.28 1.01 1.66 0.119 2.10 1.05
Cold-formed D 355 1.15 0.043 1.31 1.03 1.66 0.106 2.06 1.16
F 400 1.11 0.047 1.23 0.97 1.31 0.151 1.74 0.95
A 450 1.12 0.067 1.47 1.00 1.43 0.121 1.75 0.96
Hot-rolled D 450 1.19 0.168 2.29 0.99 1.59 0.119 2.29 1.10
F 450 1.09 0.049 1.36 0.98 1.30 0.139 1.69 0.95
3.0 3.0
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Fig. 13. Assessment of the accuracy of the ultimate cross-section resistance predictions obtained through the proposed design method Ny ;. against those from FE
modelling Ny g for (a) hot-rolled grade 1.4307 and 1.4401 austenitic stainless steel, (b) cold-formed grade 1.4462 and 1.4662 stainless steel and (c) cold-formed
grade 1.4521 and 1.4621 ferritic stainless steel CHS under compression at elevated temperatures; the nominal material properties provided in [5,30] are adopted.

Table 11

Reliability assessment of the proposed design method and the provisions of EN 1993-1-2 [3] for all the studied cold-formed and hot-rolled stainless steel CHS and EHS
under pure axial compression at elevated temperatures.

Type Grade Proposal EN 1993-1-2
Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) Criterion 1 (%) Criterion 2 (%) Criterion 3 (%)

A 0.00 0.00 -14.77 0.00 0.00 —38.78

Cold-formed D 0.00 0.00 —12.93 0.00 0.00 —39.04
F 0.00 1.50 —9.92 0.00 6.50 —21.56

A 0.00 0.00 —10.01 0.00 1.11 —29.04

Hot-rolled D 0.00 0.22 —14.34 0.00 0.00 —36.15
F 0.00 4.00 —8.03 0.00 3.33 -21.71
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Fig. 14. Comparisons of the ultimate resistance predictions obtained using the proposed design method My, prop and the provisions in prEN 1993-1-2 My gcs, against
the benchmark FE results M, g for cold-formed stainless steel CHS under bending at elevated temperatures.

data obtained from GMNIA, considering a broad range of parameters
from the comprehensive parametric studies performed in this paper as
set out in Section 2.3. The accuracy of the proposed design rules is also
compared against that of the design provisions of EN 1993-1-2 [3] for
CHS and EHS in fire.

5.1. Pure axial compression

5.1.1. Accuracy assessment

Figs. 9 and 10 show the comparison of the ultimate resistance pre-
dictions obtained using the proposed design method provided in Section
4.1 Nyprop and EN 1993-1-2 [3] (see Section 3.2) Nygc3 against the
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benchmark GMNIA ultimate resistances Ny g for cold-formed and hot-
rolled stainless steel CHS under pure axial compression in fire, respec-
tively. As can be seen from the figures, EN 1993-1-2 [3] generally
significantly underestimates the ultimate axial compression resistances
of CHS and EHS in fire. Due to the transition from the use of the elevated
temperature material strengths at 2% total strain f> g = k3 4fy to the use of
the elevated temperature 0.2% proof strengths f,0.2,0 = kpo.2,ofy as the
reference material strengths, there are abrupt steps in the cross-section
resistances determined through EN 1993-1-2 [3] at the transitions
from Class 3 to 4 cross-sections. On the other hand, as can be seen in
Figs. 9 and 10, the consistent use of the elevated temperature material
strengths at 2% total strain fog=koefy as the reference material
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Fig. 15. Comparisons of the ultimate resistance predictions obtained using the proposed design method My, prop and the provisions in EN 1993-1-2 M, gcs, against the
benchmark FE results M, g for hot-rolled stainless steel CHS under bending at elevated temperatures.

strengths for the determination of the axial compression resistances for
all cross-section classes results in continuous capacity predictions
changing with the elevated temperature cross-section slenderness 4, ¢
for the proposed design method in this study. Employing (i) the elevated
temperature cross-section slenderness 4, and (ii) the recommended $
and ¢ auxiliary coefficients calibrated against the benchmark FE data in
the determination of the local buckling reduction factors p, the proposed
design method provides considerably more accurate ultimate strength
predictions for cold-formed and hot-rolled stainless steel CHS subjected
to axial compression at different elevated temperature levels relative to
EN 1993-1-2 [3] as shown in Figs. 9 and 10. The use of the elevated
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temperature slenderness 1,4 in the determination of the local buckling
reduction factors p enables the consideration of the differential erosion
rates of strength and stiffness of stainless steel at elevated temperatures,
thereby leading to an accurate assessment of the behaviour of stainless
steel CHS and EHS in fire through the proposed design approach.

The accuracy of the proposed design method is also compared
against that of EN 1993-1-2 [3] for different cold-formed and hot-rolled
stainless steel EHS subjected to axial compression at elevated tempera-
tures in Fig. 11. As can be seen from Fig. 11, the proposed design method
also leads to significantly improved level of accuracy for stainless steel
EHS under pure axial compression in fire relative to EN 1993-1-2 [3].
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Fig. 16. Comparisons of the ultimate resistance predictions obtained using the proposed design method My yrop and using the provisions in EN 1993-1-2 My gcs,
against the benchmark FE results M, g for studied examples of stainless steel EHS under bending at elevated temperatures.

For the sake of simplicity, the use of the same # and ¢ auxiliary co-
efficients is recommended in the determination of the local buckling
reduction factors p for both cold-formed and hot-rolled stainless steel
CHS and EHS at elevated temperatures in this study. This typically re-
sults in slightly more conservative ultimate strength predictions for cold-
formed stainless steel CHS and EHS in comparison to their hot-rolled
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counterparts, though the discrepancies are not significant as shown in
Figs. 9 and 10. Note that owing to the development of lower extents of
strain hardening as well as the differences in material properties and
elevated temperature reduction factors, ferritic stainless steel cross-
sections exhibit structural response that is typically different than that
of austenitic and duplex stainless steel cross-sections in fire as shown in
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Fig. 17. Assessment of the accuracy of the ultimate cross-section resistance predictions obtained through the proposed design method M, o, and the provisions
given in EN 1993-1-2 M, gcs against those from FE modelling M, g for cold-formed and hot-rolled CHS and EHS under major or minor axis bending at elevated

temperatures.

Figs. 9 and 10, which is closer to the behaviour of carbon steel cross-
sections at elevated temperatures.

The assessment of the accuracy of the ultimate cross-section resis-
tance predictions obtained through the proposed design method Ny prop
and EN 1993-1-2 [3] Nygcs against those from FE modelling Ny g is
shown in Fig. 12 for all the investigated 2500 cold-formed and hot-rolled
CHS and EHS under pure axial compression in fire (see Section 2.3). As
can be seen from Fig. 12, relative to the design rules given in EN 1993-1-
2 [3], the proposed approach leads to more accurate ultimate resistance
predictions with a much lower scatter level for all the considered cold-
formed and hot-rolled austenitic, duplex and ferritic CHS and EHS
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with a broad range of cross-section properties and subjected to different
elevated temperature levels. A statistical appraisal of the accuracy of the
proposed design method and EN 1993-1-2 [3] is also provided in
Table 10, which summarises the mean, coefficient of variation (CoV),
maximum and minimum values of the ratios of the resistance predictions
obtained from the FE modelling N, g to those determined using the new
design method proposed in this paper Ny prop (i,e. Ny,re/Ny,prop) and EN
1993-1-2 [3] Nygcs (i.e. Nype/Nygc3) for all the studied 2500 cold-
formed and hot-rolled stainless steel CHS and EHS under pure axial
compression in fire. Note that since the thicknesses of the considered
cold-formed CHS and EHS were limited to 6 mm (see Section 2.3), the
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Table 12
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Summary of mean, CoV, maximum and minimum values of the ratios of the resistance predictions obtained from FE modelling M, . to those determined using new
proposal My prop and the provisions of EN 1993-1-2 [3] My, g3 for all studied cold-formed and hot-rolled stainless steel CHS and EHS under major or minor axis bending

at elevated temperatures.

Type Grade No. My, re/Mu,prop M, re/My Ec3
Mean CoV Max Min Mean CoV Max Min
A 725 1.24 0.104 1.49 0.89 1.16 0.154 1.69 0.80
Cold-formed D 680 1.26 0.104 1.51 0.88 1.27 0.141 1.92 0.96
F 730 1.30 0.100 1.52 0.93 1.18 0.097 1.43 0.85
A 780 1.16 0.091 1.40 0.86 0.97 0.153 1.28 0.68
Hot-rolled D 780 1.23 0.104 1.48 0.86 1.24 0.146 1.99 0.92
F 780 1.23 0.090 1.56 0.94 1.10 0.126 1.42 0.73

Table 13

Reliability assessment of the proposed design method and the provisions in EN 1993-1-2 [3] for all the studied cold-formed and hot-rolled stainless steel CHS and EHS

under pure bending at elevated temperatures.

Type Grade Proposal EN 1993-1-2
Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) Criterion 1 (%) Criterion 2 (%) Criterion 3 (%)
A 0.00 3.17 —18.36 3.17*% 24.14* -11.41
Cold-formed D 0.00 7.50 —19.93 0.00 2.06 —20.00
F 0.00 8.36 —22.44 0.27* 9.04 -14.73
A 0.77* 7.18 —13.38 30.64* 57.05*% 5.04*
Hot-rolled D 0.26* 8.33 -17.76 0.00 6.03 —17.62
F 0.00 6.67 —18.30 6.03* 26.67* -7.27

* Violated criteria.

numbers of the investigated cold-formed cross-sections vary for different
stainless steel grades owing to the use of the non-dimensional (De/t)(fy/
235) parameter in the determination of the cross-section dimensions
(see Table 4) as (fy/235) changes for different stainless steel grades. As
can been seen from Table 10, the mean values of the ratios Ny rg/Ny,prop
are generally closer to 1.0 with lower CoV values relative to the corre-
sponding mean and COV values of the ratios Ny pg/Nygcs, indicating
that the proposed method is able to provide more accurate resistance
predictions than EN 1993-1-2 [3] for CHS and EHS subjected to axial
compression in fire. Note that the larger CoV value of Ny rr/Ny,prop for
hot-rolled duplex CHS and EHS was mainly ascribed to the development
of considerable extents of strain hardening in stocky sections with low
elevated temperature cross-section slendernesses 1,4, as can be seen
from Figs. 10-12. Fig. 12 also graphically shows that the design method
proposed in this study is able to provide considerably more accurate
strength predictions for cold-formed and hot-rolled austenitic, duplex
and ferritic CHS and EHS subjected to pure axial compression at elevated
temperatures relative to EN 1993-1-2 [3].

It should be noted that the relatively low accuracy of EN 1993-1-2
[3], which will also be shown in the next subsections for the other
loading cases, is not surprising since EN 1993-1-2 [3] recommends the
use of the room temperature local buckling assessment rules for CHS and
EHS provided in EN 1993-1-4 [5] and EN 1993-1-1 [4] with the elevated
temperature material properties of stainless steel for the fire design of
stainless steel CHS and EHS. Since the elevated temperature material
response of stainless steel can be significantly different than its room
temperature material response, the behaviour of stainless steel cross-
sections in fire may be considerably different than their room temper-
ature behaviour and the development of bespoke fire design rules to
consider this significantly different structural response is necessary. The
use of specific fire design rules for stainless steel CHS and EHS as those
developed in this study leads to considerably more accurate resistance
predictions for stainless steel CHS and EHS in fire as illustrated in this
paper. Unlike EN 1993-1-2 [3], the cross-section fire design method
proposed in this study adopts a new cross-section classification approach
in conjunction with new temperature-dependent local buckling reduc-
tion factors, thereby providing very accurate cross-section resistance
predictions for stainless steel CHS and EHS in fire.
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As indicated in Section 2.3, in the parametric studies carried out in
this paper, the standardised room temperature material properties rec-
ommended in [32] for cold-formed and hot-rolled cross-sections were
employed (see Table 2). To consider the influence of different material
properties on the structural response, a number of stainless steel CHS
stub columns made of different stainless steel grades were also investi-
gated, adopting the nominal material properties provided in the stain-
less steel design standard EN 1993-1-4 [5] and Steel Construction
Institute (SCI) Design Manual for Structural Stainless Steel [30]. The
nominal material properties of (i) hot-rolled grade 1.4307 and 1.4401
austenitic stainless steel and cold-formed grade 1.4462 and 1.4662
duplex stainless steel given in EN 1993-1-4 [5] and (ii) the nominal
material properties of cold-formed grade 1.4521 and 1.4621 ferritic
stainless steel given in the SCI Design Manual for Structural Stainless
Steel [30] were considered. To take into account the strength en-
hancements due to the cold-forming process, the formulae provided in
[30] were utilised to calculate the enhanced yield strengths for the
considered cold-formed cross-sections and the formulae developed in
[23,56] were utilised to calculate the enhanced ultimate strengths, in
line with the adoption in [32]. Note that the considered additional
stainless steel grades (i.e. 1.4307, 1.4401, 1.4462, 1.4662, 1.4521 and
1.4621) are classified into different material groups for fire design (i.e. I,
IT and III) in [30]; thus, different elevated temperature material reduc-
tion factors given in [30] for the corresponding groups were utilised.
Fig. 13 presents the assessment of the ultimate cross-section resistance
predictions obtained through the proposed design method Nyprop
against those from FE modelling N, gg for CHS made of the considered
additional stainless steel grades in fire; the elevated temperature levels
of =300°C, 500°C and 700 °C are considered. It can be seen from
Fig. 13 that for the additionally considered stainless steel CHS stub
columns made of different austenitic, duplex and ferritic stainless steel
grades with the nominal material properties given in [5,30], the pro-
posed design method also provides accurate and safe ultimate resistance
predictions at different elevated temperature levels, demonstrating the
applicability of the proposed fire design approach to stainless steel cross-
sections made of different stainless steel grades with different material
properties.
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5.1.2. Reliability assessment

The reliability assessment of the proposed design method and EN
1993-1-2 [3] is shown in Table 11 for all the considered 2500 cold-
formed and hot-rolled stainless steel CHS and EHS under pure axial
compression in fire. In this study, the reliability of the considered fire
design methods is assessed through the three reliability criteria put
forward by Kruppa [57], which were also used in [58,59,60] and 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 [3]. The three reliability criteria of Kruppa [57]
involve (i) Criterion 1 which requires that none of the strength pre-
dictions obtained through a design method should exceed the bench-
mark FE results by more than 15% (i.e. max [(Nymethod — Nu,re)/Ny,
re] < 15%), (ii) Criterion 2 which states that the proportion of the unsafe

(f) Hot-rolled ferritic
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strength predictions of a design method should be less than 20% (i.e.
num(Ny method > Ny,re)/num(Ny rg) < 20%) and (iii) Criterion 3 which
requires that the design predictions should be safe-sided on average (i.e.
X[(Ny,method — Ny,rr)/Ny rE] < 0%). In Table 11, Criterion 1 refers to the
percentage of the unsafe strength predictions which exceed the corre-
sponding benchmark FE results by more than 15%, Criterion 2 refers to
the percentage of the unsafe strength predictions and Criterion 3 refers
to the average percentage difference between the strength predictions
and the benchmark FE results. It can be seen from Table 11 that for all
the studied cold-formed and hot-rolled stainless steel CHS and EHS stub
columns at elevated temperatures, (i) there are no unsafe predictions
exceeding the FE results by more than 15% using the proposed design
method indicating that the proposed design method satisfies Criterion 1
of Kruppa [57], (ii) the percentage of the unsafe predictions using the
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proposed design method (i.e. the percentage of the cases with Ny, pg/Ny,
prop < 1) is less than 20% proving that the proposed method satisfies
Criterion 2 of [57] and (iii) finally, the average percentage difference
between the predictions using the proposed design method and the FE
results are negative values which shows that Criterion 3 of [57] is also
satisfied by the proposed method. Note that the fire design approach
given in EN 1993-1-2 [3] also satisfies all the three reliability criteria of
Kruppa [57] as presented in Table 11, though the proposed approach
leads to significantly more accurate resistance predictions for CHS and
EHS under axial compression in fire as demonstrated in this section.

5.2. Pure bending

5.2.1. Accuracy assessment

In Figs. 14 and 15, the ultimate resistance predictions determined
through the proposed design method and EN 1993-1-2 [3] are compared
against those obtained from GMNIA for cold-formed and hot-rolled
stainless steel CHS under bending in fire. As can be seen from the fig-
ures, the proposed design approach leads to an improved level of ac-
curacy relative to EN 1993-1-2 [3] which furnishes quite unsafe
predictions for some of the considered cold-formed and hot-rolled
stainless steel CHS in bending at elevated temperatures. Note that
there are two abrupt steps at the transitions from Class 2 to Class 3
sections and Class 3 to Class 4 sections in the ultimate strength pre-
dictions according to EN 1993-1-2 [3] due to (i) the use of the plastic W,
and elastic W, section moduli for the determination of the ultimate
resistances of Class 2 and Class 3 sections and (ii) the use of the elevated
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(d) Hot-rolled ferritic stainless steel EHS
(D/B=1.5) under compression and minor
axis bending

temperature material strengths at 2% total strain f> g = k2 ofy and 0.2%
proof strengths f0.2,0 = kpo.2,4fy for the determination of the ultimate
resistances of Class 3 and Class 4 sections, respectively. On the other
hand, the proposed method has only one transition owing to the use of
the plastic Wy, and effective Wegr section moduli for non-slender and
slender stainless steel CHS and EHS subjected to bending at elevated
temperatures. The accuracy of the proposed design method relative to
EN 1993-1-2 [3] is also shown in Fig. 16 for a number of different cases
of EHS subjected to major or minor axis bending at elevated tempera-
tures. As can be seen from Fig. 16, the proposed design method also
leads to improved accuracy for stainless steel EHS subjected to major or
minor axis bending in fire relative to EN 1993-1-2 [3].

The ultimate bending resistance predictions obtained through the
proposed design method My prop and EN 1993-1-2 [3] Mygc3 are also
compared against those from GMNIA M, g, for all the investigated 4475
cold-formed and hot-rolled stainless steel CHS and EHS under major or
minor axis bending at elevated temperatures in Fig. 17. It can be seen
from the figure that relative to EN 1993-1-2 [3], the proposed approach
furnishes significantly more consistent and accurate ultimate bending
resistance predictions for the considered 4475 austenitic, duplex and
ferritic stainless steel CHS and EHS under uniform bending with a broad
range of cross-section properties and subjected to different elevated
temperature levels. Fig. 17 also shows that the provisions of EN 1993-1-
2 [3] lead to a high number of unsafe resistance predictions for the
considered CHS and EHS subjected to bending at elevated temperatures.
A statistical assessment of the accuracy of the proposed design method
and that of EN 1993-1-2 [3] is also provided in Table 12 for all the
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Summary of mean, CoV, maximum and minimum values of the ratios of the resistance predictions obtained from FE modelling N, rg to those determined using new
proposal Ny prop and the provisions of EN 1993-1-2 [3] Ny gcs for all the studied cold-formed and hot-rolled stainless steel CHS and EHS under combined axial

compression and bending at elevated temperatures.

Type Grade No. Ny re/Nuy,prop Ny, re/NyEcs
Mean CoV Max Min Mean CoV Max Min
A 1625 1.29 0.100 1.61 1.00 1.26 0.202 1.96 0.73
Cold-formed D 1450 1.27 0.086 1.59 0.92 1.32 0.175 2.09 0.78
F 1675 1.30 0.105 1.65 1.01 1.14 0.137 1.63 0.77
A 1950 1.25 0.118 1.80 0.90 1.11 0.198 1.80 0.66
Hot-rolled D 1950 1.25 0.118 1.88 0.89 1.25 0.187 2.18 0.77
F 1950 1.27 0.112 1.66 0.88 1.10 0.159 1.60 0.68

Table 15

Reliability assessment of the proposed design method and the provisions of EN 1993-1-2 [3] for all the studied cold-formed and hot-rolled stainless steel CHS and EHS

under combined axial compression and bending at elevated temperatures.

Type Grade Proposal EN 1993-1-2
Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) Criterion 1 (%) Criterion 2 (%) Criterion 3 (%)

A 0.00 0.25 —21.57 4.18* 16.06 —17.53

Cold-formed D 0.00 0.76 —20.36 2.28* 7.03 —-21.79
F 0.00 0.00 —22.40 2.33% 21.37% -10.85

A 0.00 2.56 —19.10 13.64* 32.87* —6.76

Hot-rolled D 0.00 5.13 —19.08 3.69* 13.85 -17.07
F 0.00 1.95 —20.52 7.23% 33.64* —6.64

* Violated criteria.

studied 4475 cold-formed and hot-rolled stainless steel CHS and EHS
subjected to bending in fire. Table 12 shows that the differences between
the mean values of the ratios of My re/My,prop and My re/My Ec3 are not
as high as those observed for pure axial compression cases in the pre-
vious subsection and the mean values of My rr/Myrc3 are generally
closer to 1.0. However, this is due to the large proportion of unsafe ul-
timate strength predictions obtained using EN 1993-1-2 [3] as shown in
Table 12 and Fig. 17. Generally, the proposed design method provides
accurate but still safe-sided resistance predictions with lower CoV values
relative to EN 1993-1-2 [3] as can be seen from Table 12 and Fig. 17,
indicating that it leads to a higher level of accuracy, safety and consis-
tency relative to EN 1993-1-2 [3] for the ultimate resistance predictions
of stainless steel CHS and EHS under bending in fire.

5.2.2. Reliability assessment

The reliability assessment of the proposed design method and that of
EN 1993-1-2 [3] according to the reliability criteria of Kruppa [57] is
summarised in Table 13. As can be seen from the table, the proposed
design method only very slightly (only by 0.26% and 0.77%) violates the
Criterion 1 of Kruppa [57] for hot-rolled austenitic and duplex stainless
steel CHS and EHS in bending (as highlighted with ‘*’) which can be
deemed to be acceptable and satisfies all the other reliability criteria of
[57]. On the other hand, as can seen in Table 13, EN 1993-1-2 [3]
significantly violates the reliability criteria of [57] in a high number of
cases with the violation of the all criteria for one group owing to (i) the
most unsafe resistance predictions exceeding the benchmark FE results
by more than 15% (i.e. the violation of Criterion 1 of [57]), (ii) the
percentage of unsafe predictions higher than 20% (i.e. the violation of
Criterion 2 of [57]) and (iii) the design predictions located on the
unsafe-side on average (i.e. the violation of Criterion 3 of [57]). This
proves that unlike EN 1993-1-2 [ 3], the proposed design method leads to
reliable ultimate resistance predictions for cold-formed and hot-rolled
austenitic, duplex and ferritic stainless steel CHS and EHS subjected to
bending at different elevated temperature levels.

5.3. Combined compression and bending

5.3.1. Accuracy assessment
According to the design method proposed in this study, the ultimate
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cross-section resistances of stainless steel CHS and EHS subjected to
combined axial compression and bending in fire are determined
assuming a linear interaction between the pure axial compression and
pure bending resistances through Eq., as shown in Fig. 8 and described
in Section 4.3. Fig. 18 presents the ultimate strengths of CHS stub beam-
columns subjected to combined axial compression and bending. In
Fig. 18, (i) the axial compression resistances obtained from the GMNIA
Ny re are normalised by the cross-section axial compression resistances
determined using the proposed design method N¥ ¢ rd,prop (i-€. Nu,re/Nri,
Rd,prop) and (ii) the bending moment resistances obtained from the
GMNIA M, rg are normalised by the cross-section bending moment re-
sistances predicted through the proposed design method Mj;  rd,prop (i-€.
My, re/Mgi ¢ Rd,prop)- All the studied cold-formed and hot-rolled stainless
steel CHS stub beam-columns are taken into consideration and the linear
interaction diagrams using the axial compression and bending moment
resistances as proposed in this study are also included in Fig. 18. It can
be seen from Fig. 18 that the proposed linear interaction equation given
by Eq. leads to safe and generally accurate ultimate resistance pre-
dictions for stainless steel CHS under combined axial compression and
bending in fire when the normalised ultimate resistances from the
GMNIA are considered. Similar observations can also be made for
stainless steel EHS subjected to combined axial compression and
bending at elevated temperatures in Fig. 19, which presents the com-
parison between the normalised FE results (i.e. Ny re/Nf ,rd,prop VEIsus
My,re/Mgi ¢ Rd,prop) and the proposed linear interaction approach for
different EHS stub beam-columns subjected to combined axial
compression and major or minor axis bending at elevated temperatures.

The accuracy of the ultimate axial compression resistances predicted
through the proposed design method Ny prop and EN 1993-1-2 Ny gc3
against those from the GMNIA N, pg is assessed in Fig. 20 for all the
investigated 10,600 cold-formed and hot-rolled CHS and EHS stub
beam-columns subjected to combined axial compression and major or
minor axis bending with different radial angles ¢. As described in Fig. 7,
the parameter radial angle ¢ determined using Eq. provides an indica-
tion of the intensities of the applied axial compression and bending
where ¢ =0° and ¢ =90° correspond to pure bending and pure axial
compression, respectively. It can be seen from Fig. 20 that for different
axial compression and bending moment intensity levels, the proposed
design method leads to more accurate resistance predictions with a
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Fig. 21. Interaction relationship between the ultimate shear resistances obtained from FE modelling V,, rr normalised by the plastic cross-section shear resistances
Ayks ofy and the ultimate bending moment resistances obtained from FE modelling My, rg normalised by the cross-section bending moment resistances predicted using
the proposed design method My ¢ ra,prop for studied stainless steel CHS members under 3-point bending at elevated temperatures.

significantly lower level of scatter relative to EN 1993-1-2 [3] for the
considered broad range of cold-formed and hot-rolled stainless steel CHS
and EHS stub beam-columns in fire. On the other hand, a large pro-
portion of the EN 1993-1-2 [ 3] ultimate resistance predictions are unsafe
as can be seen from Fig. 20.

Table 14 provides a statistical assessment of the accuracy of the
proposed design method and EN 1993-1-2 [3], taking into consideration
all the studied 10,600 cold-formed and hot-rolled austenitic, duplex and
ferritic stainless steel CHS and EHS stub beam-columns subjected to
combined axial compression and major or minor axis bending in fire. It
can be seen from the table that the proposed design method provides
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accurate but still safe-sided resistance predictions with lower CoV values
relative to EN 1993-1-2 [3], indicating that it leads to more accurate,
safe and consistent ultimate resistance predictions for all the considered
high number of cold-formed and hot-rolled stainless steel CHS and EHS
subjected to combined axial compression and bending at elevated
temperatures.

5.3.2. Reliability assessment

It can be seen from Table 15 that the proposed design method fulfils all
the three reliability criteria of Kruppa [57], while EN 1993-1-2 [ 3] violates
the Criterion 1 for all the groups, taking into account the most unsafe
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Fig. 22. Interaction relationship between the ultimate shear resistances obtained from FE modelling V,, zz normalised by the plastic cross-section shear resistances
Ak f, and the ultimate bending resistance obtained from FE modelling M, g normalised by the cross-section bending moment resistances predicted using the
proposed design method M ¢ rd,prop fOr studied examples of stainless steel EHS members under 3-point bending at elevated temperatures.

resistance predictions from EN 1993-1-2 [3] exceeding the benchmark FE
results by more than 15% in all cases. EN 1993-1-2 [3] also violates Cri-
terion 2 for the considered hot-rolled austenitic and cold-formed and hot-
rolled ferritic stainless steel stub beam-columns owing to the percentage of
the unsafe predictions being greater than 20%.

5.4. Combined bending and shear

For the case of combined bending and shear in fire, this study rec-
ommends that when the applied shear force Vgq exceeds half of the
plastic cross-section  shear  resistance Vp1 = Avka ofy (i.e.
Vid > 0.5Avk2 ofy), the cross-section bending moment capacity needs to
be reduced considering the high shear effects, as described in Section
4.4. Using the approach put forward in Section 4.4, the normalised
bending moment-shear interaction diagrams for the studied stainless
steel CHS beams in fire are compared against the ultimate resistances
determined through the GMNIA for the CHS beams with varying lengths
as shown in Fig. 21, where V, g is the ultimate shear resistance deter-
mined through the GMNIA. The normalised moment-shear interaction
diagrams for the studied examples of stainless steel EHS at elevated
temperatures are also presented in Fig. 22. Note that in some cases
where large shear deformations occurred and no peak loads were
attained, the ultimate resistances were defined considering the applied
loads at which the tangent stiffnesses of the load-deformation curves
degraded to 1% of the initial stiffness following the approach put
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forward in dos Santos et al. [61] and also adopted in [62,63]. It can be
seen from Figs. 21 and 22 that the proposed approach for the consid-
eration of bending-shear interaction leads to safe-sided ultimate resis-
tance predictions. It should be noted that due to strain hardening and the
effective increase in the elevated temperature strengths under multi-
axial stress conditions, some cross-sections continue to resist
increasing shear forces after the applied bending moments exceed the
plastic cross-section bending moment resistances as can be seen from
Figs. 21 and 22, which was also observed in previous research [64].

In Fig. 23, the accuracy of the bending moment resistance pre-
dictions of the proposed design method My prop against those from FE
modelling My, g are shown for all the investigated 6920 cold-formed and
hot-rolled austenitic, duplex and ferritic stainless steel CHS and EHS
members subjected to combined bending and shear at elevated tem-
peratures (see Section 2.3 for all the considered parameters). Fig. 23
shows that the proposed design method leads to safe capacity pre-
dictions for CHS and EHS subjected to combined bending and shear in
fire, taking into account a very large number of parameters set out in
Section 2.3. Since this study adopts a design approach similar to that
given in EN 1993-1-2 [3] to consider the combination of bending and
shear, the assessment of the calculations with reference to EN 1993-1-2
[3] is not presented. It should be noted that in this study, CHS and EHS
susceptible to shear buckling were not taken into account; the shear
buckling behaviour and design of CHS and EHS in fire will be extensively
investigated in future research.
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Fig. 23. Assessment of the accuracy of the predicted bending moment resistances through the proposed design method M, prop against those from FE modelling My, re
for cold-formed and hot-rolled CHS and EHS under 3-point bending at elevated temperatures.

6. Conclusions

In this paper, the behaviour and design of stainless steel circular hol-
low sections (CHS) and elliptical hollow sections (EHS) at elevated tem-
peratures have been investigated. Shell FE models of CHS and EHS
members were created and validated against experimental results from
literature. Following their validation, the FE models were used to carry out
numerical parametric studies to generate benchmark structural perfor-
mance data. Both cold-formed and hot-rolled austenitic, duplex and
ferritic stainless steel CHS and EHS were considered; the considered
loading conditions comprised (i) pure compression, (ii) pure bending, (iii)
combined compression and bending and (iv) combined bending and shear.
Various elevated temperature levels and cross-sections slendernesses were
taken into consideration. Moreover, different intensities of axial
compression, bending moment and shear were accounted for in the
combined loading cases. In total, 24,495 CHS and EHS members in fire
were taken into account in the parametric studies, considering (i) 2500
stub columns, (ii) 4475 uniform bending cases, (iii) 10,600 stub beam-
columns subjected to combined axial compression and bending and (iv)
6920 three-point bending cases where combined shear and bending was
applied to the investigated members. Calibrated against the benchmark FE
results, new cross-section design methods for stainless steel CHS and EHS
subjected to different loading conditions in fire were developed in this
study. The accuracy of the proposed design methods was assessed for all
the considered cases and also compared against that of the European
structural steel fire design standard EN 1993-1-2 [3]. It was observed that
relative to EN 1993-1-2 [3], the proposed fire design methods generally
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lead to more accurate and safe-sided cross-section resistance predictions
with lower levels of scatter for stainless steeel CHS and EHS in fire. The
reliability of the proposed design methods was also assessed using the
three fire reliability criteria put forward by Kruppa [57] for all the
considered cases. The proposed design methods only very slightly (only by
0.26% and 0.77%) violated the Criterion 1 of Kruppa [57] for very few
cases, which can be deemed to be acceptable, and satisfied all the other
reliability criteria of [57] for all the considered cases. On the other hand, it
was shown that EN 1993-1-2 [3] significantly violated the reliability
criteria of [57] in a high number of cases, proving that the proposed design
methods provide more reliable ultimate resistance predictions for CHS and
EHS in fire relative to EN 1993-1-2 [3]. In this study, the cross-section
behaviour and design of stainless steel CHS and EHS in fire were
explored. Future research will focus on (i) the fire design of other stainless
steel cross-sections such as rectangular and square hollow sections as well
as (ii) the flexural buckling behaviour and design of stainless steel mem-
bers with CHS and EHS at elevated temperatures.
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