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Abstract: A study of the behaviour of constructional cold-formed stainless steel beams at elevated temperatures was conducted
in this paper. An accurate finite element model (FEM) for stainless steel beams was developed using the finite element program
ABAQUS. Stainless steel beams having different cross-sections were simulated in this study. The nonlinear FEM was verified
against the experimental results. Generally, the developed FEM could accurately simulate the stainless steel beams. Based on the
high temperature stainless steel material test results, a parametric study was carried out on stainless steel beams at elevated tem-
peratures using the verified FEM. Both high strength stainless steel EN 1.4462 and normal strength stainless steel EN 1.4301 were
considered. A total of 42 stainless steel beams were simulated in the parametric study. The effect of temperatures on the behaviour

of stainless steel beams was investigated. In addition, a limiting temperature for stainless steel beams was also proposed.
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INTRODUCTION

Cold-formed stainless steel members are being
increasingly used in architectural and structural ap-
plications because of the desirable features of the
material—corrosion resistance, durability, easy
maintenance, pleasing appearance, recyclability and
fire resistance. A cold-formed hollow section is
formed by rolling an annealed flat strip into a circular
hollow section, which is then welded at the edges.
The process is completed by further rolling into a
square or rectangular hollow section (SHS or RHS).
This process of forming by cold-working leads to a
considerable enhancement of the material properties
of the annealed steel, especially in the corner portion
of the cross-section. Normally the cold-forming op-
eration increases the yield point and tensile strength
and at the same time decreases the ductility. More
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economical designs can be achieved by taking into
account the enhancement of the material properties
due to cold-working.

Previous research concentrated mostly on the
behaviour and design of stainless steel members at
normal room temperature (Young and Liu, 2003;
Gardner and Nethercot, 2003; Rasmussen et al., 2004;
Real and Mirambell, 2005; Gardner, 2005; Ashraf et
al., 2005). However, research into stainless steel at
elevated temperatures is rather limited. Gardner (2007)
and Ala-Outinen and Oksanen (1997) conducted a
series of concentric compression tests on rectangular
40 mmx40 mmx4 mm hollow sections cold-formed
from austenitic stainless steel of type Polarit (con-
forming to material numbers EN 1.4301 and AISI
304). Gardner and Baddoo (2006) conducted a series
of'tests on six grade 1.4301 stainless steel columns and
four fire tests on grade 1.4301 stainless steel beams.
The tested four beams include one RHS beam (with a
Class 1 cross-section) formed by two cold-rolled
channels (welded tip-to-tip), one I-section beam (with
a Class 4 cross-section) formed by two cold-rolled
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channels (welded back-to-back), and two I-section
beams of constant (Class 1) cross-section. Gardner
and Ng (2006) investigated the temperature devel-
opment in structural stainless steel sections exposed to
fire. Therefore there is still a lack of information on
the behaviour of cold-formed stainless steel beams at
elevated temperatures. With heightened emphasis now
being placed on the performance of structures at ele-
vated temperatures (Bailey, 2004), and an increasing
trend towards the use of bare steelwork (Wong et al.,
1998), it is important to investigate the behaviour of
cold-formed stainless steel members at elevated tem-

peratures.
It can be quite costly and time-consuming for
experimental investigation, therefore numerical

methods have been used in the area of steel structural
fire resistant design in recent years. The finite element
program ABAQUS (2004) has been widely used to
investigate the behaviour of cold-formed stainless
steel members at normal room temperature. In addi-
tion, ABAQUS has also been used to investigate
cold-formed steel members at elevated temperatures
(Feng et al., 2003; Lee and Mahendran, 2004).
Therefore the finite element program ABAQUS is
used to simulate cold-formed stainless steel beams at
elevated temperatures in this study.

FINITE ELEMENT MODEL

General

In this study the stainless steel beams tested by
Zhou and Young (2005) were firstly simulated to
verify the finite element model (FEM). The FEM was
developed according to the experimental setup, as
shown in Fig.1. Load-displacement nonlinear analy-
sis was performed in the analysis. In addition, careful
attention was given to the choice of the element type
and mesh size to combine a high level of numerical
accuracy and stability with optimum computational
efficiency.

Finite element type and mesh

A four-node doubly curved shell element with
reduced integration and hourglass control (S4R5) was
used in the simulation of beams. The element has five
degrees of freedom per node. In the simulation of
beams, only half of the specimen was modeled for
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symmetry. In order to choose the finite element mesh
that provides accurate results with minimum compu-
tational time, convergence studies were conducted. It
was found that an approximate 10 mmx10 mm
(length by width) ratio provides adequate accuracy in
modeling the beams with a fine mesh in the corner
portion, as shown in Fig.2.

(b)

Fig.1 Comparison of (a) experimental specimen and
(b) FEM for beam specimen N40-40-2

y

Corner portion

Fig.2  Finite element mesh of beam specimen
N40-40-2

Boundary conditions and load application
Following the test procedure the beam was
four-point loaded. In the FEM, the support plate was
modeled as a rigid surface whose motion is governed
by the reference point. The reference point of the
support plate was restrained against x, y and z direc-
tions displacement as well as y- and z-axes rotation
but was free to rotate about the x-axis. The loading
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plate was also modeled as a rigid surface. The refer-
ence point of the loading plate was restrained against
x and z directions displacement as well as y- and
z-axes rotation but was free to move in y direction and
rotate about the x-axis. The constraint between the
loading/support plate and specimen was simulated
using a contact surface, as shown in Fig.3. The web
stiffener plates which stiffen the section at the load
and support points were simulated by increasing the
approximate 70% thickness of the elements at the
corresponding parts. Thus local failure at the loading
and support points was prevented. The load was ap-
plied at the reference point of the loading plate. The
nonlinear geometry parameter (NLGEOM) was in-
cluded to deal with the large displacement analysis.

\ Specimen

Mid-surface

Fig.3 Boundary conditions and load application of finite
element model for specimen N40-40-2

Material modeling

In the FEM the measured stress-strain curves
were used. The static stress-strain curves were first
obtained by knowing the static loads near to the 0.2%
proof stress and ultimate stress. Since the analysis
involves large inelastic strains, the nominal (engi-
neering) static stress-strain curve was converted to a
true stress and plastic true strain curve. The true stress
and plastic true strain were specified in ABAQUS
(2004). Another important issue is thermal expansion.
Stainless steel expands more than carbon steel at
elevated temperatures. However, the specimens in-
vestigated in this study are free from thermal expan-
sion and therefore it is not included.

VERIFICATION OF FINITE ELEMENT MODEL

The stainless steel beams tested by Zhou and

Young (2005) were modeled in this study. The meas-
ured cross-section dimensions and material properties
reported in Zhou and Young (2005) were incorporated
in the FEM. The ultimate moments of the stainless
steel beams obtained from finite element analysis
(FEA) (M,rea) are compared with the test results
(M,.test) presented by Zhou and Young (2005) in
Table 1. The test specimens are labeled such that the
steel types and cross-section dimensions could be
identified from the label. For example, the labeled
‘N100-50-2" defines the specimen having normal
strength material and nominal overall depth of the
web of 100 mm, overall flange width of 50 mm, and
thickness of 2.0 mm. The mean values of the ultimate
moment ratio (M,.tpst/My.rea) are 0.97 with the cor-
responding coefficients of variation (COV) 0.025. A
maximum difference in ultimate moments of 7% was
observed between test and numerical results for a
beam specimen of N120-60-2. The comparison indi-
cates that the ultimate moments of beams predicted by
the FEA are accurate. In addition, the load vs mid-
span deflection curve obtained from the FEA was
compared with test results of specimen H40-40-2, as
shown in Fig.4. It is also shown that the FEA results of
the load vs mid-span deflection curve agree well with
the test results.

Table 1 Comparison of FEA results with stainless steel
beam test results

. M, TEST M, rEa Comparison
Specimen (kN-m) (kN-m) M, resT/MFEA
N40-40-2 2.35 2.42 0.97
N40-40-4 5.11 5.37 0.95
N80-80-2 6.64 6.94 0.96
N80-80-5 24.78 24.89 1.00
N100-50-2 8.81 9.19 0.96
N100-50-4 21.28 22.73 0.94
N120-60-2 10.25 11.03 0.93
N120-60-4 34.09 33.63 1.01
H40-40-2 345 3.45 1.00
H50-50-1.5 348 3.62 0.96
H150-150-3 31.68 32.85 0.96
H150-150-6 108.60 111.38 0.98
H140-80-3 33.97 35.80 0.95
H160-80-3 39.36 41.07 0.96
H200-110-4 80.15 80.20 1.00
Mean 0.97 cov’ 0.025

"COV: Coefficients of variation
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Fig.4 Comparison of moment vs mid-span deflection
curves obtained from test results of specimen H40-40-2
with FEA results

PARAMETRIC STUDY

The verification showed that the FEM of
stainless steel beams at elevated temperatures was
reasonably accurate. Hence parametric study was
carried out to investigate the behaviour of stainless
steel beams at elevated temperatures. Cold-formed
high strength stainless steel structural members have
been increasingly used in structural applications
(Young and Liu, 2005). However, there is no data
available on the material behavior of cold-formed
high strength stainless steel members at elevated
temperatures. Therefore the behaviour of high
strength stainless steel beams was also investigated in
this paper. Three kinds of beam sections, namely
50-100-2, 40-40-2, 100-50-2, are investigated in the
parametric study. The cross-section dimensions are
shown in Table 2 using the symbols defined in Fig.5.
Those sections are chosen so that both thin-walled
and compact sections of rectangular and square sec-
tions are included.

An experimental investigation of the mechanical
properties of high strength and normal strength
stainless steel at elevated temperatures has been
conducted by Chen and Young (2006). The test pro-
gram included two stainless steel grades of EN 1.4462
and EN 1.4301 with nominal yield strengths of 793
MPa and 398 MPa, respectively. The yield strength
(fy,r) and elastic modulus (E7) of stainless steel grades
of EN 1.4462 and EN 1.4301 at elevated temperatures
were presented in Table 3. In the simulation of beams
at elevated temperatures, the stress-strain curves of
both high and normal strength stainless steel obtained
by Chen and Young (2006) were used. The material
behaviour provided by ABAQUS (2004) allows a
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Fig.5 Definition of symbols. (a) Square hollow section;
(b) Rectangular hollow section

Table 2 Dimensions for specimens of parametric study”

Specimen Web d (mm) Flange b (mm)
H50-100-2 52.0 102.0
H40-40-2 42.0 42.0
H100-50-2 102.0 52.0
N50-100-2 52.0 102.0
N40-40-2 42.0 42.0
N100-50-2 102.0 52.0

"The thickness 7 is 2.0 mm; the radius 7; is 2.0 mm; the length L is
1440 mm

multi-linear stress-strain curve to be used. The first
part of the multi-linear curve represents the elastic
part up to the proportional limit stress with measured
elastic modulus and Poisson’s ratio. In this study, the
Poisson’s ratio is taken as 0.3 under fire conditions.
Generally, the Poisson’s ratio is assumed to be inde-
pendent of temperature (Kaitila, 2002; Zha, 2003).
The labeling system for the stainless steel beams at
elevated temperatures is similar to that used for nor-
mal room temperature. In the parametric study, the
temperature is also considered in the labeling system.
Therefore, the letter “T” is added in the labels. For
example, the label “H40-40-2T22” defines the speci-
men of H40-40-2 at a temperature of 22 °C, where “T”
indicates the temperature of the specimen followed by
the value of the temperature in degree Celsius. The
temperature values chosen in the parametric study are
22,320, 450, 550, 660, 760 and 960 °C.

DISCUSSION

The ultimate moment of high strength and normal
strength stainless steel beams (M, 1) obtained from the
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FEA are shown in Tables 4 and 5, respectively. In
addition, the moment vs mid-span deflection curves of
specimen series H40-40-2 and N40-40-2 were also
plotted, as shown in Figs.6a and 6b, respectively. It is
shown that the moment vs mid-span deflection curves
at elevated temperatures are generally similar to those
at normal room temperature. When temperature in-
creases, the mid-span deflection corresponding to the
maximum moment also increases for temperatures
lower than 660 °C, which means that the deformation
capacity of stainless steel beams increases. However,
the deformation capacity of stainless steel beams de-
creases when the temperature is higher than 660 °C.
The load ratio of the ultimate moment of
stainless steel beams was plotted against different
temperatures in Figs.7a and 7b for high strength
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stainless steel and normal strength stainless steel,
respectively. The load ratio is defined as the maxi-
mum moment of a beam at elevated temperatures
(M, 1) compared to that at normal room temperature
(My normal), as shown in Eq.(1):
Load ratio=M, 1/M normal- (1)
It is shown that the specimen lost approximately
30% of its strength when the temperature reached 450
°C. For high and normal strength stainless steel beams,
the load ratio decreases rapidly when the temperature
reaches 660 °C and 550 °C, respectively. For con-
servatism, 550 °C was considered as the limiting
temperature for both high and normal strength
stainless steel beams.

Table 3 Material properties of stainless steel EN 1.4462 and EN 1.4301 at elevated temperatures used in the pa-

rametric study

Stainless steel grade EN 1.4462

Stainless steel grade EN 1.4301

Temperature (°C)

Ey (MPa) /1 (MPa) Ey (MPa) f,1 (MPa)
22 227000 731 187000 398
320 162078 554 193732 278
450 157992 532 177837 270
550 156600 499 168300 237
660 145961 386 161194 208
760 92843 259 107338 142
960 13620 23 63580 46

Table 4 Ultimate moments for high strength stainless steel beams obtained from the FEA

Specimen M, (kN-m) Specimen M, (kN-m) Specimen M, r (kN-m)
H50-100-2T22 6.6 H40-40-2T22 3.4 H100-50-2T22 14.6
H50-100-2T320 5.0 H40-40-2T320 2.7 H100-50-2T320 11.5
H50-100-2T450 49 H40-40-2T450 2.5 H100-50-2T450 11.1
H50-100-2T550 4.8 H40-40-2T550 2.4 H100-50-2T550 104
H50-100-2T660 3.8 H40-40-2T660 1.9 H100-50-2T660 7.8
H50-100-2T760 2.6 H40-40-2T760 1.1 H100-50-2T760 4.8
H50-100-2T960 0.3 H40-40-2T960 0.1 H100-50-2T960 0.6

Table 5 Ultimate moments for normal strength stainless steel beams obtained from the FEA

Specimen M, 1 (kN-m) Specimen M, 1 (kN-m) Specimen M, 1 (kN'm)
N50-100-2T22 4.1 N40-40-2T22 2.0 N100-50-2T22 8.9
N50-100-2T320 3.5 N40-40-2T320 1.4 N100-50-2T320 6.4
N50-100-2T450 3.4 N40-40-2T450 1.3 N100-50-2T450 6.2
N50-100-2T550 3.0 N40-40-2T550 1.2 N100-50-2T550 5.5
N50-100-2T660 2.9 N40-40-2T660 1.1 N100-50-2T660 52
N50-100-2T760 1.8 N40-40-2T760 0.7 N100-50-2T760 34
N50-100-2T960 1.0 N40-40-2T960 0.2 N100-50-2T960 1.4
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Fig.6 Moment vs mid-span deflection curves of specimen series (a) H40-40-2 and (b) N40-40-2 at

elevated temperatures
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Fig.7 Load ratio of (a) high strength and (b) normal strength stainless steel beams at elevated temperatures

The reduction ratio of yield strength (f;) and
elastic modulus (E) were also plotted in Fig.7 for
comparison. It is shown that for high strength
stainless steel, the load ratio curves are similar to the
reduction ratio curves of material properties. For
normal strength stainless steel, the load ratio curves
are generally between the reduction ratio curves of
yield strength and elastic modulus. The reduction
ratio curves of elastic modulus could be considered as
upper boundary while the reduction ratio curves of
yield strength could be considered as lower boundary.

CONCLUSION

This paper focuses on the behaviour of stainless
steel beams at elevated temperatures. An accurate
FEM was developed and verified against experi-
mental results. It is shown that the FEM can simulate

the stainless steel beams accurately. Therefore a pa-
rametric study was conducted using the verified FEM.
Six series of stainless steel beams (42 specimens)
having different cross-sectional dimensions and ma-
terial properties were investigated. It is shown that the
deformation capacity of stainless steel beams in-
creases when the temperature increases in the range of
22~660 °C. However, the deformation capacity of
stainless steel beams decreases when the temperature
increases in the range of 660~960 °C. Based on the
investigation, a limiting temperature of 550 °C for
both high and normal strength stainless steel beams
was suggested in this study. For high strength stainless
steel beams, the load ratio curves are similar to the
reduction ratio curves of material properties. For
normal strength stainless steel beams, the reduction
ratio curves of elastic modulus could be considered as
upper boundary while the reduction ratio curves of
yield strength could be considered as lower boundary.
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