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Abstract: A series of local buckling tests of light gauge cold-formed steel columns was conducted at ambient
and elevated temperatures up to 700oC to fully understand their local buckling behaviour under fire
conditions. Current design standards do not provide clear guidelines for cold-formed steel structural members
under fire conditions. Although Eurocode 3 Part 1.2 provides some guidelines for local buckling, other
imposed limitations may lead to uneconomical designs. Some designers use the design guidelines developed
for ambient temperature conditions to calculate the local buckling capacities at elevated temperatures by
simply using the reduced mechanical properties. This paper presents the details of local buckling tests and
reviews the accuracy of different design methods for estimating the local buckling capacities of cold-formed
steel compression members at elevated temperatures.
Keywords: Local buckling, Cold-formed steel compression members, Elevated temperature, Design method.

1. INTRODUCTION
Many cold-formed steel design codes, AS/NZS 4600 (SA, 2005), Eurocode 3: Part 1.3 (ECS, 1996), BS
5950 Part 5 (BSI, 1998) and the North American Specification (NAS, 2003), and the Direct Strength Method
(DSM) give suitable design guidelines for cold-formed steel columns subjected to local buckling at ambient
temperature. Fire design codes, BS 5950 Part 8 (1990) and Eurocode 3: Part 1.2 (2005), give design
guidelines for steel members at elevated temperatures. They mainly focus on hot-rolled steel members and
recommend the same guidelines for the design of cold-formed steel members with some limitations, which
leads to uneconomical designs, despite the fact that the structural behaviour of cold-formed steel members is
different from that of hot-rolled steel members. Eurocode 3: Part 1.2 (2005) limits the maximum temperature
to 350oC for Class 4 sections. Outinen and Myllymaki (1995) carried out fire tests on rectangular hollow
sections of 5 mm thickness. Ranby (1999) and Feng et al. (2004) numerically simulated the local buckling
behaviour at elevated temperatures. However, their simulations were limited to channel and hollow tubular
sections. Local buckling behaviour of light gauge cold-formed steel compression members at elevated
temperatures has not been adequately investigated experimentally and hence there is no well documented test
data to develop design guidelines at elevated temperatures. Therefore a series of local buckling tests was
carried out on cold-formed steel short columns at ambient and elevated temperatures with two thicknesses
(0.95 mm and 1.9 mm) and three grades (G250, G450 and G550). Test results were compared with the
estimated local buckling capacities using the available design methods.

2. SELECTION OF TEST SPECIMENS AND THEIR DIMENSIONS
Thicknesses of light gauge cold-formed steel members vary from 0.42 mm to 3 mm. Therefore
thicknesses of 0.95 mm, 1.9 mm and 1.95 mm were selected to represent the light gauge cold-formed steel
domain. Cold-formed steel members are available in two strength grades, namely low strength (G250) and
high strength (G450/G550). Therefore these grades were selected with the above thicknesses in this research.
Most commonly available sections, unlipped and lipped channels, were selected for testing (see Figure 1).
However, the chosen section dimensions were not standard sizes to ensure the desired buckling failures, i.e.
local buckling in the web element of lipped channels and in the flange elements of unlipped channel,
respectively. These buckling modes were ensured by calculating the effective widths of stiffened and
unstiffened elements according to AS/NZS 4600 (SA, 2005). A slender web was selected for the lipped
channels while slender flanges were selected for the unlipped channels to ensure that local buckling occurred
in the web elements of lipped channels and the flange elements of unlipped channels.
In this research, lipped channels are referred to as Type A sections and unlipped channels as Type B
sections. All the selected sections were analysed using the well known finite strip analysis program CUFSM
to ensure the required local buckling modes. Distortional buckling can be observed in the lipped channels.
Therefore the web width was further increased to avoid any interaction of distortional and local buckling.
Half wave length ( ) for local buckling mode was obtained from the buckling plots. It is common practice to
select the specimen length as a multiple of half wave lengths to observe the elastic buckling waves. In this
research, member length was selected as two or three half waves. In addition to the above length, additional
20 mm length was included to either ends to minimize the effect of end supports. Table 1 shows the
dimensions of the section, buckling half wave lengths and the chosen specimen lengths for different sections.

Type A
Type B
Figure 1: Selected Cross-section Types for Local Buckling Tests
Table 1: Nominal Dimensions of Test Specimens
Section
Web
type
depth
0.95
A
60
250
B
25
A
60
0.95
550
B
25
A
118
1.95
250
B
48
A
98
1.9
450
B
48
Note: - All dimensions are in millimeters
Thickness

Grade
of steel

Flange
width
30
25
25
25
38
49
38
49

Lip
9
9
15
15

50
55
50
55
90
110
80
110

Specimen
length
190
150
190
150
320
260
280
260

3. TEST SET-UP AND PROCEDURE
3.1 Ambient temperature tests
Ambient temperature tests were carried out using the Tinius Olsen testing machine in the QUT Structural
Laboratory (see Figure 2a). This machine can be used to apply the compression load with user defined strain
rates. Inbuilt load cells of the machine measure the axial load while an inbuilt Linear Variable Displacement

Transducer (LVDT) attached to the cross head measures the axial displacement. Display unit of the machine
shows the axial load, axial displacement and also the maximum load during the test.

Cross-head

(a) Tinius Olsen Machine
(b) Displacement Measurement using LVDTS
Figure 2: Test Set-up using the Tinius Olsen Machine
Out-of-plane deformations of the test specimens were measured at the middle of the specimens using 10
mm LVDTs attached to the specimens. Axial shortening of the specimens was measured using the inbuilt
LVDT of the machine. In addition to this, an independent 5 mm LVDT was employed (see Figure 2b) to
measure the axial displacement to ensure accurate results, and both displacements were plotted against the
axial load. All the LVDTs and the load channel were connected to a data logger system. This data logger
system was programmed to plot both axial compression load versus axial displacement and axial compression
load versus out-of-plane (buckling) displacement curves.
3.2 Elevated temperature tests
The second series of tests was carried out at preselected elevated temperatures up to 700oC. The same
cold-formed steel section types, thicknesses and grades that were tested at ambient temperature were selected
for the elevated temperature tests. Test specimens were heated using the small electric furnace in the QUT
structural laboratory. A special loading set-up was made to fit inside the furnace and the specimens were then
loaded using Tinius Olsen Testing Machine.
Electric Furnace
Figure 3 shows the small electrical furnace at the QUT Structures Laboratory. Four glow bars fitted to the
furnace heated the specimens while a micro-computer based temperature control system controlled the pre-set
temperatures and heating rates. A maximum heating rate of up to 30oC/min can be achieved with this furnace.
However, it depends on the mass of steel and air inside the furnace. Four glow bars provide radiative heating,
and the temperature at the centre of the glow bars was slightly less than the preset temperatures. Therefore the
furnace temperature was set slightly higher than the required temperature and a thermometer was located at
the centre to monitor the specimen temperature. In this way, the specimen temperature was measured with
less than 1% error at higher temperatures above 400oC and 2% error below 300oC. An observation window
located on the back side of the furnace was used to observe the test specimen and its behaviour during
loading. Special openings on the furnace were used to insert an LVDT and a thermocouple to the specimen.
They were used to measure the out-of-plane deflection (local buckling) and the accurate temperature of the
specimen. There is another thermocouple permanently fixed to the furnace. This thermocouple monitors
temperature inside the furnace and communicates with the microcomputer system to control the temperature.
Loading Arrangement
A loading arrangement inside the furnace was made using 253MA stainless steel which gives better
performance at elevated temperatures up to 1100oC. One end of a 40 mm diameter circular bar of grade
253MA stainless steel was fitted to the 25 mm thick and 130 mm diameter plate of same grade stainless steel.
Other end of the rod was threaded to a length of 100 mm and was screwed into a rigid steel plate. This rigid
plate was fixed to the cross head of Tinius Olsen Testing Machine. A similar arrangement was made to the
bottom loading shaft. Bottom shaft was simply located on the flat base of machine. Both shafts were
tightened using locknuts.
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Figure 3: Furnace and loading set-up
Test Procedure
The test specimen was first placed between the loading plates. The LVDT was inserted inside the furnace
so that it was in contact with the plate element that buckled locally. Location of the LVDT was marked and
the relevant distances were measured and noted. The furnace was programmed to the required temperature.
Once it reached the required temperature, specimens were kept for 20 minutes at the target temperature to
ensure a uniform temperature throughout the specimen and then loaded. During the heating phase, a small
load of about 0.1 kN was maintained to avoid any movement of the specimen due to the load induced by the
pressing of LVDTs. An appropriate load cell in the test machine was selected according to the expected
failure load. It is important to avoid any loading eccentricity. Therefore the loading axis was made to coincide
with the geometric centre of the section. The geometry of each section was drawn on the plate of the bottom
loading shaft so that the geometric centre was located exactly at the centre. The specimen was then placed on
the corresponding geometry. For the tests with temperatures greater than 500oC, the specimen coating was
removed by immersing the specimens in diluted hydrochloric acid for about 45 minutes. These specimens
were also used to measure their base metal thicknesses.

4. OBSERVATIONS AND CAPACITY CALCULATIONS
Elastic buckling waves were first observed in the tests and their amplitudes gradually increased. In most
cases the bifurcation type of buckling was not observed. Hence determining the elastic buckling load based
on visual observation was almost impossible. After reaching the elastic buckling load, axial load was further
increased due to the presence of considerable post-buckling capacity. During the post-buckling stage, elastic
buckling waves were reduced to a single wave. Since elastic buckling load was not clearly identified, only the
ultimate load was recorded. In addition to the ultimate load, axial compression load versus axial shortening
and out of plane deflection curves were also recorded for the duration of the test.
Ultimate loads of the tested specimens were calculated using the available design rules. Design guidelines
of AS/NZS 4600 (SA, 2005), Eurocode 3: Part 1.3 (ECS, 1996), Eurocode 3 Part 1.2 (ECS, 2005), BS 5950
Part 5 (BSI, 1998) and the North American Specification (NAS, 2003), and the Direct Strength Method
(DSM) were considered in the capacity calculations. Since Eurocode 3 Part 1.3 (ECS, 1996), North American
Specification (NAS, 2003) and AS/NZS 4600 (SA, 2005) provide identical design guidelines, only AS/NZS
4600 (SA, 2005) was used in the calculations. All the design standards except Eurocode 3 Part 1.2 (ECS,
2005) give design guidelines for ambient temperature design. Therefore ambient temperature guidelines were
used with appropriately reduced mechanical properties to estimate the local buckling capacity at elevated

temperatures. Mechanical properties at elevated temperatures for 0.95 mm thick cold-formed steel were taken
from Ranawaka (2006) while for 1.9 mm thick cold-formed steel from Dolamune Kankanamge (2008).
AS/NZS 4600 (SA, 2005) and BS 5950 Part 5 (BSI, 1998)
AS/NZS 4600 and BS 5950 Part 5 use the well known effective width method (see Equations 1 to 4) to
calculate the local buckling capacity of compression members at ambient temperature. In this research, test
specimen length was taken as 2 or 3 times the buckling half wave length and hence interaction with the
flexural or flexural-torsional buckling modes was not observed. Therefore the section capacity, which is equal
to the product of effective area times the yield stress, gives the local buckling capacity.
AS/NZS 4600 design equations for effective width (be).
For λ ≤ 0.673 :

be = b

For λ > 0.673 :

be =
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Buckling coefficient K is 4 for stiffened elements and 0.43 for unstiffened elements.

fcr=Plate elastic buckling stress and is given by

(
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BS 5950 Part 5 design equations for effective width (be)
For f c / p cr ≤ 0.123 ,

For f c / p cr > 0.123 ,
Where,
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fc = compressive stress on the effective element and is equals to the yield stress ,
2
t
pcr= local buckling stress of the element given by: p cr = 0.904 EK
b
Buckling coefficient K is 4 for stiffened elements and 0.425 for unstiffened elements.

Eurocode 3 Part 1.2 (ECS, 2005)
This design standard recommends the effective width method for the local buckling capacity of
compression members at elevated temperatures. Effective width at ambient temperature, calculated based on
Eurocode 3 Part 1.3, is used with the reduced yield stress at elevated temperatures. Since the recommended
yield stress reduction factors for both cold-formed and hot-rolled steels are identical in this standard,
measured mechanical properties of Ranawaka (2006) and Dolamune Kankanamge (2008) were used.
Direct Strength Method (DSM)
Recently Schafer (2001) proposed a new method (see Equations 5 and 6) called the Direct Strength
Method (DSM) that eliminates the tedious calculations of effective with of each plate element in the section.
This method is now recommended as an alternative method by AS/NZS 4600 and NAS. The major advantage
of this method is its ability to calculate the capacity of members subjected to local buckling interacting with
other buckling modes. However, the direct strength method needs accurate elastic buckling loads based on a
rational buckling analysis to calculate the ultimate capacity. In this research, elastic buckling analyses were

carried out using ABAQUS finite element software to simulate more closely the test specimens. Reduced
mechanical properties were used in the calculations.
0.4
0.4
Pcrl
Pcrl
P
> 0.776
(5)
For
Pn = 1 − 0.15
P
Pcrl
P
P
Pn = P

Otherwise
Where,

(6)

Pn = Local buckling capacity
Pcrl = Elastic buckling load of the specimen using rational buckling analyses
P = Squash load except when interaction with other buckling modes is considered

5 RESULTS AND DISCUSSIONS
5.1 Type A specimen
Test results and calculated local buckling capacities (ultimate loads) of Type A specimens were plotted as
a function of temperature based on the grade of steel and thickness (see Figure 4). Experimental results
followed a close and similar pattern with the predicted results of design standards except for 0.95 mm G250
specimens. Test results of 0.95 mm G250 specimens gave higher capacities than the predicted capacity from
design standards for lower elevated temperatures. This difference is possibly due to the use of steel sheets
from a different G250 steel batch. All the design standards followed a unique pattern for ultimate load with
increasing temperature.
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Figure 4: Ultimate Load of Type A Specimens as a Function of Temperature
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Type B specimen
Test results and calculated local buckling capacities (ultimate loads) of Type B specimens were plotted as
a function of temperature based on the grade of steel and thickness (see Figure 5). Predictions based on the
direct strength method are higher than the other design standards. Test results are mostly on the safe side
compared to the other design standards except the direct strength method. However, most test results are close
to the direct strength method while few results are on the unsafe side.
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Figure 5: Ultimate Load of Type B Specimens as a Function of Temperature
In the case of higher strength steel grade, local buckling capacity (ultimate load) shows a sudden
reduction beyond 400oC. This reduction is more severe after 500oC, but beyond 600oC it does not reduce
rapidly and follows a linear reduction. In addition, high strength cold-formed steel members lose about 90%
of their capacity at 600oC. In the case of low strength steel members, their capacities do not decrease much up
to 200oC and then reduce approximately linearly. At 600oC low strength cold-formed steel members retain
approximately 25% of its strength at ambient temperature.
Eurocode 3 Part 1.2 predictions for higher grade steel at 600oC are highly conservative. The ratios of test
over predictions are 1.27, 1.37, 1.75, and 1.47 for specimens of G550-0.95-A, G450-1.9-A, G550-0.95-B, and
G450-1.9-B, respectively. Eurocode 3 Part 1.2 assumes that the effective width does not change with
temperature. However, the effective width depends on plate slenderness, which is a function of the ratio of
(E/fy)0.5, for a particular section. Since this ratio is significantly higher at 600oC, effective width will be higher
than that at ambient temperature (see Figure 6). Therefore the predicted capacities at 600oC, in particular with
higher strength steel grades, are conservative for European fire design code.
Figure 6 shows the variation of the critical mechanical property parameter (E/fy)0.5 with temperature. It
varies linearly without major changes for low strength steels while there was a rapid change in it at 600oC.
This is likely to influence the accuracy of modified ambient temperature design rules as they are based on the
mechanical properties at 20oC. However, the modified ambient temperature design rules in AS/NZS 4600 and
BS5950 Part 5 appear to provide good overall predictions at all the temperatures, partly due to possible
variations in test results. Numerical analyses are likely to identify this effect more clearly.

1.2

1.0

0.5

(E/Fy) x1000

0.5

0.8

0.6
G550-0.95

0.4

G250-0.95
G250-1.95

0.2

G450-1.95

0.0
0

100

200

300

400

500

600

700

800

o

Temperature ( C)
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6 CONCLUSIONS
This paper has described an experimental investigation of the local buckling behaviour of cold-formed
steel columns at elevated temperatures. It was found that the method of using the reduced mechanical
properties at elevated temperatures with ambient temperature design guidelines is able to approximately
predict the axial compression capacity of cold-formed steel short columns subjected to local buckling effects.
This method appears to be more accurate for compression members with stiffened elements and conservative
for those with unstiffened elements. Limiting the temperature to 350oC as in Eurocode 3 Part 1.2 is
uneconomical as cold-formed steel columns have significant capacities beyond this limiting temperature.
Eurocode 3 Part 1.2 method of using the effective widths at ambient temperature with the reduced yield stress
at elevated temperature is not accurate.
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