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Abstract 
This paper presents the first set of experimental data for cold-formed stainless steel channel-beams, concerning the 
distortional-global interaction buckling behaviour. Three stainless steel alloys were employed in the test, namely 
austenitic 304, ferritic S44330 and lean duplex S32101. Coupon tests were carried out to determine the mechanical 
properties of the flat material as well as the work-hardened corner material. Geometric imperfections of each specimen 
were measured prior to testing. A total of 32 specimens were tested under four-point bending, 6 of which were tested 
with lateral bracing in order to determine the section capacity. The remaining 26 specimens, with spans ranging from 
1.8m to 4.0m, were tested in a specially devised test set-up. The set-up featured a dual-actuator gravity simulator, flexible 
load-applying frames and idealized end support conditions, all of which contributed to minimizing unquantifiable factors 
in the tests, thereby affording benchmark tests for analytical and numerical studies. Interaction buckling was achieved in 
all the unbraced members. 

1 Introduction 
Stainless steel alloys have seen increasingly widespread application in structural applications during the past few decades 
[1], due to emergence of design codes, better awareness of their beneficial properties and continuing metallurgical 
improvements which result in structurally superior alloys.  

While intensive research has been conducted on carbon steel thin-walled structures, the highly non-linear stress-strain 
curve of stainless steel precludes the direct application of this research to stainless steel structures. Research on stainless 
beams has mainly focused on hollow sections (SHS, RHS, CHS) [2, 3]. Similarly, research on open stainless steel 
sections has focused on columns [4]. As part of a research project concerning the distortional-global interaction buckling 
behaviour of thin-walled stainless steel beams, the paper presents a comprehensive series of tests on channel sections 
which will serve as benchmark for calibrating FE models and future analytical study.  

2 Materials 
Three alloys were included in the research, namely austenitic 304, ferritic S44330 and lean duplex S32101 as per the 
ASTM designation system. For simplicity, the alloys will be referred to as 304, 443 and 2101 respectively in this paper. 
The three alloys were supplied in sheets of nominal thickness of 1.5mm, 1.2mm and 2.0mm respectively. They were 
guillotined into strips of appropriate width and brake-pressed into shape.  

A comprehensive series of coupon tests were conducted on virgin flat material as well as work-hardened corner material. 
Key factors representing the material properties are listed in Table 1 and Table 2, columns 1~7 of which show 
respectively the (1) initial Young’s modulus, (2) nominal proportional limit, (3) static 0.2% proof stress, (4) static 
ultimate tensile strength, (5) Ramberg-Osgood index ‘n’, (6) uniform elongation corresponding to the ultimate tensile 
strength and (7) total elongation after fracture. 

Table 1 Virgin flat tension and compression material properties 

Coupon 
E0  

MPa  
f0.01 

MPa 
f0.2 

MPa 
fu 

MPa n εu – unif. 
elong % 

ε t – total 
elong % 

1 2 3 4 5 6 7 
304LT 198.1 155.0 244.9 719.7 6.5 54.4 62.7 
304DT 192.2 164.0 251.6 715.3 7.0 54.3 62.0 
304TT 201.7 164.5 261.2 741.0 6.5 53.3 57.3 
304LC 209.8 136.0 245.6 \ 5.1 \ \ 
304DC 199.7 160.3 256.3 \ 6.4 \ \ 
304TC 198.8 201.0 263.8 \ 11.0 \ \ 
443LT 201.5 229.0 287.9 428.3 13.1 17.4 30.3 
443DT 216.5 209.3 301.3 430.3 8.2 16.5 24.5 
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443TT 214.5 236.0 307.0 440.3 11.4 16.9 31.9 
443LC 197.1 198.3 285.6 \ 8.2 \ \ 
443DC 215.1 251.0 308.7 \ 14.5 \ \ 
443TC 204.5 256.3 306.3 \ 16.8 \ \ 
2101LT 198.2 318.0 489.8 709.3 6.9 25.3 46.0 
2101DT 194.0 351.0 503.8 677.0 8.3 24.9 45.3 
2101TT 214.8 365.7 532.3 713.3 8.0 21.6 40.7 
2101LC 200.4 235.3 436.2 \ 5.0 \ \ 
2101DC 200.4 287.7 498.0 \ 5.5 \ \ 
2101TC 204.8 342.7 533.8 \ 6.8 \ \ 

Note: Tests are denoted as ‘Alloy - Coupon direction - Action type’. 

Coupon direction: longitudinal (L), 45°diagonal (D), or transverse (T) relative to the cold-rolling direction. Action type: 
tensile (T) or compressive (C). 

Table 2: Corner region material properties (longitudinal tension) 

Coupon 
E0 

MPa 

f0.01 

MPa 

f0.2 

MPa 

fu 

MPa 
n 

εu – unif. 

elong % 

ε t – total 

elong % 

 1 2 3 4 5 6 7 

304Cnr 195.6  271.3  515.4  824.3  4.7  35.1 38.5  

443Cnr 209.3  330.0  536.0  568.0  6.2  0.9 4.2  

2101Cnr 205.5  387.5  757.7  890.0  4.5  1.8 15.4  

 

The 304 alloy has more rounded stress-strain curves and loses stiffness earlier as compared with the other two alloys, 
which is revealed by the smaller n-values (Column 7) and lower proportional stresses (Column 2). 443 has the highest n-
values and therefore the sharpest transition of the stress-strain curve from the elastic to the plastic regions, and is thus 
more similar to carbon steel than the other two alloys. The n-indices of 2101 are between those of 304 and 443 but the 
0.2% proof stress values of 2201 are nearly twice those of 304. 304 has the greatest capacity to strain-harden while 443 
demonstrates the lowest capacity, which is reflected by the ratio between fu and f0.2 as well as the uniform and total 
elongations of each alloy. Corner materials have enhanced 0.2% proof stresses, which are about 2.0, 1.8 and 1.5 times 
that of flat material for 304, 443 and 2101 material respectively. 

3 Specimen Geometry 
For each alloy, specimens of the same cross-section but different lengths were tested. Limited to the longest available 
sheet length, the specimen lengths were chosen approximately as 2.0m, 2.5m, 3.2m and 4.0m. At least two nominally 
identical specimens were tested at each length. An additional pair of specimens were tested for each alloy with lateral 
bracings so as to reflect the sectional capacity of the cross-sections. 

A cross-section was designed for each alloy as per the following principles: 

(a) The critical stress for elastic distortional buckling (fcrd) should be reasonably lower than that for local buckling 
(fcrl). This way, distortional buckling would dominate the interactional buckling behaviour, while local buckling 
is suppressed to a large extent. fcrd and fcrl could be calculated with software packages such as ThinWall [5] and 
CUFSM[6]. 

(b) fcrd intersets the design strength curve of AS4673 [7] at an intermediate member length. Pronounced interaction 
buckling is generally believed to occur around this region. The intersection point corresponded to a length of 
around 3.0m in the design of the test specimens. 

(c) fcrd is reasonably lower than f0.2 (static 0.2% proof stress from longitudinal compression coupon tests). In other 
words, the distortional section slenderness λs as defined in equation (1) was relatively high. A target value of 
λs=1.5 was used for the design. 
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0.2
s

crd

f
f

λ =  (1) 

The above requirements resulted in cross-sections featuring small lips and wide flanges with high ‘width/thickness’ 
ratios. The actual specimen dimensions are listed in Tables 3-5, using the nomenclature illustrated in Figure 1. The 
specimens are named as “Alloy-C-Member Length-Serial Number”, where “C” indicates channel section, “Member 
length” is the nominal specimen length in millimeters and “Serial number” is used to distinguish the nominally identical 
specimens. For laterally braced tests, “Sec” is used in place of the “member length”. 

Note that the 304 section flanges are of “flat width/ thickness” ratio of 57, which is beyond the limit of 50 as required by 
AS/NZS 4673 [7], but within the limit of 60 as per AS/NZS 4600[8].  

Table 3 304 specimen dimensions 

Specimen H(mm) B(mm) L(mm) t(mm) r(mm) 

304-C-1900-1 255.3  90.5  9.2  1.46  3.5  

304-C-1900-2 253.1  90.3  10.0  1.45  3.5  

304-C-2500-1 256.3  90.3  8.9  1.48  3.5  

304-C-2500-2 255.9  90.5  9.1  1.46  3.5  

304-C-3200-1 253.5  90.5  9.8  1.46  3.5  

304-C-3200-2 253.3  90.5  9.4  1.47  3.5  

304-C-4000-1 253.0  90.8  9.9  1.46  3.5  

304-C-4000-2 253.5  90.8  9.9  1.47  3.5  

304-C-Sec-1 254.9  90.9  9.7  1.48  3.5  

304-C-Sec-2 254.7  91.1  9.4  1.49  3.5  

average 254.4  90.6  9.5  1.47  \ 

stdev 1.2  0.3  0.4  0.01  \ 

Table 4 443 specimen dimensions 

Specimen H(mm) B(mm) L(mm) t(mm) r(mm) 

443-C-1900-1 199.1  68.2  8.4  1.21  3.0  

443-C-1900-2 199.3  67.8  8.7  1.22  3.0  

443-C-1900-3 198.5  67.5  8.2  1.22  3.0  

443-C-2500-1 198.5  67.8  8.9  1.22  3.0  

443-C-2500-2 198.6  67.5  8.6  1.23  3.0  

443-C-3200-1 200.4  67.7  8.3  1.22  3.0  

443-C-3200-2 199.9  67.6  8.3  1.22  3.0  

443-C-4000-1 199.2  67.6  8.6  1.22  3.0  

443-C-4000-2 200.4  68.9  8.0  1.21  3.0  

443-C-Sec-1 199.1  68.0  9.0  1.23  3.0  

443-C-Sec-2 200.0  67.6  8.8  1.23  3.0  

average 199.3  67.8  8.6  1.22  \ 

stdev 0.7  0.4  0.3  0.01  \ 
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Table 5 2101 specimen dimensions 

Specimen H(mm) B(mm) L(mm) t(mm) r(mm) 

2101-C-1800-1 235.0  88.5  11.4  1.98  2.6  

2101-C-1800-2 234.9  88.4  11.1  1.98  2.6  

2101-C-1800-3 235.3  88.2  11.2  1.99  2.6  

2101-C-2500-1 235.0  88.4  10.9  1.99  2.6  

2101-C-2500-2 234.9  88.5  11.3  1.98  2.6  

2101-C-3200-1 235.5  88.0  11.1  1.97  2.6  

2101-C-3200-2 235.1  88.1  11.3  1.98  2.6  

2101-C-3900-1 234.6  89.3  11.1  1.98  2.6  

2101-C-3900-2 235.1  88.0  11.0  1.98  2.6  

2101-C-Sec-1 235.1  88.4  11.2  1.99  2.6  

2101-C-Sec-2 234.9  88.5  11.2  1.99  2.6  

average 235.1  88.4  11.2  1.98  \ 

stdev 0.2  0.3  0.1  0.01  \ 

 

 
  

Figure 1  Nomenclature for section 
dimensions (measured 
from plate mid-plane) 

Figure 2  Imperfection measuring 
rig 

Figure 3  Imperfection 
measurement lines 

4 Imperfection Measurement 
Structures subject to interaction buckling are known to be sensitive to geometric imperfections. It is therefore important 
to establish an appreciation of the pattern and magnitude of the imperfections of the specimens prior to testing. Actual 
imperfections were measured using the set-up shown in Figure 2, in which laser measuring devices were run along high-
precision tracks while recording the distance to the corresponding points on the surface of the specimen. Measurement 
lines are chosen in the cross-section as shown in Figure 3, where the arrows show the directions in which imperfections 
are measured. The records from the nine measurement lines comprise comprehensive information about the actual shape 
of the member. 
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5 Laterally Braced Beam Test 
 

 

Figure 4 Test set-up for section capacity test  

The test set-up for the laterally braced beam tests is shown schematically in Figure 4. A four-point loading scheme was 
adopted to achieve a pure bending region between the applied vertical loads. A loading blade and spreader beam were 
used to split the load in the actuator (F) equally, and transfer each half to the loading points. At the loading points and 
member ends, stiffeners were used to transfer the vertical forces into the section. Discrete lateral restraints were applied 
over the pure bending region to restrain overall lateral buckling.  

  
(a) (b) 

Figure 5   Restraints at end and loading points Figure 6   Actual test set-up 

To avoid twisting of the member, transverse loads are to be applied through the shear-center of cross-sections. Restraints 
at member ends and load points are imposing a force couple of q*H, which offsets the moment induced by applying the 
vertical force to the web, and thus effectively ensures the line of action of the applied load is through the shear-center of 
the cross-section, as illustrated in Figure 5.  

Table 6: Ultimate load, friction correction and lateral deflections of braced specimens 

Specimen 
F (kN) Dt 

(mm) 

Db 

(mm) 

‘Teflon 
slide’ 

2101-C-Sec-1 34.3 11 1.9 n 

2101-C-Sec-2 30.4 9 2.3 y 

304-C-Sec-1 21.3 3.5 1.0 n 

304-C-Sec-2 20.4 4 1.4 y 

443-C-Sec-1 83.2 0.4 0.1 n 
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443-C-Sec-2 81.0 0.7 0.1 y 
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The tests were conducted in a 2000 kN capacity DARTEC testing machine, as shown in Figure 6. A light aluminium 
frame was connected to the member as per the principle described in [9], and was used to support LVDTs monitoring 
distortion of the cross-section. LVDTs were also mounted at the member ends, loading points and mid-span to capture 
the overall deflection of the member (Figure 6). A constant loading stroke of 0.3mm/min was used in the test. The 
loading was repeatedly paused for about 2 minutes to allow the static response to be determined. Gross distortional 
buckling and yielding were observed in all specimens at the ultimate loads as exemplified in Figure 6. As examples, the 
force-stroke curves of 404 specimens are shown in Figure 7. The ultimate loads F (see Figure 4) for the specimens are 
listed in Table 6. 

 
 

Figure 7 Force-stroke curve of 404 specimens Figure 8 Deformation of member at mid-span 

Two factors were identified in the tests which might have affected the results: 

(1) The lateral restraints proved to be insufficiently stiff to completely eliminate lateral deflections for the very 
stocky sections such as the 2205 section. As shown in Figure 5(b), a clockwise torque of T=q*H was transferred 
to the restraints. The restraints therefore rotated clockwise as the section incurred lateral deflections as shown in 
Figure 8. The Dt and Db deflections at the mid-span were roughly evaluated from the LVDT readings, and are 
listed in Table 6. The associated rotation and lateral deflection of the member had a beneficial effect on the 
section capacity.  

(2) Teflon plates were used to cover the surface of the lateral restraints, so as to reduce friction. However, the 
contact forces caused local indentation or the section cut into the teflon plate, resulting in vertical forces under 
vertical deflections, as shown in Figure 9(a). A teflon slide was therefore added in later tests, as illustrated in 
Figure 9(b) and labeled with a ‘y’ in Table 6. 

As discussed in greater detail in the companion paper [10], the lateral deflections (Db, Dt) and possible presence of 
friction at the lips of the section affect the section capacity. However, because the factor have been quantified in Table 6, 
it is possible to use the experimental data described in this section to calibrate numerical models for determining the 
section capacity of stainless steel channel sections of the type used in the present study. 

  
(a) (b) 

Figure 9 Teflon plate at lateral restraints 
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6 Unbraced Beam Tests 
The test set-up was carefully designed with as well-defined loading and boundary conditions as possible. Figure10 shows 
schematically the testing conditions, comprising of (i) simple support conditions without warping restraints and (ii) two 
nominally identical vertical forces introducing a pure bending region in the middle of the specimen.  

A dual-actuator loading system was devised to keep the loading assembly vertical throughout the tests thereby simulating 
gravity load, as shown in Figure 10(b). A spreader beam is used to transfer the applied force equally onto two sets of 
loading frames. The loading frames take the shape of a parallelogram, with its four connection points pin-connected. The 
frames apply the force onto a fixed point on the cross-section while allowing the member to rotate freely about the 
longitudinal axis when undergoing flexural-torsional buckling. At the member ends, a simple support condition was 
achieved using a restraint box on which two perpendicular shafts were mounted, as demonstrated in Figure 11. 

 
(a)                             (b) 

Figure 10  Test rig and loading system 

 

 
 

Figure 11 End constraint  details Figure12: Actual test set-up 
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The actual test set-up is shown in Figure 12. LVDTs were placed at the ends of the member, loading points and mid-span 
to monitor the overall displacements and twist rotation of the member at these locations. The same LVDT frame as that 
used in braced-beam tests was mounted to the unbraced beam specimens to monitor the sectional distortions at mid-span.  

Channel section beams behave differently depending on the overall buckling direction, and as such demonstrate an 
asymmetric strength curve. The more detrimental failure mode is when the member rotation increases the stress in the 
buckled flange. Preferably, transverse loads should be applied with a minimum eccentricity from the shear centre.  

For most of the 1.8m and 2.5m specimens, the eccentricity was assessed by dropping a plumb ball from the adjustable 
point of the loading frames, and measuring the distance from the plumb ball to the member web. It proved difficult to 
accurately determine the eccentricity this way, due to the effects of overall imperfection, loading-chain inclination, and 
inaccuracies in anchoring the plumb ball. In the later tests, an indirect assessment of the loading eccentricity was made by 
measuring the twist rotations along the member under small initial vertical loads. Once the loading points had been 
adjusted (see 10(b)) to minimize the twist rotations, the beam was loaded by the vertical actuator using displacement 
control at a loading rate of 0.2mm/min. The test was conducted well into the post-ultimate range, pausing the test 
periodically for over 2 minutes to determine the static response of the member. The test set-up proved reliable featuring a 
stable control loop and repeatable test results.  

Interaction buckling was achieved in all specimens, as exemplified in Figure 13. Typically, minor distortions of the 
compression flange were observed while the load was reaching the ultimate limit state. The distortional buckling 
deformations then developed very rapidly, accompanied with large flexural-torsional deformations of the member. The 
load shed steeply in this process. 

Indeed, the distortion of the compression flange caused the cross-section to twist and the compression flange to deflect 
laterally, by (i) geometrically shortening the lip-supported edge, which resulted in in-plane bending of the flange, and (ii) 
redistributing stresses towards the web-flange corner which resulted in an eccentricity of loading in the flange. Flexural-
torsional deformations, in turn, added to the stress of the buckled compression flange by rotating and deflecting the 
section towards the shear-centre. As such, a detrimental interaction between the two modes made the load-bearing 
capacity of the member shed very quickly.  

 

  
(a) at the ultimate load (b) post-ultimate load 

Figure 13  Deformation of member 2101-C-3900-1 

Most of the members failed by a snap-through at or soon after reaching the ultimate load as demonstrated by the load-
deflection curves in Figure 14. This is attributed to the effect of flexibility of the loading rig, as illustrated in Figure 15. 
As per the figure, the total loading stroke is composed of a specimen deformation and a rig deformation, expressed as: 

s r s
r

PD D D D
K

= + = +  (2) 

In case the load shedding rate of the specimen (dP/dDs) is greater than that of the rig (dP/dDr=1/Kr), a snap-through will 
take place [11] which is actually the sudden release of the elastic strain energy stored in the loading rig.  
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Figure 14  Snap-through of load Figure 15  Effect of stiffness of rig 

The ultimate specimen strengths are listed in Table 7 and graphically plotted in Figures 16-18. For comparison, the 
elastic local, distortional and global buckling moments are also plotted in the figures. The inelastic global buckling 
moment Mcrp, as calculated from Equation (3), is also shown. In Equation (3), the Et/E term is a reduction factor 
accounting for material yielding and is calculated corresponding to the highest compressive stress in the cross-section. 

2 2
y w

crp 2 2
y z

E IE E IM G J
E L L

t
bC

π π  = +  
   

 (3) 

Table 7 Ultimate capacity, initial twist rotation and load offset of unbraced beam specimens 

member Mu-static 
(kNm) 

Initial 
rotation 
(degree) 

Load offset 
from web 

(mm) 
304-C-1900-1 5.5 0.4 32.0 
304-C-1900-2 5.7 0.8 32.0 
304-C-2500-1 5.1 0.5 32.0 
304-C-2500-2 5.2 0.5 32.0 
304-C-3200-1 4.2 1.5 34.0 
304-C-3200-2 4.2 1.5 34.0 
304-C-4000-1 3.6 2.7 35.0 
304-C-4000-2 3.8 2.0 35.0 
443-C-1900-1 3.9 0.4 23.0 
443-C-1900-2 3.5 0.2 25.0 
443-C-1900-3 3.4 0.0 25.0 
443-C-2500-1 3.0 0.7 26.5 
443-C-2500-2 2.9 0.2 25.5 
443-C-3200-1 2.2 2.0 25.0 
443-C-3200-2 2.1 2.0 26.0 
443-C-4000-1 1.7 3.5 27.5 
443-C-4000-2 1.7 3.5 27.5 

2101-C-1800-1 14.3 0.4 32.0 
2101-C-1800-2 13.0 0.4 34.0 
2101-C-1800-3 14.2 0.2 32.0 
2101-C-2500-1 12.2 0.5 33.0 
2101-C-2500-2 11.4 1.0 34.0 
2101-C-3200-1 9.0 1.2 35.0 
2101-C-3200-2 9.9 0.8 35.0 
2101-C-3900-1 8.2 2.5 35.5 
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2101-C-3900-2 8.2 1.7 35.5 
Notes:  

(a) The equivalent member length is 50mm shorter than the actual length, as a result of the end connections shown in 
Figure 5. 

(b) The positive direction of the initial twist  rotation is such that the induced minor axis bending causes compression 
in the lip of the flanges.  

(c) The nominal (shear centre) load offset value was 34.7mm, 26.2mm and 35.3mm respectively for the 304, 443 
and 2101 section. 

It can be seen from Figures 16-18 that all the test results are considerably lower than the inelastic global buckling load, 
which demonstrates that the strength is affected by distortional buckling and interactional buckling. The ultimate 
moments for some short members are higher than the elastic distortional buckling moment.  

  

Figure 16 304 Test results Figure 17  443 Test results 

 

Figure 18  2101 Test results 

Experiments are often affected by various testing conditions. For the current tests, the following factors were considered 
of particular importance:  
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Figure 19  Stiffening parts at loading points 

(1)  Stiffening of the web. The loading frames (Figure 10) were connected to the webs of the specimens with the 
brackets shown in Figure 19. At each loading point, a length of the web of 75mm was clamped over the full height 
by a 10mm thick plate. The brackets substantially enhanced the torsional rigidity of the short length of web, thereby 
introducing a discrete warping restraint to the section. This, in turn, affected the overall buckling strength. 

(2) Initial web rotation. An initial rotation of the web from vertical induces minor axis bending when the section is bent 
about a horizontal axis. This minor axis bending affects the ultimate load considerably (1 degree inclination can 
result in up to 11% difference in ultimate capacity). Many sources were found to contribute to initial web 
inclinations: (i) the floor of the structures laboratory was found to be systematically inclined towards one direction 
by 0.4~0.9 degrees at different locations, (ii) the weights of parts of the loading frames were supported by the 
specimens eccentrically to the shear centre, thus causing initial twisting of the member, and (iii) geometric 
inaccuracies at the end supports could result in inclinations of the order of one degree. The presence of initial web 
inclination was not appreciated until after completing the tests. 

(3)  Eccentricities of loading, as appreciated from Figures 16-18, caused discrepancies in the ultimate loads of 
nominally identical specimens. However, it proved impractical to directly measure the eccentricities accurately. 

The initial web rotations and loading eccentricities were not explicitly measured during tests for the reasons stated above. 
However, reasonably accurate assessments have been derived from the detailed records of member deformations, with 
the aid of numerical models, see the companion paper [10] for details. The derived values of the initial web rotations and 
loading eccentricities are listed in Table 6 and graphically displayed in Figure 20 and Figure 21. Figure 20 shows that 
initial rotations were generally larger for longer members and slender sections such as the 404 section. Figure 21 
demonstrates that the 1.8m and 2.5m long members are subject to larger deviations in load eccentricity from the nominal 
shear centre location, which is consistent with the way the loading point was adjusted in the tests, as explained in 
Section 6. 

  

Figure 20  Initial rotation of beams Figure 21  Force offset from web 

Note: The sequence of the specimens in Figure 20 and Figure 21 complies with Table 7. 

7 Conclusions 
A series of 32 tests were conducted on stainless steel lipped-channel section beams. The material properties of stainless 
alloys austenitic 304, ferritic S44330 and lean duplex S32101 were obtained from coupon tests. Six beam specimens 
were tested with lateral bracings to obtain the section capacity. The remaining 26 unbraced beam tests were conducted 
with a specially devised test set-up featuring loading frames that maintained equal eccentricity of loading during the tests 
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and well-defined support conditions. Distortional-global interaction buckling was achieved in all unbraced beam tests. 
Factors likely to have influenced the test results were identified and detailed for both braced and un-braced tests. The 
tests provide the basis for further analytical research. 
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