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ABSTRACT 
This section of research describes the experimental and numerical investigation of cold-

formed, thin-walledstainless steel sections subject to distortional buckling under 

compression. Austenitic 304,ferritic 430 stainless steel and ferritic-like 3Cr12 chromium 

weldable steel sheets were brakepressedinto simple-lipped channels and lipped channels 

with intermediate stiffeners. A full setof coupon tests reveal material nonlinearity with low 

proportionality stress and low n-parameter,anisotropy and yield strength enhancements up 

to 2.33 times due to cold-forming. experimental tests and more than 570 finite element tests 

covering a distortional bucklingslenderness range 0.47 ≤ λd ≤ 3.64 and corner to thickness 

ratios of 1 and 2.5 reveal materialnonlinearity and enhanced corner properties have the most 

influence on the strength andbehaviour of stainless steel sections and that material 

anisotropy can be ignored. Enhancedcorner properties may become significant for stocky 

sections, where λd <1, with a corner area ofat least 10%. Current effective width approach 

and direct strength methods to design fordistortional buckling of stainless steel and cold-

formed carbon steel available.  Modified resistance factors arerecommended for the 

effective width approach of current design codes to meet limit statesdesign criteria. Direct 

strength design curves are developed for austenitic and ferriticstainlesssteel alloys for 

inclusion for stainless steel structures. 

This section of research also describes the experimental and theoretical investigation of 

twocommercially available wide-flange, ferritic 445 stainless steel roof sections under 

purebending. A total of nine tests exhibited distortional buckling behaviour withthe 

interaction of flange curling. The effects of flange curling and material nonlinearity 

wereevident as shown by the considerable loss of stiffness in the test results before reaching 

theultimate load. The theoretical evaluation of flange-curling deformations shows that a 

truerepresentation of the wide-flange support condition provided by the web is essential to 

obtainreasonable agreement with experimental tests. The iterative theoretical flange curling 
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modelwhich represents the changing geometric and loading conditions shows that an 

average of 6%-17% reduction in yield moment due to reduced section modulus can occur 

and this is otherwiseignored by the simplified flange curling models. Stresses in the wide-

flange can varyconsiderably, with nonlinearity increasing with increasing moment. The 

most drastic nonlinearbehaviour was exhibited by the more slender section, and, at 

maximum moment, the centrewideflange stress was only 9% that at web/flange junction. 

Modified geometries due to flangecurling can cause an increase of critical buckling stress 

ranging from 1.10 to 3.41 times thatbased on original geometries. Flange curling can 

produce a net increase of 10.6% for thedistortional buckling design capacity but a net 

decrease of 12.2% for local buckling capacity.Given the current data, it would be prudent to 

ignore the effects of flange curling for distortionalbuckling but it would be necessary to 

consider them for local buckling. The proposed DSMdesign curve developed in this study 

for distortional buckling of ferritic stainless steel sectionsand the Winter curve for local 

buckling are generally conservative and suitable given thepresent data. 
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INTRODUCTION 
This section of research investigates the distortional buckling of stainless steel sections 

under compression and bending. This work was inspired by the fact that current design 

practices for the distortional buckling of stainless steel sections have been uncritically based 

on those available for cold- formed carbon steel. Cold-formed stainless steel exhibits a 

nonlinear stress-strain behaviour and has a markedly lower proportionality stress and 

significant loss of material stiffness beyond this stress.  Other material characteristics 

exhibited by stainless steel include different properties in   tension   and   compression,   

anisotropy,   and   significant   work   hardening   capability. Furthermore, each of these 

characteristics depends on the alloy and the history of cold-working and/or annealing.  The 

influences of these material characteristics on the distortional buckling mode have not been 

substantiated in the carbon steel-based design guidelines.   As such, it has been unclear 

whether or not the design guidelines are safe for stainless steel.  Furthermore, a review of 

the most currently available literature reveals that there is a lack of data pertaining to the 

bending of wide-flange stainless steel roof sections, and consequently a lack of design 

guidance.   The behaviour of wide flange sections in bending is further complicated by 

flange curling, where the wide flange tends to move towards the neutral axis.  The flange 

curling phenomenon is poorly understood and the current literature pertaining to cold-

formed carbon steel wide flange sections is lacking.   Moreover, to the best of the author’s 

knowledge, the flange curling phenomenon has not been considered for stainless steel 

sections. 

The investigations involve austenitic 304, chromium weldable3Cr12 steel alloy (with 

properties similar to those of ferritic alloys), and ferritic 430 alloy.  The experimental data 

were used to calibrate finite element models used in numerical studies.  All test data were 

used to evaluate current design procedures available for stainless steel.  However, since 

design codes usually evolve along with cold-formed carbon steel codes, these were 

examined also.  Finally, design recommendations are made for the design of stainless steel 

sections failing in the distortional buckling mode. 

Two commercially available stainless steel roof sections are considered.  Distortional/local 

buckling and flange curling are considered in the experimental tests  and  analysis.    A  

theoretical  analysis  of  flange  curling  deformations of  cold-formed stainless steel roof 
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sections and how they affect the stress distributions are examined in detail. The effects of 

the changing cross-sectional geometry and associated stress redistribution on the strength of 

the section is also examined.  Altered elastic critical buckling stresses due to flange curling 

are considered in the design recommendations. 

The main objectives of this section of study are to develop a greater understanding of the 

distortional buckling of thin-walled stainless steel sections by considering the material 

characteristics of stainless steel.   Understanding the flange curling phenomenon and how it 

affects the buckling behaviour is another major objective of this study.   The assessment of 

current design practices and the development of practical design recommendations (with 

focus on the Direct Strength Method) are the ultimate goals of this work. 

REVIEW OF LITERATURE 
Use of stainless steel in construction has been limited due to the high initial cost except in 

special cases where stainless steel is preferred in a corrosive environment, in the food 

industry and hospitals where easy cleaning is essential.  Not only is stainless steel rust 

resistant but it also has a higher fire rating than non-treated carbon steel because it maintains 

stiffness and strength for a longer period of time at higher temperatures.  Stainless steel is 

often preferred over carbon steel by architects who wish to expose the structural elements of 

an edifice. Although the initial cost of stainless steel is greater than carbon steel, when one 

considers a life cycle cost analysis, a stainless steel structure could provide the more 

economical choice. 

The most common alloys of stainless steel used in construction fall under three main groups 

– austenitic, ferritic and duplex.   Each group is identified by their microstructure; austenitic 

alloys have a face-centred atomic structure whereas ferritic stainless steels have a body 

centred atomic structure and duplex alloys are a cross between austenitic and ferritic alloys 

and thus have a mixed crystal structure.  Austenitic and duplex stainless steel grades as well 

as the chromium weldable steel 3Cr12 are most popular in construction because of their 

strength, weldability and corrosion resistance whereas ferritic alloys have poor weldability 

and are typically available in thin gauges and thus are used mainly for decorative purposes 

(AS/NZS2001). The specific alloys considered in this study are the austenitic 304, ferritic 

430, ferritic445 and ferritic-like chromium weldable steel 3Cr12.  The material 

characteristics vary for each alloy but generally all exhibit a low proportionality stress with 
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significant loss of stiffness beyond this stress (i.e. rounded stress strain curve without a 

distinct yield point) and strength enhancement capability due to cold-working.  

Furthermore, stainless steel exhibits anisotropy and has different strengths in the 

longitudinal and transverse directions (with respect to rolling) and the material properties 

are different in compression and tension. 

The research into stainless steel structures is, compared to carbon-steel, recent and the 

earliest design specification for cold-formed stainless steel structural members was 

produced by the  American Iron  and  Steel  Institute (AISI  1968).    Since  then,  the  code  

has  undergone revisions, either to account for research developments in the stainless steel 

field or to conform to the changes in the cold-formed carbon steel codes.  The Chromium 

Steels Research Group at  the Rand Afrikaans University, South Africa and University of 

Missouri-Rolla, USA undertook a major research effort on stainless steel structures and 

contributed to the development of the North American-based American Society of Civil 

Engineers Standard (ASCE 2002).  The latest Australian and New Zealand design standard 

for cold-formed stainless steel was published in2001 (AS/NZS:4673 2001) and the latest 

pre-standard design specification proposed for use in Europe is the Eurocode 3: Part 1-4 

(preEN-1993-Part.1-4 2004), henceforth referred to as the EC3Part1-4.  The pre-standard 

EC3 Part 1-4 (2004) has been adopted from the Euro-Inox “Design Manual for Structural 

Stainless Steel” (2002) which was developed as a result of a major research effort supported 

by the European Coal and Steel Community (ECSC), the Nickel Development Institute and 

stainless steel producers in the UK, Sweden, Finland, France, Germany and Italy (Burgan et 

al. 2000). 

The ASCE (2002), AS/NZS:4673 (2001) and EC3Part1-4 design guidelines for distortional 

buckling will be assessed in this study.  Apart from the EC3Part1-4 strength curve for local 

plate buckling, which is more conservative than that proposed for cold-formed carbon steel, 

the guidelines are identical to those found in the cold-formed carbon steel based codes. 

There has been very little research in the area of distortional buckling of stainless steel 

sections. Recognition is given to Buitendag and van den Berg (1994), and van den Berg 

(2000) who have conducted tests on partially stiffened sections.  In their work, they have 

proposed the use of a plasticity reduction factor to take into account the loss of stiffness in 

the design procedures. However, this leads to iterative calculations and may not be suitable 
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for design engineers. Their proposal is further examined in the following section of the 

literature review which focuses on the distortional buckling mode. 

Some  of  the  major  developments  in  recent  stainless  steel  construction  research 

regarding member behaviour are recognized and briefly listed here for the reader’s 

reference. Developments with respect to material modelling which focus on the description 

of the stress- strain curve (Rasmussen 2003), (Rasmussen et al. 2003);   stainless steel 

plasticity and constitutive modelling incorporating the influence of anisotropy (Olsson 

1998),  (Johansson and Olsson 2000), (Gozzi 2004); evaluation and prediction of enhanced 

corner properties due to cold-working (van den Berg and van der Merwe 1992), (Ashraf et 

al. 2005), column behaviour (Gardner and Nethercot2004a), (Gardner and Nethercot2004b), 

(Rasmussen and Rondal 1997), (Rasmussen and Rondal 2000), (Rasmussen 2000), 

(Bredenkamp and van den Berg 1995), plate behaviour (Bezkorovainy et al. 2003), 

(Rasmussen et al. 2003); deflections (Mirambell and Real 2000), residual  stresses  

(Bredenkamp  and  van  den  Berg  1995),    beams  and/or  girders (Rasmussen and 

Hancock 1992), (Mirambell and Real 2000), (Gardner and Nethercot2004b), (Kouhi et al. 

2000), (Lagerqvist and Olsson 2001), generalized beam theory for stainless steel (Goncalves 

and Camotim 2004), behaviour of partially stiffened opened sections (Buitendag and van 

den Berg 1994).   The most relevant of these references to the research topic of distortional 

buckling behaviour of stainless steel sections are discussed in greater detail in the following 

sections and throughout the study. 

MATERIALS AND METHODS 
Stainless steel is defined as a steel alloy with a minimum of 10.5 weight percent chromium. 

Although stainless steel does not generally corrode as easily as ordinary steel, different 

grades are necessary for different environments. For example, several manufacturing groups 

(including semiconductor and pharmaceutical) have stringent requirements for stainless 

steel surfaces. 

The corrosion-resistant properties of stainless steel are due to the formation of a passive 

chromium oxide layer. Although this layer forms naturally when the material is exposed to 

the atmosphere, additional chemical treatments (passivation) can improve the relative 

amount of chromium at the surface. 
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The surface chemistry changes due to passivation occur within the outer ~50Å of the 

surface. In order to measure these changes, surface analytical tools such as x-ray 

photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) are necessary. 

One of the stainless steel measurements that is made using Auger and XPS is the near-

surface chromium/iron (Cr/Fe) ratio. 

When stainless steel is analyzed with Auger: 

• A survey scan determines the overall elemental composition of the surface from 

atomic numbers 3-92. This yields the surface Cr/Fe ratio. 

• If the analysis is conducted with XPS, the major elements detected (usually carbon, 

oxygen, silicon, chromium, iron, nickel, and molybdenum) are analyzed in high 

energy resolution mode to determine their binding energies and then to make some 

inferences about the compounds present on the surface. The ratio of chromium oxide 

to chromium metal, and iron oxide to iron metal, is obtained. The distribution of 

organic states is measured. 

• A third step in the analysis includes a depth profile to determine the concentration of 

the primary elements as a function of depth. This also yields the Cr/Fe ratio as a 

function of depth. 

• A final survey scan is obtained. This is useful for internal calibration. 

Distortional buckling is a special kind of buckling mode, which is less well known. 

Researchers have recently paid more attention to this problem. For stainless steel structures, 

it is necessary to investigate their behaviour when distortional buckling occurs. In this 

project, the distortional buckling of cold-formed stainless steel columns under axial 

compression is investigated. The finite element method is used to analyse and calculate 

different buckling modes, especially distortional buckling. This is compared to experimental 

results and other theoretical predictions. 

EXPERIMENTAL OBSERVATIONS  
A total of nine bending tests were conducted successfully. A summary of the internal 

reaction forces at the specimens south and north ends, as obtained in study, are given in 

Tables 1 to 9 for each test, followed by the moment versus rotation plots in Figures 1 to 9. 

The data listed in the tables are for every load step/profile reading identified in the 

load/profile ID column. For example, “L1/P1” in Table 1 indicates end of load step 1 and 
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profile 1 and the shear, axial and moment reactions and rotations are listed. These points can 

be related to the plot in Figure 1 which shows the internal moment versus rotation of the 

south and north ends. In Figure 1 the points where profile readings were taken are 

highlighted by the labels “P1 to P10” and the deflection plots corresponding to these points 

are detailed for every LVDT in study. The moment versus rotation plots are given in 

Figures 1 to 9 and show some of the section geometric properties and the calculated initial 

modulus of elasticity. 

Table 1 : Internal Reactions MONO 1 

 
Figure 1 : Moment versus Rotation MONO 1 
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Table 2 : Internal Reactions MONO 2 

 
Figure 2 : Moment versus Rotation MONO 2 
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Table 3 : Internal Reactions MONO 3 

 
Figure 3 : Moments Vs. Rotation MONO 3 
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Table 4 : Internal Reactions MONO 7 

 
Figure 4 : Moment Vs. Rotation MONO 7 
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Table 5 : Internal Reactions MONO 8 

 
Figure 5 : Moment Vs. Rotation MONO 8 
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Table 6 : Internal Reactions MEGA1 

 
Figure 6 : Moment Vs. Rotation MEGA1 
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Table 7 : Internal Reactions MEGA2 

 
 

Table 7 :Moment Vs. Rotation MEGA2 
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Table 8 : Internal Reactions MEGA3 

 
Figure 8 :Moment Vs. Rotation MEGA3 
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Table 9 : Internal Reactions MEGA4 

 
Figure 9 :Moment Vs. Rotation MEGA4 

A few observations can be made from Tables 1-9 and Figures 1-9. As shown in Tables 1-9, 

for every test there is an initial axial tension which generally begins to increase as the 

applied load increases. However, as the south load cell approaches a vertical position the 

axial force begins to drop and if it goes beyond vertical the applied load becomes 

compressive. Also, generally there is an increase in shear until it drops, once the maximum 

moment is reached. In any case, the internal axial and shear forces are small and can be 

neglected. Furthermore, as shown in Tables 1 to 9, the calculated south and north end 
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moments are in fair agreement and the mid-span moment can be estimated as the average of 

the two. The calculation of the initial modulus of elasticity for each test is shown in Figures 

1 to 9 and they are comparable with the modulus of elasticity determined from coupon tests. 

As expected, all tests showed considerable roundedness in the moment versus rotation 

graphs and this can be attributed to the characteristic behaviour of stainless steel 

nonlinearity, to the flange curling phenomenon, as described by Bernard et al. (1993a), and 

to the development of distortional and/or local buckling deformations. More specifically, 

the roundedness of the moment versus rotation graph is apparently greater for sections 

tested with the wide flange in compression, which include MONO1, MONO2, MONO3, 

MEGA1 and MEGA2 than for those sections tested with the wide flange in tension. The 

MONO test series which had a second moment of area (based on average gross cross-

sectional properties), I, 30% larger than the MEGA tests provided a stiffer response and 

greater ultimate load. All tests reached ultimate load by a spatial plastic collapse mechanism 

in the main strengthening ribs and the site of the collapse varied for each test but generally 

occurred in the middle third of the test specimens. The exceptions to this are test specimens 

MEGA3 and MEGA4 which both had imperfections, introduced from the manufacturing 

cutting procedures, in the flange of the strengthening ribs at approximately 1/7th of the 

specimen length from the south end. The locations of these local imperfections are the sites 

where the spatial plastic collapse mechanism initiated for MEGA3 and MEGA4. 

RESULTS AND CONCLUSION 
Distortional buckling of Stainless Steel Compression Members  

Current design guidelines to asses the distortional buckling of thin-walled, cold-formed 

stainless steel lipped channels with or without intermediate stiffeners have been uncritically 

based on those available for cold-formed carbon steel codes overlooking the material 

properties characteristic of stainless steel alloys. It is well known that stainless steel has a 

low proportionality stress, a low “n” parameter, is anisotropic and has the potential for 

strength enhancements due to cold-working. The purpose of the research study, presented 

herein, was to examine the influence of stainless steel material characteristics on the 

distortional buckling behaviour of compression members and to use experimental and finite 

element results to critically assess design practices. The AS/NZS 4673 (2001), the ASCE 

(2002) and EuroCode 3 Part 1-4/Part 1-3 codes for coldformed stainless steel use the 
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Effective Width Approach (EWA) to determine the distortional buckling strength and are 

essentially identical to the cold-formed carbon steel EWA procedures. More recently, the 

Direct Strength Method (DSM) has been adopted in the cold-formed carbon steel codes 

AS/NZS 4600 (1996) and the North American Standard NAS as alternative to the EWA. 

Anticipating that the efficient DSM would also be adopted in the stainless steel codes, 

evaluating current DSM curves became an essential part of the design code evaluations.. 

Buckling and Flange Curling of Wide-Flange Sections in Bending   

The experimental and analytical investigation of the distortional/local buckling and flange 

curling of wide-flanged stainless steel roof sections have been presented. The goals of the 

experimental programme were to develop i) a test rig which allowed essentially pure 

bending moment to develop in the wide flange sections, ii) capture the flange curling and 

buckling deformations, and iii) capture the stainless steel nonlinear material behaviour. The 

flange curling phenomenon has previously been given little attention, as was evident by the 

limited available literature. Any literature that is available is based on studies of cold-

formed carbon steel so, to the best of the author’s knowledge, this study presents the first set 

of results for stainless steel wide flange sections and also the first attempt to analytically 

model the nonlinear flange curling problem accounting for geometrical changes. The main 

goals of the analytical investigation were to determine the nonlinear flange curling 

deformations, changes in geometric properties and stresses in the wide flange section. The 

effect of stress redistribution on the distortional and local buckling behaviour formed an 

important part of the analytical study and design evaluations. 

Two commercially available ferric 445 stainless steel roof-sections were tested under pure 

bending conditions. The test rig used for this experimental programme was similar in 

concept to one used in previous studies conducted by Bernard et al. (1996), but was 

specifically designed to accommodate the pure bending of stainless steel wide flange roof 

specimens. Considerable effort was put into the test rig design to capture flange curling and 

distortional buckling deformations. A total of 9 bending tests, with the wide flange oriented 

so that it was either in tension or compression, were successfully conducted. Distortional 

buckling was evident when the wide flange was in compression whereas local buckling of 

the rib stiffener was predominant when the wide flange was in tension. All sections 

exhibited nonlinear moment-rotation behaviour at ultimate moment. 
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RECOMMENDATION 
A significant amount of data has been produced by the efforts of the author. Great care was 

exercised in the preparation and execution of tests, collection and analysis of data to ensure 

the soundness of results. There is now a better understanding of the distortional buckling 

behaviour of stainless steel sections, a significant advancement in the theory of flange 

curling and ample data available for future use. Continued research on the distortional 

buckling and the flange curling phenomena would ultimately lead to improved stainless 

steel design guidelines. Some recommendations for further study are discussed below. 

The distortional buckling study presented herein was limited to austenitic and ferritic 

stainless steel alloys. The exploration of duplex stainless steel sections subject to 

distortional buckling would also be warranted. Duplex alloys are mixed compositions of 

austenitic and ferritic alloys and it would be reasonable to predict that the distortional 

buckling strengths of duplex stainless steel sections would fall between those obtained from 

austentic and ferritic stainless steel sections. Given the current lack of data, it would be 

sensible to use the design recommendations which have been developed for austenitic 

stainless. Future studies may reveal that another set of design recommendations for duplex 

alloys is needed to prevent over conservatism. Furthermore, this particular study was 

limited to compression members that fail by the distortional buckling mode. Combined 

failure modes, such as the distortional and local interaction buckling, would require 

investigation. Moreover, sections made from hardened stainless steel material would 

broaden the understanding of the effects of enhanced strength properties on the distortional 

buckling behaviour. Additionally, it may be a worthwhile exercise to develop an effective 

width model which theoretically captures the stainless steel material nonlinearity. However, 

this would lead to a sophisticated set of design procedures that involve iteration and may not 

be suitable for widespread use. 

The recommendations for the design of wide flange sections subject to flange curling and 

distortional or local buckling, presented in Part 2, are based on relatively few results and 

additional data are required to support the findings. Future studies which examine the 

interaction of distortional and local buckling failure modes of wide flange sections would 

provide valuable insights regarding the significance of flange curling on interaction failure. 

Also, the theoretical nonlinear flange curling model presented in this study can be made 
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more sophisticated by i) including the effects of material nonlinearity, and ii) considering 

the shift in the neutral axis due to plastic hinge formation in highly stressed regions. 

Consideration should also be given to the initial geometric imperfections and how they 

influence the flange curling behaviour and the failure mode. 
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