
 

 

1 INTRODUCTION 

Cold-formed structural sections are widely used in 
construction, offering high strength and stiffness–to–
weight ratios. Structural elements in a range of sec-
tion shapes – tubular sections, including the familiar 
square, rectangular and circular hollow sections and 
the recently added elliptical hollow sections, and 
open sections such as angles, channels and lipped 
channels – are commonly used in building design. 
Cold-formed structural sections are manufactured at 
ambient temperature and hence undergo plastic de-
formations, which occur during both the sheet roll-
ing and cross-section forming processes, causing 
strain hardening of the material. Upon application of 
stress, the strain hardened or cold-worked material 
follows a new loading path with an increased yield 
stress and ultimate stress, but reduced ductility. In 
metallic materials with a distinctly defined yield 
point, such as carbon steels, the stress-strain behav-
iour becomes rounded following the cold-forming 
process. Non-uniformity in the material properties 
around cold-formed sections also exist, due to the 
varying level of plastic strain experienced, with the 
corner regions being the most influenced. Materials, 
such as stainless steel, with rounded stress-strain be-
haviour and significant strain hardening show a 
more pronounced response to cold-working.  

With increasing emphasis being put on the sus-
tainable use of resources, fully exploiting material 
properties in structural design is paramount. The 

performance of finite element models is also often 
highly sensitive to the prescribed material parame-
ters, making an accurate representation of the mate-
rial characteristics essential. Therefore, developing 
suitable predictive models for harnessing the in-
creases in material strength caused by plastic defor-
mations, experienced during the cold-forming pro-
duction routes, is required. In this paper, predictive 
models from the literature for determining the 
strength enhancement observed in cold-formed me-
tallic sections are reviewed.  Two recently proposed 
predictive models, developed by Cruise and Gardner 
(2008) and Rossi (2008), have been assessed exten-
sively. Improvements to the existing models have 
been made and a new predictive model is presented. 
Results from tensile coupon tests from existing ex-
perimental programs have been gathered and used to 
validate the predictions from the models. Compari-
sons between the presented predictive equations 
have been made. The collated database covers a 
range of structural section types – square hollow 
sections (SHS), rectangular hollow sections (RHS), 
angles, lipped channels and hollow flange channel 
sections from both cold-rolling and press-braking 
fabrication processes – and structural materials, 
namely carbon steel and stainless steel (EN 1.4301, 
1.4306, 1.4318, 1.4016, 1.4003, 1.4512 and 1.4162). 

2 PRODUCTION ROUTES 

Cold-rolling and press-braking are the two methods 
commonly employed in the manufacture of light 
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ABSTRACT: Cold-formed structural sections are manufactured at ambient temperature and hence undergo 
plastic deformations which result in an increase in the yield stress and ultimate stress, but reduced ductility. 
This paper begins with a comparative study of existing predictive models to harness this strength increase. 
Modifications to the existing models are then made and an improved model is presented. Tensile coupon tests 
from the literature have been used to validate and compare the predictive models. A wide range of structural 
section types from both cold-rolling and press-braking fabrication processes and structural materials, includ-
ing various grades of carbon steel and stainless steel, have been considered.  
 



gauge cold-formed structural sections. In press-
braking the sheet material is formed into the re-
quired shape by creating individual bends along its 
length. It is a semi-automated process used to pro-
duce open sections, such as angles and channels, in 
limited quantities. Air press-braking, where elastic 
spring back is allowed by over-bending the material, 
is more commonly adopted than coin press-braking, 
where the die and the tool fit into one another. Cold-
rolling is an automated continuous bending process 
in which the gradual deformation of the uncoiled 
metal sheet through a series of successive rollers 
produces the final cross-section profile.  

In case of tubular box sections, the flat metal 
sheet is first rolled into a circular tube and is welded 
closed. It is subsequently deformed into a square or 
rectangle by means of dies. The tube’s cross-section 
is initially circular whereas the cross-section at the 
end of the process is a square or rectangle with 
round corners. Finite element models with contact 
boundary conditions allow simulation of this con-
tinuous process, but are rather complex and time 
consuming and require sophisticated software. 

3 PREDICTIVE MODELS 

3.1 Literature review 

Early studies of the strength enhancement in the 
corner regions of cold-formed carbon steel sections 
were carried out by Karren (1967). A power model 
to predict the strength increases in the corner regions 
of cold-formed sections, in terms of the yield stress 
of the unformed sheet material and the internal cor-
ner radius to thickness ratio was proposed. The 
model was developed based on available test data, 
including specimens formed by both cold-rolling 
and press-braking processes. The author suggested 
that since the corner regions typically represent 5% 
to 30% of the total cross-sectional area, the influence 
of the enhanced corner strength should be incorpo-
rated in structural calculations. Coetzee et al. (1990) 
performed an experimental study into strength en-
hancements of cold-formed stainless steel sections. 
Material tests on press-braked lipped channel sec-
tions of three stainless steel grades (EN 1.4301, 
1.4401 and 1.4003) were conducted. Karren’s ex-
pression was later modified by van den Berg and van 
der Merwe (1992) on the basis of Coetzee et al.’s 
test data and further test data on stainless steel single 
press-braked corner specimens in grades EN 1.4301, 
1.4016, 1.4512 and 1.4003. Gardner and Nethercot 
(2004) studied test data from cold-rolled box sec-
tions and observed a linear relationship between the 
0.2% proof strength of the corner regions and the ul-
timate strength of the flat faces. 

Ashraf et al. (2005) analysed all stainless steel 
test results, from a variety of fabrication processes, 

to investigate the application of the predictive equa-
tions proposed by van den Berg and van der Merwe 
(1992). Comparisons of the predicted strength and 
the test results showed that modifications to the 
models were required. Three empirical predictive 
models for the evaluation of the corner yield 
strength were proposed. Two power models based 
on the properties (0.2% proof strength and the ulti-
mate tensile strength) of the unformed sheet material 
were developed to predict the corner 0.2% proof 
strength of both cold-rolled and press-braked sec-
tions. The linear expression proposed by Gardner 
and Nethercot (2004), to predict the 0.2% proof 
strength of the corners in cold-rolled box sections 
was also recalibrated. Furthermore, in order to ob-
tain a full insight into the influence of cold-work on 
the corner material properties, an equation to predict 
the ultimate strength of the corner material was de-
veloped.  

Cruise and Gardner (2008) later recalibrated the 
Ashraf et al. (2005) expressions in light of further 
stainless steel experimental data and proposed two 
revised expressions to predict the enhanced corner 
strength of press-braked and cold-rolled sections. In 
addition, expressions for evaluating the 0.2% proof 
stress and the ultimate tensile stress of the flat faces 
of cold-rolled box sections were developed. Simi-
larly, based on corner material test results on struc-
tural carbon steel box sections, Gardner et al. (2010) 
modified the predictive model given in the AISI 
Specification for the Design of Cold-formed Steel 
Structural Members (2002). Values of the coeffi-
cients in the predictive equation were proposed that 
enabled the model to be applied to the assessment of 
the enhanced corner strength of cold-rolled square 
and rectangular hollow sections. An alternative for-
mula to evaluate the enhanced 0.2% proof strength 
in the flat faces and corner regions of cold-formed 
sections, using the properties of the unformed sheet 
material and the final cross-section geometry, was 
proposed by Rossi (2008). The proposed model may 
be applied to a range of nonlinear metallic materials. 

3.2 Cruise and Gardner (2008) predictive model 

Cruise and Gardner (2008) carried out an extensive 
experimental program on cold-formed stainless steel 
structural sections, produced from both cold-rolling 
and press-braking production routes. Based on the 
experimental results, including tensile coupon tests 
and hardness tests, the distributions of the 0.2% 
proof strength and ultimate strength around a series 
of cold-rolled box sections and press-braked angle 
sections were identified. The generated test data 
were combined with all other available published 
experimental data and used to develop models for 
predicting the strength enhancements around 
stainless steel sections due to cold-forming. The ex-
perimental observations showed that, for press-



 

 

braked sections, the enhancements are confined to 
the corner regions, whereas cold-rolled box sections 
also exhibited significant strength increases in the 
flat faces, indicating that the flat faces in cold-rolled 
box sections also experience plastic deformations 
during forming. New models were therefore pro-
posed to predict the strength enhancements in the 
flat faces of cold-rolled box sections. Expressions 
for the 0.2% proof stress σ0.2,f,pred and the ultimate 
tensile stress σu,f,pred, Eqs. (1) and (2) respectively, 
were provided, in which t, b and d are the section 
thickness, breadth and depth respectively, and 
σ0.2,mill and σu,mill are the 0.2% proof stress and ulti-
mate tensile stress of the unformed material, as pro-
vided by the mill certificate. 
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Existing literature models were also modified to 
predict the strength enhancement in the corner 
regions of cold-rolled and press-braked stainless 
steel sections. The simple power model proposed by 
Ashraf et al. (2005) was recalibrated based on a 
more comprehensive experimental database to 
predict the 0.2% proof stress of the corners in press-
braked sections. For cold-rolled sections, the model 
presented in Gardner and Nethercot (2004) and later 
recalibrated by Ashraf et al. (2005), providing a 
linear relationship between the 0.2% proof stress of 
the formed corners and the ultimate strength of the 
flat faces, was again updated. The proposed 
expressions for the corner strength enhancement 
σ0.2,c,pred are given by Eqs. (3) and (4) for press-
braked sections and cold-rolled sections, 
respectively, in which Ri is the internal corner 
radius. The experimental data also indicated that, the 
corner strength enhancement extends beyond the 
curved corner region for cold-rolled sections, and it 
is confined to the corner region for press-braked 
sections. It was therefore proposed that Eq. (4) 
should be used to predict a uniform strength 
enhancement for the corner region plus an extension 
of 2t, where t is the material thickness, beyond the 
corner radius into the flat faces of the section. 

 
For press-braked section: 
 
 

(3) 
 
 

For cold-rolled section: 

(4) 

3.3 Rossi (2008) predictive model 

Rossi (2008) examined the through-thickness resid-
ual stress distributions and strength enhancements 
induced during cold-forming of sections composed 
of nonlinear metallic materials. The proposed model 
for predicting the cold-work strength enhancement is 
essentially based on the determination of the plastic 
strains caused during the fabrication process and 
evaluation of the corresponding stresses, through an 
appropriate material model. The cold-rolling fabrica-
tion process was broken down into four key steps: 
(A) coiling of the sheet material, (B) uncoiling of the 
sheet material, (C) forming into a circular section 
and (D) subsequent deforming into a square or rec-
tangular section. 

The flat faces of cold-rolled hollow sections were 
thus assumed to undergo coiling and uncoiling in the 
rolling direction followed by bending and unbending 
in the direction perpendicular to the rolling direc-
tion. Step C was considered to have the greatest in-
fluence on strength enhancement in the flat faces of 
cold-rolled box sections and was used as the domi-
nant stage for subsequent analysis. For the corner 
regions, in both cold-rolled and press-braked sec-
tions, the final formation of the corner was consid-
ered as the dominant stage of the process. 
The induced plastic strains associated with the 
dominant stages of the flat face and corner forming 
processes were determined. Assuming pure bending, 
the strain experienced by the section face during the 
formation of the circular tube (step C) was taken as 
εf = (t/2)/Rf , where Rf is the radius of the circular 
tube and can be expressed in terms of the section 
geometry – see Figure 1 – leading to εf = πt/2(b+d). 
Similarly, the strain induced during corner forming 
was given as εc = (t/2)/Rc, where Rc = Ri+t/2. Note 
that these are essentially the same strains considered 
by Cruise and Gardner (2008). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Definition of symbols for SHS and RHS. 
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The inverted compound Ramberg-Osgood mate-
rial model, proposed by Abdella (2006) was em-
ployed within the predictive model to mimic the 
stress-strain response of the unformed sheet mate-
rial, with key points obtained from the mill certifi-
cate. The resulting predictive model (Rossi, 2008) is 
given by Eq. (5). The proposed formula may be used 
to evaluate the strength enhancement σ0.2,f or c, pred in 
the flat faces of cold-rolled box sections and the cor-
ner regions of both cold-rolled sections and press-
braked sections, based on the appropriate radius: Rf 
= (b+d)/π for flat faces and Rc = Ri+t/2 for the cor-
ner regions.  
 
 

(5) 
 
 

where, 
 

(6) 
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where, r2 = E0.2εt,0.2/σ0.2, E0.2 = σ0.2E/(σ0.2 + 0.002nE), 
r* = E0.2(εu – εt,0.2)/(σu – σ0.2), p* = r*(1 – ru)/(r* – 1), 
ru = Eu(εu – εt,0.2)/(σu – σ0.2), Eu = E0.2/[1+(r* – 1)m], 
m = 1+3.5σ0.2/σu, α = 1 – p*and εt,0.2 = 0.002+ σ0.2/E. 

4 COMPARISONS OF EXSISTING 
PREDICTIVE MODELS 

4.1 Experimental database  

In order to assess the wider applicability of the pre-
dictive models presented in Sections 3.2 and 3.3, 
tensile coupon data from a broad spectrum of exist-
ing testing programs have been gathered. The col-
lated database covers a range of structural section 
types – SHS, RHS, angles, lipped channel sections 
(LCS) and hollow flange channel sections (HFCS) 
from both cold-rolling and press-braking fabrication 
processes, as illustrated in Figure 2, and a range of 
structural materials including carbon steel grades 
and austenitic (EN 1.4301, 1.4306, 1.4318), ferritic 
(EN 1.4016, 1.4003, 1.4512) and lean duplex (EN 
1.4162) stainless steel grades. In order to investigate 
the strength enhancement due to face forming proc-
esses in cold-rolled sections, reported tensile coupon 
tests for this portion of the section have been used. 
Table 1 provides a summary of the collected data-
base for the flat faces of the cold-rolled sections ana-
lysed herein. Based on the available published cor-
ner test data, for both cold-rolled and press-braked 

sections, the performance of the predictive models 
for corners has also been assessed. The compiled da-
tabase for corner coupon tests considered in this 
study is summarized in Table 2. 

The collected information includes the section 
geometric dimensions, mill certificate material prop-
erties – σ0.2,mill and σu,mill – and the measured mate-
rial properties of the formed sections – the 0.2% 
proof stress σ0.2,test and the ultimate tensile stress 
σu,test. For cold-formed sections, the mill test is car-
ried out on sheet material prior to section forming 
and the results are supplied by the manufacturer. The 
Ramberg-Osgood material model parameters, re-
quired for the Rossi (2008) model, were sourced 
from Ashraf et al. (2006) and Rasmussen (2003), 
with the relevant material properties obtained from, 
EN 1993-1-1 (2005) for carbon steel sections and 
EN 10088-1 (2005) for stainless steel sections. 

 
 
 
 
 
 
 

 
Figure 2. Variety of cold-formed cross-sections considered in 
this study. 
 
 
Table 1. Summary of database for coupon tests on flat material 
in cold-rolled sections from literature. 

Reference  Material Section 

Gardner et al. (2010) CS (S235) SHS,RHS 

Guo et al. (2007) CS (S235) SHS,RHS 

Niemi (1990) CS (S355) SHS 

Zhu & Wilkinson (2007) CS
*
 HFCS 

Ala-Outinen (2007) SS(1.4301) SHS 

Cruise (2007) SS (1.4301) SHS,RHS 

Gardner (2002) SS (1.4301) SHS,RHS 

Gardner et al. (2006) SS (1.4318) SHS,RHS 

Hyttinen (1994) SS (1.4301) SHS 

Rasmussen & Hancock (1993) SS (1.4306) SHS 

Talja & Salmi (1995) SS (1.4301) SHS 

Afshan & Gardner (2012) SS (1.4003) SHS,RHS 

Hyttinen (1994) SS (1.4003) SHS 

Hyttinen (1994) SS (1.4512) SHS 

Theofanous & Gardner (2010) SS (1.4162) SHS,RHS 

*Material grade was not reported. 
 
Table 2. Summary of database for coupon tests on corner mate-
rial from literature. 

Reference  Material Section 

Gardner et al. (2010) CS (S235) SHS,RHS 

Guo et al. (2007) CS (S235) SHS,RHS 

Niemi (1990) CS (S355) SHS 

Zhu & Wilkinson (2007) CS
*
 HFCS 

Ala-Outinen (2007) SS(1.4301) SHS 

Coetzee et al. (1990) SS (1.4301) LCS 

Coetzee et al. (1990) SS (1.4401) LCS 
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Cruise  (2007) SS (1.4301) SHS,RHS 

Cruise (2007) SS (1.4301) Angle 

Gardner (2002) SS (1.4301) SHS,RHS 

Garddner et al. (2006) SS (1.4318) SHS,RHS 

Lecce & Rasmussen (2005) SS (1.4301) LCS 

Rasmussen &Hancock (1993) SS (1.4306) SHS 

van den Berg & van der Merwe 

(1992) 
SS (1.4301) Angle 

Afshan & Gardner (2012) SS (1.4003) SHS,RHS 

Coetzee et al. (1990) SS (1.4003) LCS 

Lecce & Rasmussen (2005) SS (1.4016) LCS 

Lecce & Rasmussen (2005) SS (1.4003) LCS 

van den Berg & van der Merwe 

(1992) 
SS (1.4512) Angle 

van den Berg & van der Merwe 

(1992) 
SS (1.4016) Angle 

van den Berg & van der Merwe 

(1992) 
SS (1.4003) Angle 

Theofanous & Gardner (2010) SS (1.4162) SHS,RHS 

*Material grade was not reported. 

4.2 Comparison of predictive models 

This section provides a broad comparison, in terms 
of both the accuracy of the predictions and the ease 
of use, of the two predictive models. Numerical 
comparisons, including the mean and coefficient of 
variation (COV), of the two predictive models with 
the test data, in terms of the predicted strength to the 
test strength ratio, are presented in Tables 3 and 4 
for flat faces and corner regions, respectively. Al-
though the proposed predictive model for flat faces 
of cold-rolled sections provided by Cruise and 
Gardner (2008) was calibrated only for stainless 
steel, it has also been applied herein to carbon steel 
test data for comparison purposes and the results are 
shown in Table 3 in brackets. 

Analysis of the results shows that for the flat 
faces of cold-rolled stainless steel sections, the pre-
dictive model from Rossi (2008) is able to predict 
more accurate results, in terms of the mean value, 
than the predictive equation proposed by Cruise and 
Gardner (2008) but, has higher scatter. The results 
for the corner regions show that for stainless steel, 
the Cruise and Gardner (2008) model offers more 
accurate prediction of the test data with lower scat-
ter. Also, Rossi (2008) and the modified AISI 
(Gardner et al. 2010) predictions for the corner 
strength enhancements of carbon steel sections are in 
good agreement, with the former showing a lower 
scatter of 0.09.  

As far as the flat faces of cold-rolled sections are 
concerned, both models use the same measure of 
cold-work induced strain in their formulations, but 
different material models. The Rossi (2008) model 
employs the compound Ramberg-Osgood material 
model whereas, Cruise and Gardner (2008) assume a 
linear hardening material behaviour for stainless 
steel with the material model incorporated into the 

model coefficients. As a result, while the Rossi 
(2008) predictive model may be applied to any 
structural section of non-linear material, the Cruise 
and Gardner (2008) model is specific to structural 
sections with the material for which the models were 
calibrated against, which included austenitic 
stainless steel grade EN 1.4301.  

Due to the complicated mathematical form and 
the number of input parameters required to evaluate 
the cold-work induced strength enhancement from 
Rossi’s (2008) predictive equation, it is lengthy to 
implement in design calculations. In order to over-
come the shortcomings of the two predictive models, 
a new predictive model is developed in the next sec-
tion. 

 
Table 3. Comparison of the predictive models for flat faces of 
cold-rolled sections. 

Predictive model  Cruise & 

Gardner (2008) 

Rossi (2008) 

All 
Mean 1.09 0.96 

COV 0.20 0.20 

Carbon steel 
Mean (1.25) 0.94 

COV (0.22) 0.16 

Stainless steel 
Mean  1.06 0.97 

COV 0.18 0.21 

 
Table 4. Comparison of the predictive models for corner re-
gions of cold-formed sections. 

Predictive model  Cruise & Gardner 

(2008); Gardner 

et al. (2010) 

Rossi (2008) 

All 
Mean 0.98 1.04 

COV 0.11 0.14 

Carbon steel 
Mean 0.95 0.95 

COV 0.10 0.09 

Stainless steel 
Mean  0.98 1.05 

COV 0.12 0.14 

5 EXTENSION OF PREDICTIVE MODELS 

5.1 Introduction 

In this section a simple and accurate method for pre-
dicting the strength enhancement in cold-formed 
structural sections is presented. The model develop-
ment is based on the same concept as used in the 
Rossi (2008) predictive model, which involves the 
determination of the cold-work induced plastic strain 
followed by the evaluation of the corresponding 
stress from the stress-strain response of the un-
formed sheet material, using an appropriate material 
model. Given the scatter in the test data, see Figures 
3 and 4 for flat faces and corner regions, respec-
tively, and the assumptions made in simplifying the 
forming processes, using a simple material model, in 
place of the compound Ramberg-Osgood model, is 
deemed more appropriate. In addition, analysis of 
the results shows that the plastic strain from both the 
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Fig. 3. Normalized measured 0.2% proof stress for the flat 

faces of cold-rolled sections. 

 
 
sheet forming and cross-section forming processes 
contribute to the overall strength enhancement of the 
flat faces of cold-rolled box sections.  

5.2 Material stress-strain models 

In order to represent the stress-strain response of the 
unformed sheet material, the suitability of a power 
law model and a tri-linear material model with strain 
hardening, Eqs. 8 and 9, respectively, have been as-
sessed. The parameters which define each model are 
based on the key material properties from the mill 
certificate.  

The power law model parameters, a and b, are 
calibrated such that it passes through the 0.2% proof 
stress (εt,0.2,σ0.2) and the ultimate stress (εu,σu) 
points. The model’s inability to provide a good fit to 
the actual stress-strain response at low strains will 
not influence the predicted strength due to the rela-
tively large magnitude of the plastic strains induced 
during cold-forming processes. The first stage of the 
tri-linear model has a slope E, taken as the material 
initial Young’s modulus, up to the yield point, de-
fined as the 0.2% proof stress and the corresponding 
elastic strain ε0.2 = σ0.2/E. The strain hardening slope 
is determined as the slope of the line passing through 
the defined yield point (ε0.2,σ0.2) and a specified 
maximum point (εmax,σmax) with εmax  taken as 0.5εu , 
where εu is the ultimate tensile strain, and σmax is 
taken as the ultimate tensile stress σu. A similar ap-
proach has been recommended in EN 1999-1-1 
(2007) for modelling the stress-strain response of 
aluminium alloys. In order to prevent significant 
over-predictions of strength at large strains, a maxi-
mum stress limit equal to the ultimate tensile stress 
σu has been added. No strength enhancement would 
result from strains less than the yield strain; hence 
the initial part of the model will not be used for 
strength enhancement predictions. The ultimate ten-
sile strain εu is not provided in the material mill cer-
tificate and has been determined herein based on 
 asmussen’s (2003) recommendations. Further work 

Fig. 4. Normalized measured 0.2% proof stress for the corner 

regions of cold-formed sections. 

 
 
for accurately predicting this parameter is currently 
underway. 
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5.3 Cold-work induced plastic strains 

Cold-work plastic strains are induced during both 
coiling/uncoiling of the sheet material and cross-
section forming processes. The plastic strain compo-
nents from both processes contribute to the overall 
strength enhancement of the flat faces of cold-rolled 
box sections whereas for corners of cold-rolled sec-
tions and press-braked sections, the plastic strains 
from the formation of the corner are generally much 
larger in magnitude than the plastic strains induced 
prior to corner forming.  

The through thickness strains induced during the 
coiling/uncoiling processes is related to the internal 
coil radius and the radial location of the sheet in the 
coil. The critical coil radius associated with the ini-
tiation of through thickness plastic strains from sheet 
coiling depends on the thickness and material prop-
erties of the sheet. If the coil radius is greater than 
this critical radius, no plastic strains are introduced; 
otherwise, varying degrees of thorough thickness 
plastic strains are produced. As it is not possible to 
provide an exact measure of the plastic strains asso-
ciated with the coiling/uncoiling processes, due to 
the unknown value of the coil radius coinciding with 
the as-formed member, this strain may be deter-
mined on the basis of an average coil radius, as rec-
ommended in Moen et al. (2008).  From Moen et 

σ = a εb                          for     0   ε    εu 
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σ = σu                            for      0.5εu  ε    εu 

 

 



 

 

al.’s (2008) research, an average coil radius Rcoiling = 
450 mm is used herein. 

The total plastic strain experienced by the flat 
faces of cold-rolled box-sections is taken as the sum 
of the strains from the coiling, uncoiling, formation 
of the circle and crushing into the final cross-section 
geometry – referred to as steps A, B, C and D in 
Rossi (2008). The strain from the sheet uncoiling 
and formation of the final geometry are taken as 
equal and opposite to the strains from coiling and 
formation of circular tube respectively. Hence the 
total plastic strains assumed to be experienced by the 
flat faces εf,total and the corner regions εc are given 
by:  

 
 

(10) 
 
 
where, Rc = Ri + t/2 and Rf = (b+d)/π. 

5.4 Analysis of results 

The experimental database presented in Section 4.1 
has been used to investigate the applicability of the 
two simple stress-strain models and the plastic strain 
measures introduced in Sections 5.2 and 5.1, respec-
tively for predicting the strength enhancement in 
cold-formed sections. Numerical comparisons, in-
cluding the mean and coefficient of variation 
(COV), of the predictions from both material stress-
strain models with the test data, in terms of the pre-
dicted strength to the test strength ratio, are pre-
sented in Tables 5 and 6 for flat faces and corner re-
gions, respectively. 
 
Table 5. Comparison of the proposed predictive models for flat 
faces of cold-rolled sections. 

Predictive model  Power model Linear model 

All 
Mean 1.06 0.96 

COV 0.19 0.18 

Carbon steel 
Mean 0.99 0.97 

COV 0.19 0.16 

Stainless steel 
Mean  1.08 0.96 

COV 0.19 0.19 

 
Table 6. Comparison of the proposed predictive models for 
corner regions of cold-formed sections. 

Predictive model  Power model Linear model 

All 
Mean 1.05 1.04 

COV 0.15 0.15 

Carbon steel 
Mean 0.96 0.95 

COV 0.09 0.11 

Stainless steel 
Mean  1.08 1.06 

COV 0.15 0.15 

 
Analysis of the results shows that for both the flat 

faces and corner regions, the linear hardening mate-
rial model gives more accurate results in terms of 

both the mean and the COV, than the power model. 
The linear hardening model and the Rossi (2008) 
model give the same mean of 0.96 for the flat faces 
of cold-rolled stainless steel and carbon steel sec-
tions with the former having a lower COV of 0.18. 
As far as the corner regions of cold-formed sections 
are concerned, both Rossi (2008) and the proposed 
linear hardening model over-predict the test data, 
highlighting the possible over-estimation of the 
cold-work induced plastic strains in the corner re-
gions. Overall, the proposed linear hardening mate-
rial model with the new strain measure predictions 
are in good agreements with the test data and may be 
employed to predict the strength enhancement in 
cold-formed structural sections. The new proposed 
predictive model is simple to use in structural calcu-
lations and is applicable to any metallic structural 
sections. 

6 CONCLUSIONS 

A review of predictive models from the literature for 
harnessing the strength increase in cold-formed sec-
tions has been carried out. Two recently proposed 
predictive models, developed by Cruise and Gardner 
(2008) and Rossi (2008), were assessed extensively. 
Improvements to the existing models were subse-
quently made and a new predictive model was pre-
sented. A comprehensive database of the tensile 
coupon tests from existing experimental programs 
were used to validate the predictions from the mod-
els.  

Analysis of the results showed that for the flat 
faces of cold-rolled stainless steel sections, the pre-
dictive model from Rossi (2008) is able to predict 
more accurate results, in terms of the mean value, 
than the predictive equation proposed by Cruise and 
Gardner (2008) but, has higher scatter. The results 
for the corner regions show that for stainless steel, 
the Cruise and Gardner (2008) model offers more 
accurate prediction of the test data with lower scat-
ter. Also, Rossi (2008) and the modified AISI model 
(Gardner et al. 2010) predictions for the corner 
strength enhancements of carbon steel sections are in 
good agreement, with the former showing a lower 
scatter of 0.09. It was highlighted that while the 
Rossi (2008) predictive model may be applied to any 
structural section of non-linear material, Cruise and 
Gardner’s (2008) model is specific to austenitic 
stainless steel structural sections. Also,  ossi’s 
(2008) predictive equation was considered lengthy 
to implement in design calculations. In order to 
overcome the shortcomings of these models, a linear 
hardening material model, with new strain measures, 
was proposed to predict the strength enhancement in 
cold-formed structural sections. The new proposed 
predictive model predictions are in good agreement 
with the test data. It is simple to use in structural 

εf,total = 2  (t/2) /  coiling  + 2  (t/2) /  f   

εc =  (t/2) /  c  

 



calculations and is applicable to any metallic struc-
tural sections. 
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