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RCold-formed structural sections are manufactured at ambient temperature and hence undergo plastic defor-
mations, which result in an increase in yield stress and a reduction in ductility. This paper begins with a com-
parative study of existing models to predict this strength increase. Modifications to the existing models are
then made, and an improved model is presented and statistically verified. Tensile coupon data from existing
testing programmes have been gathered to supplement those generated in the companion paper [1] and used
to assess the predictive models. A series of structural section types, both cold-rolled and press-braked, and a
range of structural materials, including various grades of stainless steel and carbon steel, have been consid-
ered. The proposed model is shown to offer improved mean predictions of measured strength enhancements
over existing approaches, is simple to use in structural calculations and is applicable to any metallic structural
sections. It is envisaged that the proposed model will be incorporated in future revisions of Eurocode 3 [2,3].

© 2012 Published by Elsevier Ltd.
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C1. Introduction

Cold-formed structural sections are widely used in construction,
offering high strength and stiffness-to-weight ratios. Structural ele-
ments in a range of section shapes — tubular sections, including the
familiar square, rectangular and circular hollow sections and the re-
cently added elliptical hollow sections, and open sections such as an-
gles, channels and lipped channels — are commonly used in building
design. Cold-formed structural sections are manufactured at ambient
temperature and hence undergo plastic deformations, which occur
during both the sheet rolling 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 behaviour 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 behaviour and significant strain hardening show a more pro-
nounced response to cold-working.

With increasing emphasis being put on the sustainable use of re-
sources, fully exploiting material properties in structural design is
paramount. The performance of finite element (FE) models is also
often highly sensitive to the prescribed material parameters, making
86
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an accurate representation of the material characteristics essential.
Therefore, developing suitable predictive models for harnessing the
increases in material strength caused by plastic deformations, experi-
enced during the cold-forming production routes, is required.

In this paper, predictive models from the literature for determining
the strength enhancements observed in cold-formed metallic sections
are reviewed. Two recently proposed predictive models, developed by
Cruise andGardner [4] and Rossi [5], have been assessed extensively. Im-
provements to the existingmodels have beenmade and a newpredictive
model is presented. In the companion paper [1], a laboratory testing
programme was conducted to measure the level of strength enhance-
ment induced in cold-formed structural sections. Material tests on a
total of 51 flat coupons and 28 corner coupons, extracted from the flat
faces and corner regions of SHS andRHS tubes,were performed. The gen-
erated tensile coupon test results, combinedwith those from existing ex-
perimental programmes, have been used to validate the predictions from
the models and make comparisons between the presented predictive
equations. In total, the collated database covers a range of structural sec-
tion types — square hollow sections (SHS), rectangular hollow sections
(RHS), circular hollow sections (CHS), angles, lipped channels and hol-
low 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, 1.4307, 1.4318, 1.4404, 1.4571,
1.4401, 1.4016, 1.4003, 1.4509, 1.4512, 1.4462 and 1.4162).

2. Production routes

Cold-rolling and press-braking are the two methods commonly
employed in the manufacture of light gauge cold-formed structural
ormed structural sections — Part II: Predictive models, J Constr Steel
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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 produce open sections, such as an-
gles 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 as depicted in Fig. 1. 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.

3. Predictive models

3.1. Introduction

Finite element simulations of processes involving complex contact
and springback problems, such as stamping processes, can be achieved
with good accuracy. But, simulating the continuous cold-rolling process
using FE methods requires complicated three-dimensional models
which becomes computationally expensive due to the relatively high
mesh density that must be employed to result in accurate solutions.
As examined by Rossi et al. [6], many recent studies have focused on
comparisons between different types of finite element formulations
and integration schemes for modelling the plastic deformations occur-
ring in the highly bent corner regions of the sections, the change in
thickness or springback as well as accurate modelling of the material
stress–strain response. But, FE modelling of this continuous process of
fabrication is usually not used for determining the strength enhance-
ment occurring in cold-formed sections. Alternatively, closed-form an-
alytical solutions, such as that of Quach et al. [7], of the residual stress
distribution and plastic strains induced during press braking exist for
elastic–plastic plane strain pure bending with materials assumed to
obey the von Mises yield criterion. The analytical models developed to
date are restricted to coiling followed by uncoiling and press braking.
In the current study, predictive models for the strength increases in
the corner regions and flat faces of cold-formed cross-sections are
examined.

3.2. Literature review

Early studies of the strength enhancement in the corner regions of
cold-formed carbon steel sections were carried out by Karren [8]. A
power model to predict the strength increases in the corner regions
U
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of cold-formed sections, in terms of the yield stress of the unformed
sheet material and the internal corner radius to thickness ratio was
proposed. The model was developed based on available test data, in-
cluding 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 incorporated in structural calcula-
tions. Coetzee et al. [9] performed an experimental study into strength
enhancements in cold-formed stainless steel sections. Material tests
on press-braked lipped channel sections of three stainless steel grades
(EN 1.4301, 1.4401 and 1.4003) were conducted. Karren's expression
was later modified by van den Berg and van der Merwe [10] on the
basis of Coetzee et al.'s [9] 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 [11] studied test
data from cold-rolled box sections and observed a linear relationship
between the 0.2% proof strength of the corner regions and the ultimate
strength of the flat faces.

Ashraf et al. [12] analysed all stainless steel test results, from a va-
riety of fabrication processes, to investigate the application of the pre-
dictive equations proposed by van den Berg and van der Merwe [10].
Comparisons of the predicted strength and the test results showed
that modifications to the models were required. Three empirical pre-
dictive models for the evaluation of the corner yield strength were
proposed. Two power models based on the properties (0.2% proof
strength and the ultimate tensile strength) of the unformed sheetmate-
rial were developed to predict the corner 0.2% proof strength of both
cold-rolled and press-braked sections. The linear expression proposed
by Gardner and Nethercot [11], to predict the 0.2% proof strength of
the corners in cold-rolled box sections was also recalibrated. Further-
more, in order to obtain full insight into the influence of cold-work on
the corner material properties, an equation to predict the ultimate ten-
sile strength of the corner material was developed.

Cruise and Gardner [4] later recalibrated the Ashraf et al. [12] ex-
pressions in light of further stainless steel experimental data and pro-
posed two revised expressions to predict the enhanced corner
strength of press-braked and cold-rolled sections. In addition, expres-
sions for evaluating the 0.2% proof stress and the ultimate tensile
stress of the flat faces of cold-rolled box sections were developed.
Similarly, based on corner material test results on structural carbon
steel box sections, Gardner et al. [13] modified the predictive model
given in the AISI Specification for the Design of Cold-formed Steel
Structural Members [14]. Values of the coefficients 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 formula 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 [5]. The proposed
equation is established using the inverted Ramberg–Osgood material
model without introducing empirical parameters, allowing its appli-
cation to a range of non-linear metallic materials.

3.3. Cruise and Gardner [4] predictive model

Cruise and Gardner [4] carried out an extensive experimental study
of cold-formed stainless steel structural sections made of grade EN
1.4301 material, 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 tensile strength around a series of cold-rolled
box sections and press-braked angle sectionswere identified. Thegener-
ated test data were combined with all other available published experi-
mental data and used to develop models for predicting the strength
enhancements around stainless steel sections due to cold-forming. The
ormed structural sections — Part II: Predictive models, J Constr Steel
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experimental 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 expe-
rience plastic deformations during forming. Newmodels were therefore
proposed 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 ultimate tensile stress of the unformed material, as provided by
the mill certificate. The two key driving parameters in the models
were the strain experienced during section forming and the potential
for strength enhancement of the material [4].

σ0:2;f ;pred ¼ 0:85σ0:2;mill

−0:19þ 1
12:42 πt

2 bþdð Þþ0:83

ð1Þ

σu;f ;pred ¼ σu;mill 0:19
σ0:2;f ;pred

σ0:2;mill

 !
þ 0:85

 !
: ð2Þ

Existing literaturemodelswere alsomodified 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. [12] was recalibrated based on amore comprehensive experimen-
tal 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 [11] and later recalibrated by Ashraf et al. [12],
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 enhance-
ment 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 sec-
tions. It was therefore proposed that Eq. (4), for cold-rolled sections,
should be used to predict a uniform strength enhancement for the cor-
ner region plus an extension of 2 t, where t is thematerial thickness, be-
yond the corner radius into the flat faces of the section.

For press-braked section:

σ0:2;c;pred ¼ 1:673σ0:2;mill

ri=tð Þ0:126 : ð3Þ

For cold-rolled section:

σ0:2;c;pred ¼ 0:83σu;f ;pred: ð4Þ

3.4. Rossi [5] predictive model

Rossi [5] examined the through-thickness residual stress distribu-
tions and strength enhancements induced during cold-forming of
sections composed of non-linear metallic materials. The proposed
model for predicting the cold-work strength enhancement is essen-
tially 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 fabrication
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 rect-
angular 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
Please cite this article as: Rossi B, et al, Strength enhancements in cold-f
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the rolling direction. Analysis of the results showed that the plastic
strain from both the sheet forming and cross-section forming pro-
cesses contribute to the overall strength enhancement of the flat
faces of cold-rolled box sections. However, Step C, forming into a cir-
cular section, was found to have the greatest influence on strength
enhancement in the flat faces of cold-rolled box sections and was
used as the dominant stage for subsequent analysis. For the corner re-
gions, in both cold-rolled and press-braked sections, the final forma-
tion of the corner was considered 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. Assum-
ing pure bending, the maximum transverse strain experienced by
the section face during the formation of the circular tube (step C)
was taken as εf=πt/2(b+d). Similarly, the maximum strain induced
during corner forming was taken as εc=(t/2)/ri. The symbols are de-
fined in Fig. 2. Note that these are essentially the same strains consid-
ered by Cruise and Gardner [4].

The inverted compound Ramberg–Osgood material model, pro-
posed by Abdella [15] was employed within the predictive model to
mimic the stress–strain response of the unformed sheet material, with
key points obtained from the mill certificate. The maximum surface
plastic strains were incorporated into the material model to deduce
the ensuing enhanced strength. The resulting predictive model [5] 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 corner regions of both cold-rolled sections and
press-braked sections, based on the appropriate radius: R=(b+d)/π
for flat faces and R=ri for the corner regions.

σu;mill

σ0:2;f or c;pred−σ0:2;mill
¼ C1

R
t=2

� �
þ C2

R
t=2

� �α
ð5Þ

in which,

C1 ¼ εt;0:2
r2

σu;mill

σ0:2;mill
ð6Þ

C2 ¼ r�−1ð Þεt;0:2
r2 εu−εt;0:2
� �p� σu;mill

σ0:2;mill
ð7Þ

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.
ormed structural sections — Part II: Predictive models, J Constr Steel
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Table 1 t1:1

t1:2Summary of database for coupon tests on flat material in cold-rolled sections.

t1:3Reference Material Section type No. of tests

t1:4[1] CS (S355) SHS/RHS 12
t1:5[13] CS (S235) SHS, RHS 5
t1:6[16] CS (S235) SHS, RHS 6
t1:7[17] CS (S355) SHS 1
t1:8[18] CSa HFCS 19
t1:9[1] SS (1.4301) SHS/RHS 9
t1:10[1] SS (1.4571) SHS 6
t1:11[1] SS (1.4404) SHS/RHS 6
t1:12[19] SS (1.4301) SHS 4
t1:13[20] SS (1.4301) SHS,RHS 7
t1:14[21] SS (1.4301) SHS,RHS 54
t1:15[22] SS (1.4318) SHS,RHS 16
t1:16[23] SS (1.4301) SHS 8
t1:17[24] SS (1.4306) SHS 1
t1:18[25] SS (1.4301) SHS 10
t1:19[1] SS (1.4003) SHS/RHS 6
t1:20[26] SS (1.4003) SHS,RHS 12
t1:21[23] SS (1.4003) SHS 4
t1:22[1] SS (1.4509) SHS 9
t1:23[23] SS (1.4512) SHS 4
t1:24[1] SS (1.4462) CHS 2
t1:25[27] SS (1.4162) SHS,RHS 16
t1:26[1] SS (1.4162) SHS 3

a Material grade was not reported. t1:27
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4. Comparisons of existing predictive models

4.1. Experimental database

In order to assess the wider applicability of the predictive models
presented in Sections 3.3 and 3.4, tensile coupon data from a broad spec-
trumof existing testing programmes have been gathered [9,10,13,16–28]
to supplement those obtained in the companion paper [1]. The collated
database covers a range of structural section types — CHS, SHS, RHS,
angles, lipped channel sections (LCS) and hollow flange channel sections
(HFCS) fromboth cold-rolling and press-braking fabrication processes, as
illustrated in Fig. 3, and a range of structural materials including carbon
steel grades and austenitic (EN 1.4301, 1.4306, 1.4307, 1.4318, 1.4404,
1.4571,1.4401), ferritic (EN 1.4016, 1.4003, 1.4512, 1.4509), duplex
(EN 1. 4462) and lean duplex (EN 1.4162) stainless steel grades. In
order to investigate the strength enhancement due to face forming pro-
cesses in cold-rolled sections, reported tensile coupon tests for this por-
tion of the section have been used. Table 1 provides a summary of the
collected database for the flat faces of the cold-rolled sections analysed
herein. Based on the available published corner test data, for both
cold-rolled and press-braked sections, the performance of the predictive
models for corners has also been assessed. The compiled database for
corner coupon tests considered in this study is summarised in Table 2.

The collected information includes the section geometric dimen-
sions, mill certificate material properties — σ0.2,mill and σu,mill — and
the measured material 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 carried out on sheet material prior
to section forming in the transverse direction, perpendicular to the
rolling direction, and the results are supplied by the manufacturer.
The Ramberg–Osgood material model parameters, required for the
Rossi [5] model, were sourced from [1,29,30] and the relevant mate-
rial properties were obtained from EN 1993-1-1 [3] for carbon steel
sections and EN 10088-1 [31] for stainless steel sections.
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Table 2 t2:1

t2:2Summary of database for coupon tests on corner material.

t2:3Reference Material Section type No. of tests

t2:4[1] CS (S355) SHS/RHS 8
t2:5[13] CS (S235) SHS/RHS 5
t2:6[16] CS (S235) SHS/RHS 6
t2:7[17] CS (S355) SHS 1
t2:8[18] CSa HFCS 12
t2:9[1] SS (1.4301) SHS/RHS 6
t2:10[1] SS (1.4571) SHS 4
t2:11[1] SS (1.4404) SHS/RHS 4
t2:12[9] SS (1.4301) LCS 4
t2:13[9] SS (1.4401) LCS 4
t2:14[20] SS (1.4301) SHS/RHS 27
t2:15[20] SS (1.4301) Angle 8
t2:16[21] SS (1.4301) SHS/RHS 5
t2:17[22] SS (1.4318) SHS/RHS 2
t2:18[28] SS (1.4301) LCS 2
t2:19[24] SS (1.4306) SHS 1
t2:20[10] SS (1.4301) Angle 9
t2:21[1] SS (1.4003) SHS/RHS 4
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C4.2. Comparison of predictive models

This section provides a broad comparison, in terms of both the ac-
curacy 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, respec-
tively. Although the proposed predictive model for flat faces of
cold-rolled sections provided by Cruise and Gardner [4] was calibrat-
ed 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 predictive model from Rossi [5] is able
to predict more accurate results, in terms of the mean value, than
the predictive equation proposed by Cruise and Gardner [4] but, has
higher scatter. The results for the corner regions show that for stain-
less steel, the Cruise and Gardner [4] model offers more accurate pre-
diction of the test data with lower scatter. Also, Rossi [5] and the
modified AISI [13] predictions for the corner strength enhancements
Fig. 3. Variety of cold-formed cross-sections considered in this study.
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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 plastic strain in
their formulations, but different material models. The Rossi [5] model
employs the compound Ramberg–Osgood material model whereas,
Cruise and Gardner [4] assume linear hardening material behaviour for
stainless steel with the material model incorporated into the predictive
model coefficients resulting in the same relative enhancement whatever
thematerial. As a result, while the Rossi [5] predictive model may be ap-
plied to any non-linearmaterial, the Cruise andGardner [4]model is spe-
cific to structural sections with the material for which the models were
t2:22[26] SS (1.4003) SHS/RHS 3
t2:23[9] SS (1.4003) LCS 4
t2:24[28] SS (1.4016) LCS 2
t2:25[28] SS (1.4003) LCS 2
t2:26[10] SS (1.4512) Angle 10
t2:27[10] SS (1.4016) Angle 9
t2:28[10] SS (1.4003) Angle 10
t2:29[1] SS (1.4162) SHS 2
t2:30[27] SS (1.4162) SHS/RHS 4

a Material grade was not reported. t2:31
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Table 3t3:1

t3:2 Comparison of the predictive models and test data for the 0.2% proof strength of the flat
t3:3 faces of cold-rolled sections (σ0.2,f,pred/σ0.2,test).

t3:4 Predictive model Cruise and Gardner [4] Rossi [5]

t3:5 All Mean 1.10 0.97
t3:6 COV 0.21 0.20
t3:7 Carbon steel Mean (1.25) 0.99
t3:8 COV (0.20) 0.18
t3:9 Stainless steel Mean 1.06 0.97
t3:10 COV 0.20 0.21
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calibrated against, which included austenitic stainless steel grade EN
1.4301. Moreover, strength enhancements should be predicted once
any finite plastic strains are experienced and Cruise and Gardner [4] for-
mulation is not in accordance with this principle. Owing to the compli-
cated mathematical form and the number of input parameters required
to evaluate the cold-work induced strength enhancement from Rossi's
[5] predictive equation, it is lengthy to implement in design calculations.
In order to overcome the shortcomings of the two predictive models, a
new concise and accurate predictive model is proposed in the next
section.

5. Extension of the predictive models

5.1. Introduction

In this section a simple and accurate method for predicting the
strength enhancement in cold-formed structural sections is presented.
The model development is based on the same concept as used in the
Rossi [5] predictive model, which involves the determination of the
cold-work induced plastic strain followed by the evaluation of the cor-
responding stress from the stress–strain response of the unformed
sheet material, using an appropriate material model. Given the scatter
in the test data, as shown in Figs. 4 and 5 for flat faces and corner re-
gions, respectively, and the assumptions made in simplifying the
forming processes, using a simple material model, in place of the com-
pound Ramberg–Osgood model, is deemed more appropriate. In addi-
tion, analysis of the results shows that the plastic strain from both the
sheet forming and cross-section forming processes contribute to the
overall strength enhancement of the flat faces of cold-rolled box sec-
tions and should be allowed for in predicting the resulting strength
enhancements.

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 assessed. The parameters which define each model are
based on the key material properties of the unformed sheet, as pro-
vided in the mill certificate.

σ ¼ pεq for 0≤ε≤εu ð8Þ
Table 4
Comparison of the predictive models and test data for the 0.2% proof strength of the
corner regions of cold-formed sections (σ0.2,c,pred/σ0.2,test).

Predictive model Cruise and Gardner [4]/Gardner at al. [13] Rossi [5]

All Mean 0.97 1.06
COV 0.11 0.14

Carbon steel Mean 0.97 0.98
COV 0.11 0.09

Stainless steel Mean 0.97 1.08
COV 0.12 0.14
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σ ¼ σ0:2 þ
σu−σ0:2

0:5εu−ε0:2

� �
ε−ε0:2ð Þ for ε0:2bε≤0:5εu

σ ¼ σu for 0:5εubε≤εu:
ð9Þ

The power lawmodel parameters, p and q, are calibrated such that
the function passes through the 0.2% proof stress and corresponding
total strain (εt,0.2,σ0.2) and the ultimate tensile stress and correspond-
ing total strain (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 relatively large magnitude of the
plastic strains induced during cold-forming processes.

For the tri-linearmodel, thefirst stage has a slope E, taken as thema-
terial initial Young's modulus, up to the yield point, defined 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 [32] for modelling the
stress–strain response of aluminium alloys. In order to prevent signifi-
cant over-predictions of strength at large strains, a maximum stress
limit equal to the ultimate tensile stress σu has been added. No strength
enhancementwould result from strains less than the yield strain; hence
the initial part of the model will not be used for strength enhancement
predictions. The strain at the ultimate tensile stress εu of the unformed
sheet material, required in both material models, is not provided in the
0.0
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/

ri/t

Fig. 5. Normalised measured 0.2% proof stress for the corner regions of cold-formed
sections.

ormed structural sections — Part II: Predictive models, J Constr Steel

http://dx.doi.org/10.1016/j.jcsr.2012.12.007
Original text:
Inserted Text
"’"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"’"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"’"

Original text:
Inserted Text
"-"



T

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466467

468469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521522

523524
525

526

Table 5 t5:1

t5:2Comparison of the proposed predictive models and test data for the 0.2% proof strength
t5:3of flat faces of cold-rolled sections (σ0.2,f,pred/σ0.2,test).

t5:4Predictive model Linear model Power model

t5:5All Mean 0.89 1.01
t5:6COV 0.21 0.20
t5:7Carbon steel Mean 0.96 1.00
t5:8COV 0.17 0.19
t5:9Stainless steel Mean 0.87 1.01
t5:10COV 0.22 0.20
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material mill certificate. Hence, the expression given in Annex C of
EN 1993-1-4 [2] for modelling the stress–strain response of stainless
steels, which was further verified in the companion paper [1], has
been employed herein.

5.3. Cold-worked induced plastic strains

Cold-work plastic strains are induced during both the coiling and
uncoiling of the sheet material and the cross-section forming process-
es. The plastic strain components from both the sheet forming and
cross-section forming processes therefore contribute to the overall
strength enhancement of the flat faces of cold-rolled box sections
whereas for corners of cold-rolled sections 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 strain 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 initiation
of through thickness plastic strains from sheet coiling depends on the
thickness andmaterial properties of the sheet. If the coil radius is greater
than this critical radius, no plastic strains are introduced; otherwise,
varying degrees of through thickness plastic strains are produced. As it
is not possible to provide an exact measure of the plastic strains associ-
ated with the coiling/uncoiling processes, due to the unknown value of
the coil radius coinciding with the as-formed member, this strain may
be determined on the basis of an average coil radius Rcoiling=450 mm,
as recommended in Moen et al. [33].

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 [5]. The
amount of straining is dependent on the history of deformation, the lo-
cation away from the middle surface of the sheet, the distance between
the neutral surface and the middle surface, and the bending curvature.
Also, the deformation history involves elastic unloading: in reality,
step D should not be considered the same as step C, but incorporating
rigorous strain calculations will complicate the model. Therefore, re-
verse bending (uncoiling and formation of the final cross-section) is as-
sumed to cause the same magnitude of strain as bending. Hence, the
strains from the sheet uncoiling and formation of the final geometry
are taken as equal and opposite to the strains from coiling and forma-
tion of circular tube, respectively. In addition, the maximum surface
plastic strains was used in the predictive models presented in
Sections 3.3 and 3.4, but a more appropriate measure for predicting
the strength enhancements is in fact the through thickness averaged
plastic strain; and this has been employed herein. With the assump-
tion of a linearly varying strain distribution through the material
thickness and a bending neutral axis that coincides with the mate-
rial's mid-thickness, the through thickness averaged plastic strain
is given as half of the maximum surface strain. Hence, the through
thickness averaged plastic strains for the flat faces εf,av and corner re-
gions εc,av to be used in the new predictive model are:

εf ;av ¼ t=2ð Þ=Rcoiling

h i
þ t=2ð Þ=Rf

h i
ð10Þ

εc;av ¼ 0:5 t=2ð Þ=Rc½ � ð11Þ

where, Rf ¼ bþd−2t
π and Rc ¼ ri þ t

2.

5.4. Analysis of results and design recommendations

The experimental database presented in Section4.1 has beenused to
investigate the applicability of the two simple stress–strainmodelswith
the through thickness averaged plastic strain measures introduced in
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Sections 5.2 and 5.3 for predicting the strength enhancement in
cold-formed sections. Numerical comparisons, including the mean and
coefficient of variation (COV), of the predictions from both material
stress–strain models with the test data, in terms of the predicted
strength to the test strength ratio, are presented in Tables 5 and 6 for
the flat faces and corner regions, respectively.

Analysis of the results shows that for both the flat faces and corner
regions, the power law material model gives more accurate results in
terms of both the mean and the COV, than the linear hardening mate-
rial model. The power law model and the Rossi [5] model give similar
mean values of 1.01 and 0.97, respectively for the flat faces of
cold-rolled stainless steel and carbon steel sections. As far as the cor-
ner regions of cold-formed sections are concerned, the Rossi [5]
model over-predicts the test data, highlighting that the use of the
maximum surface plastic strain is not appropriate, while the power
law model with the through thickness averaged strain measure offers
safer predictions. Overall, the proposed power law material model
with the new through thickness averaged plastic strain predictions
are in good agreement with the test data and may be employed to
predict the strength enhancement in cold-formed structural sections.

The developed predictive model is used for determining the ten-
sile 0.2% proof strength of cold-formed sections and is based on the
tensile material properties of the unformed sheet material. Owing to
the asymmetric stress–strain response of stainless steel in tension
and compression [11,24], its material properties are often supplied
in both tension and compression in structural design standards. The
AS/NZS 4673 [34] and SEI/ASCE-8 [35] standards provide both tensile
and compressive material properties while the EN 1993-1-4 [2] only
considers tensile material properties. Existing data on tensile and
compressive coupon tests from the literature [9,11,24–27,36] were
analysed, see Fig. 6, and it was shown that the compressive 0.2%
proof strength is on average 5% lower than that for tension. This find-
ing is to be allowed for in the predictive model.

Test data on stainless steel cold-formed tubular members in com-
pression and bending were also gathered and statistical analyses in
accordance with EN 1990-Annex D [37] were performed to assess
the reliability of the current EN 1993-1-4 [2] design guidelines. To
allow for the increased variability associated with the prediction of
material strength, as opposed to adopting minimum specified values,
a factor of 0.90 is proposed to be used in conjunction with the new
predictive equation to maintain the same level of reliability as current
codified guidelines. The predictive equation for determining the en-
hanced 0.2% proof stress of cold-formed structural sections, allowing
for asymmetry in the stress–strain response and the required reliabil-
ity level through the 0.85 factor (≈0.95×0.90), is presented in its
final form in Eqs. (12) and (13) for the flat faces and corner regions,
respectively.

σ0:2;f ;pred ¼ 0:85 p εf ;av þ εt;0:2
� �qh i

but≤σu;mill ð12Þ

σ0:2;c;pred ¼ 0:85 p εc;av þ εt;0:2
� �qh i

but≤σu;mill: ð13Þ

The coefficient p and the exponent q may be calculated directly
from the basic properties of the unformed material from the mill
ormed structural sections — Part II: Predictive models, J Constr Steel
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Table 6t6:1

t6:2 Comparison of the proposed predictive models and test data for the 0.2% proof strength
t6:3 of corner regions of cold-formed sections (σ0.2,c,pred/σ0.2,test).

t6:4 Predictive model Linear model Power model

t6:5 All Mean 0.92 0.96
t6:6 COV 0.14 0.14
t6:7 Carbon steel Mean 0.93 0.92
t6:8 COV 0.07 0.08
t6:9 Stainless steel Mean 0.92 0.97
t6:10 COV 0.16 0.15
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certificates, as given by Eqs. (14) and (15), respectively. In the ab-
sence of the mill certificate values, the minimum codified material
properties may be used.

p ¼ σ0:2;mill

εqt;0:2
ð14Þ

q ¼
ln σ0:2;mill=σu;mill

� �
ln εt;0:2=εu
� � : ð15Þ

Following the findings of Cruise and Gardner [4], for the press-braked
sections, the enhanced corner strength is confined to the curved corner
region only of area Ac and for cold-rolled box sections, it extends by 2 t,
where t is the material thickness, beyond the corner radius into the flat
faces of the section. Hence, the cross-sectionweighted average enhanced
0.2% proof stress for press-braked sections and cold-rolled box sections
may be determined from Eqs. (16) and (17), respectively.

For press-braked sections:

σ0:2;section ¼
σ0:2;c;predAc;pb

� �
þ σ0:2;mill A−Ac;pb

� �� �
A

: ð16Þ

For cold-rolled sections:

σ0:2;section ¼
σ0:2;c;predAc;rolled

� �
þ σ0:2;f ;pred A−Ac;rolled

� �� �
A

ð17Þ

where, Ac,pb=Ac=(ncπt/4)(2ri+t), Ac,rolled=Ac+4nct2, A=gross
cross-sectional area of the section and nc is the number of 90° corners
in the section.
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The new predictive model was evaluated against the test data
presented in Section 4.1. The method offers, on average, 19% and 36%
strength enhancements relative to the minimum codified strength
values provided in EN 1993-1-4 [2] and EN 1993-1-1 [3], for the flat
faces and corner regions, respectively. The new proposed predictive
model is simple to use in structural calculations and is applicable to
any metallic structural sections.

6. Conclusions

A review of predictive models from the literature for harnessing the
strength increases in cold-formed sections as a result of plastic defor-
mation during production has been carried out. Two recently proposed
predictive models, developed by Cruise and Gardner [4] and Rossi [5],
were assessed extensively. Improvements to the existing models were
subsequently made and a new predictive model was presented. A com-
prehensive database of the tensile coupon tests from the companion
paper [1] and existing experimental programmes were used to validate
the predictions from the models.

Analysis of the results showed that for the flat faces of cold-rolled
stainless steel sections, the predictive model from Rossi [5] is able to
predict more accurate results, in terms of the mean value, than the
predictive equation proposed by Cruise and Gardner [4] but, has
higher scatter. The results for the corner regions show that for stain-
less steel, the Cruise and Gardner [4] model offers more accurate pre-
dictions of the test data with lower scatter. Also, Rossi [5] and the
modified AISI model [13] predictions for the corner strength enhance-
ments of carbon steel sections are in good agreement, with the former
showing a lower scatter of 0.09. It was highlighted thatwhile the Rossi
[5] predictive model may be applied to any structural section of
non-linear material, Cruise and Gardner's [4] model was developed
solely for austenitic stainless steel structural sections. Also, Rossi's [5]
predictive equation was considered too lengthy to implement in practi-
cal design calculations. In order to overcome the shortcomings of these
models, a power law material model, with new strain measures, was
proposed to predict the strength enhancement in cold-formed structur-
al sections. Statistical analyses were carried out to ensure that the cur-
rent level of reliability of the European design standards is maintained
when the new predictivemodel is incorporated in design. The new pro-
posedmodel provides good predictions of the test data, is simple to use
in structural calculations and is applicable to any metallic structural
sections.
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