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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 yield stress and a reduction in ductility.
This paper begins with a comparative 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 programmess
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 considered. 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].
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 section 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 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 pronounced response to cold-working.

With increasing emphasis being put on the sustainable use of resources, 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 an
accurate representation of the material characteristics essential. Therefore, developing
suitable predictive models for harnessing the increases in material strength caused by plastic

deformations, experienced 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 and Gardner [4] and Rossi [5], have been assessed extensively.
Improvements to the existing models have been made and a new predictive model is
presented. In the companion paper [1], a laboratory testing programme was conducted to
measure the level of strength enhancement 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 and RHS tubes, were performed. The generated tensile
coupon test results, combined with those from existing experimental 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
section types — square hollow sections (SHS), rectangular hollow sections (RHS), circular
hollow sections (CHS), 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, 1.4307, 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 sections. In press-braking the sheet material is formed
into the required shape by creating individual bends along its length. It is a semi-automated
process used to produce 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 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 occurring 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
enhancement occurring in cold-formed sections. Alternatively, closed-form analytical
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 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, 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 incorporated in structural calculations. 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 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 variety of fabrication
processes, to investigate the application of the predictive 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 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 ultimate tensile strength) of the unformed sheet
material 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. Furthermore, in order to obtain full insight into the influence of cold-work on
the corner material properties, an equation to predict the ultimate tensile strength of the

corner material was developed.

Cruise and Gardner [4] later recalibrated the Ashraf et al. [12] 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. 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 application 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 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 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 experience plastic deformations
during forming. New models were therefore proposed to predict the strength enhancements in
the flat faces of cold-rolled box sections. Expressions for the 0.2% proof stress 6o gprea and
the ultimate tensile stress oy fpred, Eqs. (1) and (2) respectively, were provided, in which t, b
and h are the section thickness, width and depth respectively, and 6o min and 6y min 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].
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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. [12] 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 [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 enhancement 6o ¢ pred are given by Egs. (3)
and (4) for press-braked sections and cold-rolled sections, respectively, in which r; 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),
for cold-rolled sections, 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:

1.6736,,
GO‘Z,C,pred = ngz%u (3)

For cold-rolled section:

cSO.Z,c,pred = 083 Gu,f,pred (4)



3.4 Rossi [5] predictive model

Rossi [5] examined the through-thickness residual stress distributions 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
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 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 rectangular 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 direction.
Analysis of the results showed 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 sections. However, Step C, forming into a circular 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 regions, in both
cold-rolled and press-braked sections, the final formation 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. Assuming pure bending, the maximum transverse strain
experienced by the section face during the formation of the circular tube (step C) was taken
as & = mt/2(b+h). Similarly, the maximum strain induced during corner forming was taken as
& = (t/2)/r;. The symbols are defined in Fig. 2. Note that these are essentially the same strains

considered by Cruise and Gardner [4].

The inverted compound Ramberg-Osgood material model, proposed 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 6ot or ¢, pred 1 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+h)/x for flat faces and R = r; for the corner regions.
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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 spectrum of existing testing programs 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) from both 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 processes 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 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 dimensions, mill certificate material
properties — 6o.2miin and o, min — and the measured material properties of the formed sections —
the 0.2% proof stress 62,5t and the ultimate tensile stress 6y est. 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 material properties were obtained from EN 1993-1-1 [3] for

carbon steel sections and EN 10088-1 [31] for stainless steel sections.

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. Although the proposed predictive model for flat
faces of cold-rolled sections provided by Cruise and Gardner [4] 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
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 stainless steel, the Cruise and Gardner
[4] model offers more accurate prediction of the test data with lower scatter. Also, Rossi [5]
and the modified AISI [13] 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 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 the material. As a result, while the Rossi [5]

predictive model may be applied to any non-linear material, the Cruise and Gardner [4]



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. Moreover, strength
enhancements should be predicted once any finite plastic strains are experienced and Cruise
and Gardner [4] formulation is not in accordance with this principle. Owing to the
complicated 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 corresponding 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 regions,
respectively, 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
sheet forming and cross-section forming processes contribute to the overall strength
enhancement of the flat faces of cold-rolled box sections 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, Egs. (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 provided in the mill certificate.
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The power law model parameters, p and q, are calibrated such that the function passes
through the 0.2% proof stress and corresponding total strain (&.02,002) and the ultimate
tensile stress and corresponding total strain (g,,6,) 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-linear model, the first stage has a slope E, taken as the material initial Young’s
modulus, up to the yield point, defined as the 0.2% proof stress and the corresponding elastic
strain g2 = 092/E. The strain hardening slope is determined as the slope of the line passing
through the defined yield point (g92, 602) and a specified maximum point (&€max, Omax) With
emax taken as 0.5¢, , where g, is the ultimate tensile strain, and 6.y i taken as the ultimate
tensile stress o,. A similar approach has been recommended in EN 1999-1-1 [32] for
modelling the stress-strain response of aluminium alloys. In order to prevent significant over-
predictions of strength at large strains, a maximum stress limit equal to the ultimate tensile
stress o, 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 strain at the ultimate tensile stress g, of the unformed sheet material,
required in both material models, is not provided in the 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 processes. 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 and material 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 associated 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 Reeiling = 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 location 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, reverse bending (uncoiling and formation of the final
cross-section) is assumed 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 formation 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 assumption of a linearly varying strain distribution through the material thickness and a
bending neutral axis that coincides with the material’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 €g,y and corner regions &,y to be used in

the new predictive model are:
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5.4 Analysis of results and design recommendations

The experimental database presented in Section 4.1 has been used to investigate the
applicability of the two simple stress-strain models with the through thickness averaged
plastic strain measures introduced in 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 material 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 corner 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 tensile 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 finding is

to be allowed for in the predictive model.

Test data on stainless steel cold-formed tubular members in compression 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 enhanced 0.2% proof stress of cold-
formed structural sections, allowing for asymmetry in the stress-strain response and the
required reliability level through the 0.85 factor (= 0.95%0.90), is presented in its final form

in Egs. (12) and (13) for the flat faces and corner regions, respectively.
q
Oo2fpred 0.85 [p (Sf,av T€, ) ] but < Oy mill (12)
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The coefficient p and the exponent q may be calculated directly from the basic properties of
the unformed material from the mill certificates, as given by Eqgs. (14) and (15), respectively.

In the absence of the mill certificate values, the minimum codified material properties may be

used.
O.2,mill
p=—— (14)
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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 A and for cold-rolled box
sections, it extends by 2t, where t is the material thickness, beyond the corner radius into the

flat faces of the section. Hence, the cross-section weighted average enhanced 0.2% proof



stress for press-braked sections and cold-rolled box sections may be determined from Egs.

(16) and (17), respectively.

For press-braked sections:

GO i = (GO.Z,C,predAc,pb ) + (GO.Z,mill (A - Ac,pb )) (16)
.2,section A

For cold-rolled sections:

_ (GO.Z.C,predAc,rolled ) + (60.2,f,pred (A - Ac,rolled ))

00.2,section - A ( 1 7)

where, Acpp= Ac = (Tt/4)(2ritt ), Acrolied = Ac + 4nct’, A= gross cross-sectional area of the
D ; g

section and n, is the number of 90° corners in the section.

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 deformation 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 comprehensive database of the tensile
coupon tests from the companion paper [1] and existing experimental programs 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 stainless steel, the Cruise and Gardner

[4] model offers more accurate predictions of the test data with lower scatter. Also, Rossi [5]



and the modified AISI model [13] 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 [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 practical 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 structural sections. Statistical analyses were
carried out to ensure that the current level of reliability of the European design standards is
maintained when the new predictive model is incorporated in design. The new proposed
model 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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Figure 3. Variety of cold-formed cross-sections considered in this study.
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Figure 4. Normalised measured 0.2% proof stress for the flat faces of cold-rolled sections.
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sections.
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Table 1. Summary of database for coupon tests on flat material in cold-rolled sections.

Reference Material Section type No. of tests
[1] CS (S355) SHS/RHS 12
[13] CS (S235) SHS,RHS 5
[16] CS (S235) SHS, RHS 6
[17] CS (S355) SHS 1
[18] cs® HFCS 19
[1] SS (1.4301) SHS/RHS 9
[1] SS (1.4571) SHS 6
[1] SS (1.4404) SHS/RHS 6
[19] SS (1.4301) SHS 4
[20] SS (1.4301) SHS,RHS 7
[21] SS (1.4301) SHS,RHS 54
[22] SS (1.4318) SHS,RHS 16
[23] SS (1.4301) SHS 8
[24] SS (1.4306) SHS 1
[25] SS (1.4301) SHS 10
[1] SS (1.4003) SHS/RHS 6
[26] SS (1.4003) SHS,RHS 12
[23] SS (1.4003) SHS 4
[1] SS (1.4509) SHS

[23] SS (1.4512) SHS

[1] SS (1.4462) CHS 2
[27] SS (1.4162) SHS,RHS 16
[1] SS (1.4162) SHS 3

Note: " Material grade was not reported.



Table 2. Summary of database for coupon tests on corner material.

Reference Material Section type No. of tests
[1] CS (S355) SHS/RHS 8
[13] CS (S235) SHS/RHS 5
[16] CS (S235) SHS/RHS 6
[17] CS (S355) SHS 1
[18] cs® HFCS 12
[1] SS (1.4301) SHS/RHS 6
[1] SS (1.4571) SHS 4
[1] SS (1.4404) SHS/RHS 4
[9] SS (1.4301) LCS 4
[9] SS (1.4401) LCS 4
[20] SS (1.4301) SHS/RHS 27
[20] SS (1.4301) Angle 8
[21] SS (1.4301) SHS/RHS 5
[22] SS (1.4318) SHS/RHS 2
[28] SS (1.4301) LCS 2
[24] SS (1.43006) SHS 1
[10] SS (1.4301) Angle 9
[1] SS (1.4003) SHS/RHS 4
[26] SS (1.4003) SHS/RHS 3
[9] SS (1.4003) LCS 4
[28] SS (1.4016) LCS 2
[28] SS (1.4003) LCS 2
[10] SS (1.4512) Angle 10
[10] SS (1.4016) Angle 9
[10] SS (1.4003) Angle 10
[1] SS (1.4162) SHS

[27] SS (1.4162) SHS/RHS 4

Note: " Material grade was not reported.



Table 3. Comparison of the predictive models and test data for the 0.2% proof strength of the
flat faces of cold-rolled sections (G .2,,pred/50.2,test)

Predictive Model Cruise and Gardner Rossi
[4] [5]

Mean 1.10 0.97

All CoVv 0.21 0.20

Mean (1.25) 0.99

Carbon steel COV (0.20) 0.18

Mean 1.06 0.97

Stainless steel COV 0.20 0.21

Table 4. Comparison of the predictive models and test data for the 0.2% proof strength of the
corner regions of cold-formed sections (G0 2.c pred/G0.2,test)

Predictive Model Cruise and Gardner [4] / Rossi
Gardner at al. [13] [5]
o B
e Mo p o
Stainless steel 1(\:482\1? 8?; (1)(1)481

Table 5. Comparison of the proposed predictive models and test data for the 0.2% proof
strength of flat faces of cold-rolled sections (Go.2,fpred/00.2,test)

Predictive Model Linear model Power model
Mean 0.89 1.01
All Cov 0.21 0.20
Carb teel Mean 0.96 1.00
arbon stee cov 0.17 0.19
Mean 0.87 1.01

Stainless steel COV 0.22 0.20




Table 6. Comparison of the proposed predictive models and test data for the 0.2% proof
strength of corner regions of cold-formed sections (6¢.2,c pred/50.2,test)

Predictive Model Linear model Power model
All Mean 0.92 0.96
Cov 0.14 0.14
Mean 0.93 0.92
Carbon steel COV 0.07 0.08
Stainl tecl Mean 0.92 0.97
atniess stee cov 0.16 0.15
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