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Implementation of cold-formed steel stress-strain relationships 

using limited available material parameters 

Junbo Chen1, Zhiliang Chen2, Haixin Liu3,*, Tak-Ming Chan4 

Abstract: Implementation of existing stress-strain models for cold-formed steels requires the input 

of key material parameters determined from corner coupon tests on cold-formed portions. The present 

paper proposes various approaches that can accurately describe the stress-strain responses of cold-

formed steels by using corner material properties if known, or by using parent material properties and 

the corner geometry after cold-forming in the absence of corner material properties. A comprehensive 

database of coupon test results of cold-formed steels is firstly assembled. A total of 483 corner coupon 

test results with 236 full stress-strain curves are collected from 31 sources, covering a large range of 

steel grades with nominal yield strength varying from 235 MPa to 960 MPa. The applicability of 

existing empirical models for determination of the enhanced yield strength, ultimate strength and 

ultimate strain is carefully evaluated. New predictive expressions for the required input parameters, 

namely 0.01% or 0.05% proof stresses for the use of two-stage Ramberg-Osgood model, and the 

strain-hardening exponent for the use of one-stage material model are subsequently derived. 

Prediction performances of the two-stage Ramberg-Osgood model and the one-stage model are then 

evaluated against experimental stress-strain curves under different availability of primary material 
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parameters. According to the proposed approaches, the minimum required input parameters to utilize 

these models are only the yield strength of cold-formed steels or, alternatively, the yield strength of 

the parent metal and corner geometry after cold-forming. The developed models are proven to be 

accurate in predicting the monotonic stress-strain response (up to the ultimate point) of cold-formed 

steels, and are suitable for use in parametric studies and advanced modeling of cold-formed structures. 

 

Keywords: Cold-formed steels; Stress-strain relationship; Ramberg-Osgood model; Strength 

enhancement; Material properties.  

 

Introduction 

Cold-formed steels, such as roll-formed hollow sections and press-braked open sections, have 

been widely used in constructions due to ease of prefabrication, economic efficiency of mass 

production, and high strength and stiffness-to-weight ratios (Gardner and Yun, 2018, Liu, Chen and 

Chan, 2023). Generally, cold-formed steels are characterized by a rounded stress-strain response with 

enhanced strengths but a loss of ductility due to the plastic deformation introduced during cold-

forming (Gardner, Saari and Wang, 2010). Typical stress-strain curves of a steel plate before and after 

cold-forming are illustrated in Fig. 1. Commonly used cold-forming processes for cold-formed steel 

products include roll-forming and press-braking (Karren, 1967). During the cold-forming processes, 

plastic deformation is introduced. Different regions within the cross-sections undergo various levels 

of plastic deformation. As a result, the material properties of steels in deformed regions vary from 

those of parent materials due to the generated permanent deformation and random dislocation 

between crystal boundaries (Chajes, Britvec and Winter, 1963). Corner regions of cold-formed cross-
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sections normally experience larger plastic deformations than cold-formed circular hollow sections 

due to their lower radius-to-thickness ratios, hence having higher yield and ultimate strengths.  

Over the past few decades, a number of studies have been carried out to develop suitable models 

to predict the enhanced yield strength in corner regions. It was found that the enhancement of material 

strengths is related to material properties of parent metal and the amount of plastic deformation of 

cold-formed corners which can be reflected by the inner or outer radius-to-thickness ratio of the 

corners, ri/t or ro/t (Karren, 1967). Empirical predictive expressions have been proposed to determine 

the enhanced yield and ultimate strengths of cold-formed steels (Abdel-Rahman and Sivakumaran, 

1997, Afshan, Rossi and Gardner, 2013, Gardner, Saari and Wang, 2010, Karren, 1967, Liu, Chen and 

Chan, 2023, Liu, Chen and Chan, 2024, Rossi, Afshan and Gardner, 2013), and standardized methods 

to calculate the strength enhancement in cold-formed steel sections have been incorporated in current 

design codes worldwide (AISI, 2016, CEN, 2006). Comprehensive literature reviews of existing 

strength enhancement models can be found elsewhere (Li, Yuan and Hong, 2023, Rossi, Afshan and 

Gardner, 2013). 

With the increasing use of advanced numerical analyses in the design of steel structures, it has 

been observed that more accurate results can be generated in the numerical simulations when the 

corner properties are properly considered in the finite element models (Chen, Zhu and Chan, 2020, 

Gardner and Nethercot, 2004). It is therefore imperative to develop accurate and practical material 

models to describe the stress-strain responses of cold-formed steels. There exist some material models 

for cold-formed steels, such as the modified two-stage Ramberg-Osgood model (Gardner and Yun, 

2018) and one-stage stress-strain relationship (Ma, Chan and Young, 2015). To use these stress-strain 

models, key material parameters are required, for example the 0.01% proof stress or 0.05% proof 
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stress for the two-stage Ramberg-Osgood model and the strain-hardening exponent for the one-stage 

model. It should be noted that the modified two-stage Ramberg-Osgood model (Gardner and Yun, 

2018) has been standardized in prEN 1993-1-14 (CEN, 2023) for the generation of stress-strain curves 

of cold-formed steel and high strength steel. However, if the primary material parameters of cold-

formed steels are not reported, where no measurements of corner properties are taken, the 

aforementioned models cannot be directly used due to the absence of required inputs. Therefore, 

predictive expressions for determinations of these required inputs for existing models are needed. 

Recently, comprehensive experimental investigations into the changes of material properties in cold-

formed corner regions have been carried out in Liu, Chen, Chan (2023, 2024) and recommendations 

have been given to determine the Young’s modulus, the enhanced strengths, the ultimate strain (i.e. 

the total strain corresponding to the ultimate strength) and etc. However, to accurately obtain the 

stress-strain curves of cold-formed steel, further predictive expressions, for example the 0.01% proof 

stress or 0.05% proof stress, are still needed. Moreover, to replicate the effect of cold-forming on 

parent materials, it is also of great interests to develop material models that can predict the stress-

strain behaviors of cold-formed steels based on the material properties of parent metal and the amount 

of plastic deformation, without conduction of corner coupon tests, which is the focus of current study. 

With these developed models, it would be easier to carry out numerical parametric studies to 

investigate the structural behaviors of cold-formed members with varying corner radii, and it is also 

beneficial to developing finite element-based design methods of cold-formed members in practice.  

This paper presents the developments of stress-strain models to describe the monotonic stress-

strain responses (up to the ultimate point) of cold-formed steels. The existing material stress-strain 

relationships and predictive expressions for material properties of cold-formed steels are firstly 
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reviewed. A comprehensive experimental database of corner coupon tests is collated, which includes 

a total of 483 corner coupon test results from 31 sources. A large range of steel grades with nominal 

yield strength ranging from 235 MPa to 960 MPa, is covered in the assembled database. Based on the 

database, existing expressions for the enhanced yield strength, the enhanced ultimate strength and 

ultimate strain are assessed. Subsequently, predictive expressions for the required input parameters, 

namely 0.01% and 0.05% proof stresses for the use of two-stage Ramberg-Osgood model, and the 

strain-hardening exponent for one-stage material model, are derived. The predictions of stress-strain 

curves under different availability of primary material properties are then discussed and the predicted 

stress-strain curves are finally compared with experimental curves to examine the accuracy of the 

proposed models.  

 

Overview and limitations of existing works 

Stress-strain models for cold-formed steels 

The rounded stress-strain responses of cold-formed carbon steels and stainless steels have been 

widely described by the Ramberg-Osgood model (Hill, 1944, Ramberg and Osgood, 1943), which is 

generally expressed using three basic parameters (see Eq. (1)), namely, the Young’s modulus E, steel 

yield strength fy (taken as the 0.2% proof stress f0.2 for rounded stress-strain responses) and strain 

hardening exponent n. Hill (1944) proposed to use two offset strength values to simplify the original 

Ramberg-Osgood model. The widely used two offset strengths can be the yield strength fy (0.2% 

proof stress f0.2) and the 0.01% proof stress f0.01 (also known as proportional limit), and the strain 

hardening exponent n can be then determined through Eq. (2). Recently, it was observed that replacing 

the 0.01% proof stress in Eq. (2) by 0.05% proof stress f0.05 has shown to yield better predictions of 
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stainless steel and cold-formed carbon steel stress-strain curves (Arrayago, Real and Gardner, 2015, 

Gardner and Yun, 2018, Real, et al., 2014). Hence, Eq. (3) can be used in place of Eq. (2).  
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The original Ramberg-Osgood model was found to be generally incapable of accurately 

representing the full stress-strain curve of stainless steel with a single value of n. A smooth two-stage 

Ramberg-Osgood model was proposed in Mirambell and Real (2000) to represent the stress-strain 

curve: the conventional Ramberg-Osgood relationship was utilized up to the yield point in the first 

stage, while a modified Ramberg-Osgood model commencing at the yield point was used for the 

second stage. The second stage was obtained by moving both vertical and horizontal axes from the 

origin to the yield point of the stress-strain curve corresponding to the 0.2% proof stress. The modified 

two-stage model can be therefore expressed by Eq. (4), in which E0.2 is the tangential modulus at 0.2% 

proof stress, fu is the ultimate strength, ε0.2 and εu are the total strains at yield and ultimate points, 

respectively, and m is the the strain hardening exponent at the second stage. Due to the continuity at 

the transition point, E0.2 can be determined by Eq. (5).  
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The two-stage Ramberg-Osgood model was further simplified by Rasmussen (2003) by 
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approximating the plastic strain term (εu - ε0.2 - (σ - f0.2)/E0.2) to the ultimate strain εu. Use of the 

aforementioned models needs inputs of basic material parameters, like the first and second strain 

hardening exponents, n and m, yield and ultimate strength, f0.2 and fu, etc. To facilitate the use of the 

two-stage Ramberg-Osgood model, further recent investigations (Gardner and Yun, 2018) have been 

carried out to propose predictive expressions, applicable to cold-formed carbon steels, for the key 

parameters used in the two-stage Ramberg-Osgood model. Based on a large database of results with 

over 700 experimental stress-strain curves, Eqs. (6) and (7) have been proposed for the predictions of 

the second strain hardening exponent m and the ultimate strain εu, respectively. Normally, the 0.01% 

and 0.05% proof stresses for the determination of the first strain hardening exponent n are acquired 

from corner coupon tests. However, unlike the commonly used yield strength and ultimate strength, 

0.01% and 0.05% proof stresses are not reported in some studies, resulting in the difficulty in 

determining the strain hardening exponent n. 
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Hradil et al. (2013) adopted the same idea of two-stage model and developed a generalized 

multistage model based on the Ramberg-Osgood expression. Ma, Chan and Young (2015) followed 

the concept of multiple segments and found that the strain-hardening exponent n for different 

segments decreases with the increase in plastic strain εp. A new strain-hardening exponent nma was 

then proposed as a continuous function of plastic strain, as expressed in Eq. (8), where n is the original 

strain-hardening exponent (Eqs. (2) and (3)), mma and K are the exponent and coefficient for 

calculating nma. Substituting Eq. (8) into Eq. (1), an explicit formula to determine stress-strain curves 

is presented in Eq. (9) or Eq. (10). This model can be therefore named as the one-stage model in this 
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paper. 
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Substituting the ultimate strength fu and plastic strain at ultimate point εpu (= εu - fu/E) into Eq. 

(9), the coefficient K can be determined by Eq. (11). Stress-strain curves can be obtained using the 

one-stage model when the yield strength fy, ultimate strength fu, ultimate strain εu, original strain-

hardening exponent n and the exponent mma are obtained. As shown in (Chen and Chan, 2020, Chen, 

Liu and Chan, 2020), the stress-strain curves predicted from this one-stage model correlate well with 

test results. However, it should be noted that the exponent mma was determined by fitting the model 

prediction to the test stress-strain data. If the coupon test results are not available, the exponent mma 

cannot be obtained directly. Predictive expressions to determine the exponent mma are therefore 

derived in this paper based on available material parameters, which will be detailed in the following 

section. 
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Predictive expressions for strength enhancements 

Early studies into the cold-forming effect on conventional steels were conducted by Karren 

(1967). Note that the measured yield strength of virgin materials used in Karren’s study ranged from 

212 MPa to 295 MPa. On the basis of power equation assumption and simplified corner analysis 

model, a predictive expression for enhanced yield strengths fyc was derived, as formulated in Eqs. (12) 
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- (14). In these equations, fyc and fyf are the yield strengths of the cold-formed material and virgin 

material, respectively, fuf is the ultimate strength of virgin material, ri is the inner corner radius of the 

cold-formed material, and t is the material thickness. Letters “c” and “f” in the subscripts indicate 

cold-formed and virgin material, respectively. This model has been standardized in the North 

American Cold-Formed Steel Specification AISI S100-16 (AISI, 2016).  
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It was observed by Abdel-Rahman and Sivakumaran (1997) that strength enhancements also 

exist in the flat-corner adjacent areas based on tensile coupon test results on cold-formed steel channel 

sections. To account for the nonhomogeneous material properties due to uneven levels of plastic 

deformation, an average enhanced yield strength within the corner zone, defined as the curved corner 

plus adjacent flat regions with an extended length of πri/2 on either side of the corner, was proposed, 

as given in Eq. (15). Based on a comparative experimental investigation, modifications to Karren’s 

model, Eqs. (12) - (14), were also made by Gardner, Saari and Wang (2010) for roll-formed hollow 

sections. The revised enhanced yield strength model is given in Eq. (16).  
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More recently, Liu, Chen and Chan (2023, 2024) carried out extensive experimental 

investigations into the changed material properties in cold-formed regions. In the experimental 
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programs, a wide range of steel grades from Q235 to Q690 were included. Expressions for Bc and m 

in Eq. (12) were recalculated through regression analyses on the basis of a larger database of results, 

and the new proposed expression for the enhanced yield strength is presented in Eq. (17). Inspired by 

the expression of Eq. (17), a revised expression for the prediction of enhanced ultimate strength fuc 

was also proposed, as given in Eq. (18), which adopted the same mathematical form as Eq. (17), but 

with different coefficients. 
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Experimental database of cold-formed steels 

To characterize the material properties of cold-formed steels in corner regions, a total of 483 

corner coupon test results from 31 sources (Afshan, Rossi and Gardner, 2013, Chen, Liu and Chan, 

2020, Fang, Chan and Young, 2018, Gardner, Saari and Wang, 2010, Guo, et al., 2007, Jiang and 

Zhao, 2022, Jiang and Zhao, 2022, Key, Hasan and Hancock, 1988, Kyvelou, Gardner and Nethercot, 

2017, Li and Young, 2022, Liu, Chen and Chan, 2023, Liu, Chen and Chan, 2024, Liu, et al., 2022, 

Liu, Fang and Chan, 2022, Liu, Fang and Chan, 2022, Liu, et al., 2022, Ma, Chan and Young, 2015, 

Pandey and Young, 2019, Somodi and Kövesdi, 2017, Tayyebi and Sun, 2020, Wang, Zhao and Young, 

2019, Wang, Zhao and Young, 2020, Wang, et al., 2017, Wilkinson and Hancock, 1998, Xiao, 2021, 

Yang, et al., 2022, Zhang, et al., 2019, Zhang, et al., 2020, Zhong, et al., 2021, Zhu, Chan and Young, 

2019) are collected to establish a comprehensive database. It should be noted that some unpublished 

test data from authors’ research group are also included in the database. And different fabrication 
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methods, i.e. press-braking and cold-rolling, are included in the database. In terms of coupons 

extracted from cold-rolled sections, results of flat coupons machined from the flat face are used to 

represent material properties of parent materials. This approach is acceptable since the average 

strength enhancement of flat materials in cold-rolled hollow sections was only around 4% (Gardner, 

Saari and Wang, 2010). The assembled database covers a large range of steel grades with nominal 

yield strength of parent steels varying from 235 MPa to 960 MPa. The thickness t of steels and the 

inner radius to thickness ratio ri/t ranges from 0.74 mm to 9.94 mm, and 0.52 to 7.54, respectively. 

Table 1 summarizes the key information of the coupon test database, including steel grade (or yield 

strength), available numbers of data points for basic material parameters, such as the Young’s modulus 

Ec, 0.01% proof stress f0.01c, 0.05% proof stress f0.05c, yield strength fyc (or 0.2% proof stress f0.2c), 

ultimate tensile strength fuc, ultimate strain εuc, and inner corner radius to thickness ratio ri/t. Among 

the 483 corner coupon test results in the database, a total of 236 full stress-strain curves are collected. 

It should be noted that the collected 236 full stress-strain curves are reanalyzed to determine the 0.01% 

and 0.05% proof stresses of each curve.  

The collated test results will be firstly used to assess the existing predictive expressions for the 

enhanced yield strength, the enhanced ultimate strength, and the ultimate strain. Predictive 

expressions for the 0.01% proof stress f0.01c, 0.05% proof stress f0.05c, and the exponent mma, will be 

derived as well based on the collated database. As shown in Table 1, 236 data points are used in the 

derivation of the predictive expression for the 0.01% proof stress f0.01c, 236 for the 0.05% proof stress 

f0.05c, 483 for the enhanced yield strength fyc, 479 for the enhanced ultimate strength fuc, 388 for the 

ultimate strain εuc, and 236 for mma, respectively. 
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Analysis of results and recommendations 

The use of existing material stress-strain relationships for cold-formed steels, such as the 

modified two-stage Ramberg-Osgood model (Gardner and Yun, 2018, Mirambell and Real, 2000, 

Rasmussen, 2003) and one-stage model (Ma, Chan and Young, 2015), needs the input of basic 

material properties of cold-formed corners, including the Young’s modulus Ec, yield strength fyc, 

ultimate strength fuc, and ultimate strain εuc, etc. These basic material properties of cold-formed steels 

can be determined through corner coupon tests. Without some of these values (for example the 

exponent mma for the one-stage model), these existing material models cannot be directly used to 

regenerate the full stress-strain curves. In this section, existing predictive expressions for the 

enhanced yield strength fyc, enhanced ultimate strength fuc and ultimate strain εuc are firstly assessed. 

Further predictive expressions are developed for the 0.01% proof stress f0.01c, 0.05% proof stress f0.05c 

to be used in the two-stage model and the exponent mma in one-stage model (see Eqs. (8) - (10)). With 

these expressions, these material parameters can be calculated without the conduction of corner 

coupon tests. 

 

Enhanced yield strength fyc 

For the prediction of enhanced yield strength fyc of cold-formed steels, various semi-empirical 

models have been derived, like Karren model (Karren, 1967) (Eqs. (12) - (14)), Abdel-Rahman and 

Sivakumaran model (Abdel-Rahman and Sivakumaran, 1997) (Eq. (15)), Gardner model (Gardner, 

Saari and Wang, 2010) (Eq. (16)), Liu model (Liu, Chen and Chan, 2023, Liu, Chen and Chan, 2024) 

(Eq. (17)), and among others. As presented in Table 1, 483 data points are available for evaluating the 

accuracy of these models. Assessment of these four models for the prediction of fyc is presented in 
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Fig. 2, in which the predicted values fyc,pred are plotted with regard to the measured values fyc,test. Table 

2 summarizes statistical results concerning the mean prediction-to-test fyc,pred/fyc,test values and 

corresponding coefficient of variations (CoVs). As indicated in Fig. 2 and Table 2, Liu model yields 

considerably more accurate and less scattered predictions of fyc than other models, with the mean 

prediction-to-test value of 0.997 (closest to unity) and the smallest CoV of 0.068. It is worth noting 

that benefiting from a larger database of corner coupon test results, Liu model (Liu, Chen and Chan, 

2023, 2024) is more universally applicable to a wider range of steel grades. It is therefore 

recommended that Eq. (17) can be used for the determination of enhanced yield strength fyc of cold-

formed steels. 

 

Enhanced ultimate strength fuc 

In this section, a total of 479 data points collated in the database are used to assess existing 

models for the prediction of enhanced ultimate strength fuc of cold-formed steels. In previous studies 

(Fukumoto, 1996, Gardner and Yun, 2018, Langenberg, 2008), empirical relationships between fuc/fyc 

and fyc were proposed, as given by Eqs. (19) - (21), respectively. By utilizing these equations, the 

enhanced ultimate strength fuc can be predicted based on the enhanced yield strength fyc. Otherwise, 

if the corner material properties are unknown, Eq. (18) can be adopted to predict the enhanced 

ultimate strength fuc based on the material properties of parent metal, fyf and fuf, and corner geometry 

after cold-forming ri/t. Eq. (18) was originally proposed for normal strength steels in Liu, Chen and 

Chan (2023), and then extended to predict the enhancement of ultimate strength for high strength 

steels up to 960 MPa by Liu, Chen and Chan (2024). 

( )1.4

uc yc yc=1+ 130f f f  (19) 
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uc yc yc=0.83 203.8f f f+  (20) 
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The accuracy of Eqs. (18) - (21) has been further evaluated herein against the collated test results, 

as shown in Fig. 3, in which the predictions of ultimate strength fuc,pred are plotted against the 

corresponding test values fuc,test. Statistical results of the evaluation concerning the mean prediction-

to-test fuc,pred/fuc,test values and corresponding CoVs are summarized in Table 3. As illustrated in Fig. 

3 and Table 3, predictions from Eqs. (19) and (18) show better agreements with experimental results 

when compared to the other two models, with mean prediction-to-test fuc,pred/fuc,test values of 1.011 and 

0.997, and corresponding CoVs of 0.052 and 0.070, respectively. Therefore, Eq. (19) can be used to 

predict the ultimate strength fuc of cold-formed steels in instances where the yield strength fyc is known, 

while Eq. (18) can be used when fyf, fuf, and ri/t are reported in the absence of the yield strength fyc. 

 

Ultimate strain εuc 

In terms of the prediction of ultimate strain εuc for cold-formed steels, Eqs. (22) - (23) have been 

proposed by Gardner and Yun (2018) and Liu, Chen and Chan (2024), respectively. The collected 388 

data points are used to evaluate the accuracy of the two expressions for the determination of εuc. 

Evaluation results are depicted in Fig. 4, in which the predictions of ultimate strain εuc,pred are plotted 

with regard to corresponding test values εuc,test. It can be seen from Fig. 4 that Gardner and Yun model 

(Gardner and Yun, 2018) tends to overestimate the ultimate strain εuc, yielding a mean prediction-to-

test εuc,pred/εuc,test value and corresponding CoV of 2.721 and 0.362, respectively, while Liu model (Liu, 

Chen and Chan, 2024) slightly underestimates εuc, giving a mean prediction-to-test εuc,pred/εuc,test value 

of 0.912 and a moderate corresponding CoV of 0.397. Therefore, Eq. (23) can be used to predict the 
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ultimate strain εuc of cold-formed steel with slight underestimation.  

( )uc yc uc0.6 1 f fε = −  (22) 

( )( )uc yc28 25.4

uc uc yc0.01
f f

f fε
−

=  (23) 

  

0.01% and 0.05% proof stresses f0.01c and f0.05c 

To make use of the two-stage Ramberg-Osgood model (see Eq. (4)), the first strain hardening 

exponent n is a necessary input parameter. The exponent n can be calculated using classic expressions, 

as given in Eqs. (2) and (3), where 0.01% and 0.05% proof stresses of cold-formed steels, f0.01c and 

f0.05c, are required, respectively. Therefore, it is of great interests to propose predictive expressions to 

compute f0.01c and f0.05c.  

If the enhanced yield strength fyc is available, inspired by the expression of Eq. (19), f0.01c/fyc and 

f0.05c/fyc are firstly plotted against fyc in Fig. 5. Revised expressions for predictions of f0.01c and f0.05c 

are then proposed, as given in Eqs. (24) and (25), respectively. These equations adopt the same 

mathematical form as Eq. (19), but with different coefficients. If the yield strength of parent metal fyf 

and the corner geometry ri/t are available, following the same regression analysis approaches as fyc 

and fuc (Eqs. (17) and (18)), revised expressions for f0.01c and f0.05c are proposed as well as shown in 

Eqs. (26) and (27). In the regression analyses, 236 and 236 data points are used for f0.01c and f0.05c, 

respectively. 

3.7

0.01c

yc yc

225.5=0.589+f
f f

 
  
 

 (24) 

4.0

0.05c

yc yc

205=0.808+f
f f

 
  
 

 (25) 

( ) ( )
( )uf yf

2

uf yf uf yf0.01c
-0.224 0.343

yf i

2.366 -0.692 -1.019
=

( / ) f f

f f f ff
f r t +

 (26) 
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( ) ( )
( )uf yf

2

uf yf uf yf0.05c
0.104 0.060

yf i

3.087 -0.878 -1.336
=

( / ) f f

f f f ff
f r t −

 (27) 

Assessments of Eqs. (24) - (27) for the determination of f0.01c and f0.05c are presented in Figs. 6 and 7, 

where the predicted values f0.01c,pred and f0.05c,pred are plotted with respect to the corresponding test 

values f0.01c,test and f0.05c,test, respectively. As demonstrated by Figs. 6 and 7, Eqs. (24) - (27) produce 

comparatively accurate predictions. And the mean prediction-to-test values of f0.01c,pred/f0.01c,test are 

1.004 and 0.998, with corresponding CoVs of 0.069 and 0.105, and the mean prediction-to-test values 

of f0.05c,pred/f0.05c,test are 1.001 and 1.004, with corresponding CoVs of 0.032 and 0.073, respectively. It 

can be observed from the assessment results that the predictions of f0.05c from Eqs. (25) and (27) are 

more accurate and less scattered than those of f0.01c. In the prediction of the first strain hardening 

exponent n in the two-stage Ramberg-Osgood model, two alternatives can be used, as given in Eqs. 

(2) and (3). It is found that Eq. (3) gives better predictions of exponent n and therefore generates 

better predictions of cold-formed steel stress-strain curves. Hence, Eq. (3) is recommended to 

determine the exponent n. Similar recommendations have been given elsewhere in Gardner and Yun 

(2018) and prEN 1993-1-14 (CEN, 2023). Therefore, Eqs. (3) combined with (25) can be used to 

predict the exponent n when the yield strength of cold-formed corner fyc is known, while Eqs. (3) 

combined with (27) can be used when fyf, fuf, and ri/t are reported in the absence of the fyc. 

 

Exponent mma in one-stage model 

The use of the one-stage model (Ma, Chan and Young, 2015) requires the input of exponent mma. 

Regression analyses are firstly conducted on the collated 236 corner coupon stress-strain curves to 

obtain the fitted mma value of each curve. In view of different availability of primary material 

properties, two predictive equations are proposed accordingly. If the corner material properties were 



17/38 

given, the mma value could be predicted by a formula of the enhanced yield strength fyc and ultimate 

strength fuc. If the corner material properties were unknown, the material properties of parent metal, 

fyf and fuf, and the corner geometry after cold-forming ri/t may be used to predict the exponent mma.  

Based on careful evaluations on these two scenarios, it is found that the exponent mma can be 

expressed as functions of fyc/fuc and (ri/t)×ln(fuf/fyf), respectively. On the basis of further nonlinear 

regression analyses, predictive expressions for the exponent mma can be given by Eqs. (28) and (29). 

The data points of fitted exponent mma plotted with fitting curves, as well as the 95% confidence and 

prediction bands are presented in Figs. 8 and 9. The mean predicted-to-fitted values of mma are equal 

to 0.998 and 1.027, with corresponding CoVs of 0.359 and 0.282, respectively.  

ma yc uc2.179 exp( / ) 4.742m f f= ⋅ −  (28) 

ma i uf yfexp( 0.781 ( / ) ln( / ))m r t f f= − ⋅  (29) 

 

Proposed stress-strain models for cold-formed steels 

To accurately describe the stress-strain behaviors of cold-formed steels, various approaches are 

proposed in this section. The modified two-stage Ramberg-Osgood model (Gardner and Yun, 2018) 

and one-stage model (Ma, Chan and Young, 2015) for cold-formed steels are adopted, but with 

proposed predictive expressions for input parameters detailed in section “Analysis of results and 

recommendations”. In view of different availability of primary material properties, two scenarios are 

considered herein. Firstly, when corner material properties are available, different methods to 

generate stress-strain curves are discussed in the sub-section “Scenario 1: Corner material properties 

available”. In the following sub-section “Scenario 2: Corner material properties unavailable”, the 

second scenario is assumed that corner material properties are unavailable, and the curves are 
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generated based on the material properties of parent metal, fyf and fuf, and corner geometry after cold-

forming ri/t. The accuracy of the proposed approaches is evaluated through comparisons of 

representative predicted stress-strain curves with corresponding experimental curves from the 

collected database. Six representative corner coupon test results, covering a wide range of steel grades 

as summarized in Table 4, are used for evaluation.  

 

Scenario 1: Corner material properties available 

If the corner material properties are available, it may be assumed that the measured Young’s 

modulus Ec, yield strength fyc, ultimate strength fuc, ultimate strain εuc, strain hardening exponents n 

and m for the two-stage model, and the exponent mma for the one-stage model are reported in various 

degrees of completeness. Considering different availability of the key input parameters, three cases 

for Scenario 1 are discussed herein, as summarized in Table 5, and the accuracy of each case is 

graphically assessed. 

In Case 1, it is assumed that the measured material parameters Ec, fyc, fuc, εuc, n, m, and mma are 

known. The six representative specimens, as reported in Table 4, are used to assess the accuracy of 

the proposed models. Comparisons of these predicted curves with experimental curves are presented 

in Figs. 10(a), 11(a), 12(a), 13(a), 14(a), and 15(a). Both the two-stage and one-stage models produce 

accurate stress-strain curve predictions. It is noteworthy that as compared with the two-stage model, 

the one-stage model exhibits exceptional accuracy in capturing the stress-strain response from the 

yield point to the ultimate point, highlighting its effectiveness in predicting stress-strain curves for 

cold-formed steels. 

In Case 2, it is assumed that the basic material properties Ec, fyc, and fuc are known. In this case, 
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suitable existing expressions are adopted to predict the unavailable input parameters. f0.05c is 

determined from Eq. (25), εuc is predicted using Eq. (23), the strain hardening exponent n is calculated 

from Eq. (3), the strain hardening exponent m is predicted using Eq. (6), and the exponent mma for the 

one-stage model is predicted using Eq. (28). The predicted values in Case 2 are listed in Table 6. 

Comparisons of the predicted curves in Case 2 with the experimental curves are shown in Figs. 10(b), 

11(b), 12(b), 13(b), 14(b), and 15(b). Both the two-stage and one-stage models are able to produce 

accurate stress-strain curve predictions, though small discrepancies can be observed in εuc. 

In Case 3, it is assumed that only fyc is known. Ec is taken as the recommended value of 197 GPa 

(Liu, Chen and Chan, 2024) , fuc and εuc are predicted using Eqs. (19) and (23), f0.05c is determined 

from Eq. (25), n is predicted using Eq. (3), m and mma are predicted using Eqs. (6) and (28) based on 

the predicted fuc, respectively. The predicted values in Case 3 are presented in Table 6. Figs. 10(c), 

11(c), 12(c), 13(c), 14(c), and 15(c) depict the comparisons of the predicted curves in Case 3 with the 

experimental curves. Due to the limited availability of measured material properties, the two-stage 

and one-stage models are still capable of generating acceptable stress-strain curve predictions, though 

the accuracy of the predicted stress-strain curves decreases. 

 

Scenario 2: Corner material properties unavailable 

The focus of this section is to propose stress-strain relationships that can predict the stress-strain 

responses of cold-formed steels when the corner material properties are unavailable. By using the 

proposed approaches, stress-strain curves of cold-formed steels can be predicted based on the material 

properties of parent metal Ef, fyf, fuf, and the corner geometry ri/t. It is important to emphasize that in 

Scenario 2, the availability of ri/t is crucial. Without it, the effect of cold-forming cannot be evaluated, 
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and consequently, stress-strain curves cannot be obtained. Similar to Scenario 1, two cases (Case 4 

and 5, numbered sequentially following the section “Scenario 1: Corner Material Properties 

Available”) are considered in Scenario 2, as summarized in Table 7, based on the availability of key 

input parameters, and the following approaches are recommended. 

In Case 4, it is assumed that the measured material parameters Ef, fyf, fuf, and corner geometry 

ri/t are known. Material properties of cold-formed steels, namely, f0.01c, f0.05c, fyc, fuc, are firstly 

determined from Eqs. (26), (27), (17), (18), respectively. Ec can be taken as 0.95Ef or the 

recommended value of 197 GPa. Alternatively, f0.01c and f0.05c can be calculated from Eqs. (24) and 

(25) using the predicted fyc. Based on the predicted corner material strengths, εuc is then predicted 

using Eq. (23), the strain hardening exponent n is calculated from Eq. (3), the strain hardening 

exponent m is predicted using Eq. (6), and the exponent mma for the one-stage model is predicted 

using Eq. (28). It should be noted that Eq. (29) can be adopted to predict mma as well if fyf, fuf and ri/t 

are given. The predicted values in Case 4 are presented in Table 8. Figs. 16(a), 17(a), 18(a), 19(a), 

20(a), and 21(a) show the comparisons of the predicted curves in Case 4 with the experimental curves. 

The comparison results indicate that predictions using the proposed approaches consistently match 

well with the experimental stress-strain curves. 

In Case 5, it is assumed that only measured fyf and ri/t are available. In this case, a predictive 

equation proposed by Gardner and Yun (2018), as given in Eq. (30), is firstly used to determine the 

ultimate strength fuf and the recommended value of 197 GPa is assigned to Ec. Subsequently, material 

parameters f0.01c, f0.05c, fyc, fuc, εuc, n, m, and mma can be obtained following the same approaches as 

Case 4. The predicted values in Case 5 are presented in Table 8 and the comparisons of the predicted 

curves with the experimental curves are demonstrated in Figs. 16(b), 17(b), 18(b), 19(b), 20(b), and 
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21(b). Due to the unavailability of some material parameters, the proposed models generate 

acceptable but less accurate stress-strain predictions since some empirical expressions are used to 

calculate the input parameters. 

( )1.75

uf yf yf=1+ 200f f f  (30) 

As can be observed from the evaluations of different cases in Figs. 10-21, the accuracy of the 

predicted stress-strain curves depends on the availability of key input parameters. The more material 

parameters are known, the more accurate predictions can be obtained. It should be noted that the 

minimum required input parameters are the yield strength of cold-formed steels fyc for Scenario 1, 

and the yield strength of parent metal fyf and corner radius-to-thickness ratio ri/t for Scenario 2. Based 

on the comparison results, it can be concluded that the developed models are proven to be accurate 

in predicting the stress-strain response of cold-formed steels, and are suitable for use in parametric 

studies and advanced modeling of cold-formed structures. 

 

Conclusion 

A comprehensive investigation into the monotonic stress-strain relationships of cold-formed 

steels has been carried out in the present study. First of all, the existing material models to describe 

the stress-strain curves of cold-formed steels and investigations into the effect of cold work of forming 

are reviewed. Predictive expressions for the enhanced yield strength, ultimate strength and ultimate 

strain in existing literature are then evaluated based on a large database collated in this study. New 

predictive expressions for the 0.01% and 0.05% proof stresses and the strain-hardening exponent mma, 

which are the required key inputs for the two-stage Ramberg-Osgood model and the one-stage model, 

are derived as well. Various approaches are recommended to generate stress-strain curves under 
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different availabilities of material parameters. A total of five cases with different material properties 

availability are considered and discussed. Under different scenarios, the minimum required inputs 

can be only the yield strength of corner portions, or the yield strength of parent metal and radius-to-

thickness ratio of deformed corners. More accurate predictions are generated when more reported key 

material parameters are input into the material models. It is shown that the stress-strain curves 

predicted using the proposed approaches agree satisfactorily with test results. The proposed models 

are proven to be appropriate to be used in numerical parametric studies and designs of cold-formed 

steels.  

 

Supplementary materials 

An automatic stress-strain curve generator for cold-formed steels, developed based on the 

proposed models in this paper, is available for free download at: 

https://www.researchgate.net/publication/377985367_Cold-formed_steel_stress-

strain_curve_generator.  
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Fig. 1. Typical stress-strain curves before and after cold-forming. 

 

  

(a) Karren model (Karren, 1967) 
(b) Abdel-Rahman and Sivakumaran model (Abdel-

Rahman and Sivakumaran, 1997) 

  

(c) Gardner model (Gardner, Saari and Wang, 2010) (d) Liu model (Liu, Chen and Chan, 2023, 2024) 

Fig. 2. Assessment of existing models for enhanced yield strength fyc of cold-formed steels. 
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(a) Liu model (Liu, Chen and Chan, 2023, 2024)  (b) Gardner and Yun model (Gardner and Yun, 2018)  

  

(c) Langenberg model (Langenberg, 2008)  (d) Fukumoto model (Fukumoto, 1996) 

Fig. 3. Assessment of existing models for enhanced ultimate strength fuc of cold-formed steels. 
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(a) 0.01% proof stress (b) 0.05% proof stress 

Fig. 5. Trends of f0.01c/fyc and f0.05c/fyc against fyc. 

 

   
(a) Eq. (24) (b) Eq. (26) 

Fig. 6. Assessment of expressions for determination of 0.01% proof stress f0.01c. 

 

  
(a) Eq. (25) (b) Eq. (27) 

Fig. 7. Assessment of expressions for determination of 0.05% proof stress f0.05c. 
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Fig. 8. Trend between fitted exponent mma and fyc/fuc. Fig. 9. Trend between fitted exponent mma and 

(ri/t)×ln(fuf/fyf). 

 

   
(a) Case 1 (b) Case 2 (c) Case 3 

Fig. 10. Comparisons of predicted stress-strain curves in Scenario 1 with the test curve of 235-5-90-10-3 (Q235). 

 

   
(a) Case 1 (b) Case 2 (c) Case 3 

Fig. 11. Comparisons of predicted stress-strain curves in Scenario 1 with the test curve of 355-5cR-90-3-1 (Q355). 
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(a) Case 1 (b) Case 2 (c) Case 3 

Fig. 12. Comparisons of predicted stress-strain curves in Scenario 1 with the test curve of 460-3-120-P5-2 (Q460). 

 

   
(a) Case 1 (b) Case 2 (c) Case 3 

Fig. 13. Comparisons of predicted stress-strain curves in Scenario 1 with the test curve of CS-B4 (Q690). 

 

   
(a) Case 1 (b) Case 2 (c) Case 3 

Fig. 14. Comparisons of predicted stress-strain curves in Scenario 1 with the test curve of H200×120×5 (S700). 
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(a) Case 1 (b) Case 2 (c) Case 3 

Fig. 15. Comparisons of predicted stress-strain curves in Scenario 1 with the test curve of A60×6-C (S960). 

 

  
(a) Case 4 (b) Case 5 

Fig. 16. Comparisons of predicted stress-strain curves in Scenario 2 with the test curve of 235-5-90-10-3 (Q235). 

 

  
(a) Case 4 (b) Case 5 

Fig. 17. Comparisons of predicted stress-strain curves in Scenario 2 with the test curve of 355-5cR-90-3-1 

(Q355). 
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(a) Case 4 (b) Case 5 

Fig. 18. Comparisons of predicted stress-strain curves in Scenario 2 with the test curve of 460-3-120-P5-2 (Q460). 

 

  
(a) Case 4 (b) Case 5 

Fig. 19. Comparisons of predicted stress-strain curves in Scenario 2 with the test curve of CS-B4 (Q690). 

 

  
(a) Case 4 (b) Case 5 

Fig. 20. Comparisons of predicted stress-strain curves in Scenario 2 with the test curve of H200×120×5 (S700). 

 

0.0 0.5 1.0 1.5 2.0 2.5
0

150

300

450

600

750

0.4 0.8 1.2 1.6600

620

640

660

680

St
re

ss
 σ

 (M
Pa

)

Strain ε (%)

 Test curve
 Two-stage model
 One-stage model

0.0 0.5 1.0 1.5 2.0 2.5
0

150

300

450

600

750

0.4 0.8 1.2 1.6600

620

640

660

680

St
re

ss
 σ

 (M
Pa

)

Strain ε (%)

 Test curve
 Two-stage model
 One-stage model

0.0 0.5 1.0 1.5 2.0 2.5
0

200

400

600

800

1000

0.6 0.9 1.2 1.5 1.8840

860

880

900

920

St
re

ss
 σ

 (M
Pa

)

Strain ε (%)

 Test curve
 Two-stage model
 One-stage model

0.0 0.5 1.0 1.5 2.0 2.5
0

200

400

600

800

1000

0.6 0.9 1.2 1.5 1.8840

860

880

900

920

St
re

ss
 σ

 (M
Pa

)

Strain ε (%)

 Test curve
 Two-stage model
 One-stage model

0.0 0.5 1.0 1.5 2.0
0

200

400

600

800

1000

0.6 0.8 1.0 1.2 1.4880

900

920

940

960

980

St
re

ss
 σ

 (M
Pa

)

Strain ε (%)

 Test curve
 Two-stage model
 One-stage model

0.0 0.5 1.0 1.5 2.0
0

200

400

600

800

1000

0.6 0.8 1.0 1.2 1.4880

900

920

940

960

980

St
re

ss
 σ

 (M
Pa

)

Strain ε (%)

 Test curve
 Two-stage model
 One-stage model



35/38 

  
(a) Case 4 (b) Case 5 

Fig. 21. Comparisons of predicted stress-strain curves in Scenario 2 with the test curve of A60×6-C (S960). 
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Table 1. Information summary of cold-formed steel material test data. 

References Steel grades or 
yield strengths Fabrication & Sections 

No. of data (Corner coupons) 
Ec f0.01c f0.05c fyc fuc εuc εfc ri/t mma Full 

curve 
Liu, Chen and Chan (2024)  Q460/Q550/Q690 Braked, Angle 66 66 66 66 66 66 66 66 66 66 
Liu, Chen and Chan (2023)  Q235/Q275/Q355 Braked, Angle 143 143 143 143 143 143 143 143 143 143 
Liu et al. (2022)  Q355/Q460 Braked, SHS/RHS 16 0 0 16 16 16 11 16 0 0 
Li and Young (2022)  500 MPa/550 MPa Built-up cold-formed sections 6 0 0 6 6 0 6 6 0 0 
Liu, Fang and Chan (2022)  Q690 Braked, Hexagonal hollow sections 7 0 0 7 7 7 0 7 0 0 
Liu, Fang and Chan (2022)  Q690 Braked, Hexagonal hollow sections 30 0 0 30 30 30 0 30 0 0 
Liu et al. (2022)  Q690 Braked, Octagonal hollow sections 10 0 0 10 10 10 0 10 0 0 
Jiang and Zhao (2022) S690 Braked, Angle 4 0 0 4 4 4 0 4 0 0 
Jiang and Zhao (2022) S690 Braked, Channel sections 5 0 0 5 5 5 0 5 0 0 
Xiao (Xiao, 2021) S690 Braked, SHS 6 0 0 6 6 6 0 6 0 0 
Yang et al. (2022) S700/S900 Rolled, SHS 0 0 0 3 3 3 0 3 0 0 
Zhong et al. (2021) S700 Braked, SHS 4 0 0 4 4 4 0 4 0 0 
Chen, Liu and Chan (2020) 460 MPa Braked, Octagonal hollow sections 8 8 8 8 8 8 8 8 8 8 
Tayyebi and Sun (2020) 344–730 MPa Direct-formed or indirect-formed, RHS 10 0 0 10 10 0 0 10 0 0 
Zhang et al. (2020) S690 Braked, Channel sections 12 0 0 12 12 12 0 12 0 0 
Wang, Zhao and Young (2020) S960 Braked, Angle/channel 2 0 0 2 2 2 0 2 0 0 
Pandey and Young (2019) 900 MPa/960 MPa Rolled, SHS/RHS 10 0 0 10 10 0 0 10 0 0 
Wang, Zhao and Young (2019) S960 Braked, Channel sections 2 0 0 2 2 2 0 2 0 0 
Zhang et al. (2019) S690 Braked, Angle sections 6 0 0 6 6 6 0 6 0 0 
Zhu, Chan and Young (2019) 355 MPa Braked, SHS/RHS 2 0 0 2 2 2 0 2 0 0 
Fang, Chan and Young (2018) S690 Braked, Octagonal hollow sections 6 0 0 6 6 6 0 6 0 0 
Kyvelou, Gardner and Nethercot (2017) S450 Rolled, Channel sections 0 0 0 2 0 0 0 2 0 0 
Somodi and Kovesdi (2017) S700/S960 Rolled, SHS 0 0 0 3 3 0 0 3 0 0 
Wang et al. (2017) S500/S700/S960 Rolled, SHS 0 0 0 9 9 9 0 9 0 0 
Ma, Chan and Young (2015) S700/S900 Rolled, SHS/RHS 11 0 0 11 11 11 11 11 0 0 
Afshan, Rossi and Gardner (2013) S355 Rolled, SHS/RHS 8 0 0 8 6 6 0 8 0 0 
Gardner, Saari, Wang (2010) 235 MPa Rolled, SHS/RHS 5 0 0 5 5 0 5 5 0 0 
Guo et al. (2007) 235 MPa Rolled, SHS/RHS 0 0 0 6 6 0 0 6 0 0 
Wilkinson and Hancock (1998) C350/C450 Rolled, SHS/RHS 0 0 0 51 51 0 0 51 0 0 
Key, Hasan and Hancock (1988) 350 MPa Rolled, SHS/RHS 0 0 0 11 11 11 0 11 0 0 
Unpublished data from authors Q460/Q690 - 19 19 19 19 19 19 0 19 19 19 

Total 398 236 236 483 479 388 250 483 236 236 



37/38 

Table 2. Statistical results of fyc,pred/fyc,test using different models. 1 

Model fyc,pred / fyc,test 

Karren model  

(Karren, 1967) 

Eqs. (12) - (14) 

Abdel-Rahman and Sivakumaran model  

(Abdel-Rahman and Sivakumaran, 1997) 

Eq. (15) 

Gardner model  

(Gardner, Saari and Wang, 2010) 

Eq. (16) 

Liu model 

(Liu, Chen and Chan, 2023, 2024) 

Eq. (17) 

Mean 1.045 0.863 0.902 0.997 

CoV 0.085 0.107 0.107 0.068 

 2 

Table 3. Statistical results of fuc,pred/fuc,test using different models. 3 

Model fuc,pred / fuc,test 

Liu model  

(Liu, Chen and Chan, 2023, 2024) 

Eq. (18)  

Gardner and Yun model  

(Gardner and Yun, 2018) 

Eq. (19)  

Langenberg model  

(Langenberg, 2008) 

Eq. (20)  

Fukumoto model  

(Fukumoto, 1996) 

Eq. (21)  

Mean 0.997 1.011 1.051 1.052 

CoV 0.070 0.052 0.071 0.078 

 4 

Table 4. Representative cold-formed steel specimens used for comparisons. 5 

Ref. 
Steel 

grade 
Specimen 

Ef 

/GPa 

fyf 

/MPa 

fuf 

/MPa 

ri/t 

- 

Ec 

/GPa 

f0.01c 

/MPa 

f0.05c 

/MPa 

fyc 

/MPa 

fuc 

/MPa 

εuc 

/% 

n 

- 

m 

- 

mma 

- 

Liu, Chen and Chan (2023) Q235 235-5-90-10-3 211 304 464 2.31 190 271 372 460 513 3.55 6.5 4.0 0.500 

 Q355 355-5cR-90-3-1 215 431 559 0.96 185 373 492 613 681 1.50 6.3 4.0 0.875 

Liu, Chen and Chan (2024) Q460 460-3-120-P5-2 204 520 585 2.39 187 376 503 610 664 1.56 7.1 4.0 0.840 

Xiao (2021) Q690 CS-B4 217 795 837 3.06 206 638 672 850 916 1.81 9.7 4.1 0.825 

Ma, Chan and Young (2015) S700 H200×120×5 207 738 846 1.52 205 534 717 895 970 1.30 6.3 4.0 0.920 

Wang, Zhao and Young (2020) S960 A60×6-C 209 928 1012 2.45 202 748 899 1036 1171 2.40 9.8 3.9 0.800 

 6 

Table 5. Different cases considered when corner material properties are available. 7 

Cases 
Availability of material parameters 

Ec f0.01c f0.05c fyc fuc εuc n m mma 

1 Known Known Known Known Known Known Known Known Known 

2 Known Eq. (24)  Eq. (25) Known Known Eq. (23) Eqs. (3) and (25) Eq. (6) Eq. (28) 

3 197 GPa Eq. (24) Eq. (25) Known Eq. (19) Eq. (23) Eqs. (3) and (25) Eq. (6) Eq. (28) 

 8 

  9 
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Table 6. Predicted material parameters when corner material properties are available. 10 

Specimen  Ec fyc fuc f0.01c f0.05c εuc n m mma 
  /GPa /MPa /MPa /MPa /MPa /% - - - 

235-5-90-10-3 
Case 2 190 460 513 304 390 1.88 8.4 4.0 0.60 

Case 3 197 460 539 304 390 4.30 8.4 3.8 0.38 

355-5cR-90-3-1 
Case 2 185 613 681 376 503 1.82 7.0 4.0 0.62 

Case 3 197 613 683 376 503 1.70 7.0 4.0 0.60 

460-3-120-P5-2 
Case 2 187 610 664 375 501 1.53 7.0 4.0 0.72 

Case 3 197 610 680 375 501 2.04 7.0 4.0 0.60 

CS-B4 
Case 2 206 850 916 507 690 1.43 6.6 4.1 0.77 

Case 3 197 850 911 507 690 1.32 6.6 4.1 0.80 

H200×120×5 
Case 2 205 895 970 533 726 1.49 6.6 4.0 0.74 

Case 3 197 895 955 533 726 1.37 6.6 4.1 0.82 

A60×6-C 
Case 2 202 1036 1171 614 839 2.15 6.6 3.9 0.54 

Case 3 197 1036 1093 614 839 1.20 6.6 4.1 0.88 

 11 

Table 7. Different cases considered when corner material properties are unavailable 12 

Cases 
Availability of material parameters 

Ef fyf fuf ri/t Ec f0.01c f0.05c fyc fuc εuc n m mma 

4 Known Known Known Known 0.95Ef 
Eqs. (24)  

or (26) 

Eqs. (25) 

or (27) 
Eq. (17) Eq. (18) Eq. (23) Eq. (3) Eq. (6) 

Eqs. (28)  

or (29) 

5 - Known Eq. (30) Known 197 GPa 
Eqs. (24) 

or (26) 

Eqs. (25) 

or (27) 
Eq. (17) Eq. (18) Eq. (23) Eq. (3) Eq. (6) 

Eqs. (28)  

or (29) 

 13 

Table 8. Predicted material parameters when corner material properties are unavailable. 14 

Specimen  fuf Ec f0.01c f0.05c fyc fuc εuc n m mma 
  /MPa /GPa /MPa /MPa /MPa /MPa /% - - - 

235-5-90-10-3 
Case 4 464 200 298 373 450 519 2.66 7.4 3.9 0.45  

Case 5 450 197 291 369 443 508 2.49 7.6 3.9 0.47  

355-5cR-90-3-1 
Case 4 559 204 383 515 620 680 1.65 7.5 4.0 0.67  

Case 5 543 197 373 502 599 656 1.62 7.8 4.0 0.69  

460-3-120-P5-2 
Case 4 585 194 368 508 605 665 1.66 7.9 4.0 0.67  

Case 5 618 197 397 538 640 708 1.76 8.0 4.0 0.64  

CS-B4 
Case 4 837 206 497 708 856 934 1.58 7.3 4.0 0.70  

Case 5 866 197 525 738 888 974 1.64 7.5 4.0 0.68  

H200×120×5 
Case 4 846 197 558 755 892 976 1.61 8.3 4.0 0.69  

Case 5 813 197 530 721 849 926 1.56 8.5 4.0 0.71  

A60×6-C 
Case 4 1012 199 627 872 1043 1142 1.61 7.7 4.0 0.69  

Case 5 991 197 608 851 1019 1112 1.58 7.7 4.0 0.70  

 15 
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