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Abstract: 10 

Cold-forming effect varies from normal strength steel to high strength steel due to the different 11 

chemical compositions and mechanical properties of parent materials. To date, research studies on 12 

material characterisation of cold–formed steels have been mainly focusing on the normal strength 13 

structural steel, while systematic research on high strength structural steel remains scarce. In this 14 

paper, an experimental investigation into changes in mechanical properties of high strength steel 15 

undergoing various levels of plastic deformation is firstly presented. The test results have been 16 

combined with other available high strength steel data, and compared to the normal strength steel 17 

data. Of the analysis results indicated, unified predictive equations, modified from Karren’s model in 18 

1967 can predict the strength enhancement behaviours of normal strength and high strength steel, 19 

utilising the ultimate-to-yield strength ratio of parent materials fu,f/fy,f and inner radius-to-thickness 20 

ratio after cold–forming ri/t. Moreover, the decreases in the Young’s modulus, ultimate strain and 21 

elongation at fracture of normal strength and high strength steel after cold-forming can be predicted 22 

with no further grouping required. Statistical evaluation results confirm the accuracy of the proposed 23 
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predictive expressions. This paper extends the scope of the strength enhancement equation in current 24 

north American cold-formed steel design code AISI S100-16 to high strength steels with grade up to 25 

960 MPa, and provides key predictive material equations that can be further used in the design or 26 

numerical modelling of cold-formed steel structures. 27 

 28 

Keywords: Predictive models; Cold–formed steels; Mechanical properties; Strength enhancement; 29 

Normal strength steel; High strength steel. 30 

 31 

1. Introduction 32 

With the advancement of steel manufacturing methods like thermal–mechanical controlled 33 

processing (TMCP) and quenching and tempering (QT), the high strength structural steel (HSS) with 34 

nominal yield strength no less than 460 MPa are now commercially available in the markets. HSS 35 

has been increasingly used in the construction industry, as the higher strength–to–weight ratio of HSS 36 

results in reduced component sizes [1], and in the saving of energy and raw materials [2]. Compared 37 

to the normal strength steel (NSS), the higher carbon content and the intervention of other alloys in 38 

HSS achieve a higher yield strength but relatively lower ductility. Thus, the nature of HSS may alter 39 

the strain hardening and ageing behaviours during the cold–forming process. As illustrated in Fig. 1 40 

[3], the strain hardening effect generally leads to a reduced Young’s modulus and increased 41 

proportional limit strength, but does not affect the ultimate tensile strength and the ductility [4], whilst 42 

the strain aging effect may result in enhanced yield and ultimate strengths, but deteriorated ductility 43 

[5], as compared with the mechanical properties of parent materials.  44 
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 45 

Fig. 1. Effects of strain hardening and strain aging [3]. 46 

 47 

Due to the advantages of the great flexibility of customised cross-sectional profiles, the high 48 

strength–to–weight ratio, and the ease of fabrication and installation, the applications of cold–formed 49 

steel are extensively adopted in structural members like column [6, 7], beam [8, 9], truss member 50 

[10], and flooring systems [11]. For NSS, Karren [12] first conducted a comprehensive investigation 51 

on the enhanced yield strength after cold–forming, covering the measured yield strength of parent 52 

materials from 212 MPa to 295 MPa. Karren adopted a power equation to represent the strain 53 

hardening behaviour of the plastic region in true stress–strain response (σT–εT), as given in Eq. (1): 54 
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in which k and nse are the material coefficient and strain–hardening exponent, respectively. 56 

Incorporating the power law equation and assuming a simplified corner analysis model, predictive 57 

expression of the enhanced yield strength fy,c for the corner material was proposed and it was further 58 

standardised in American cold–formed steel members design specification [13] and Australian cold–59 

formed steel structures design standard [14], with a rewritten form as expressed in Eq. (2). 60 
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in which fy,f and fu,f are the yield and ultimate strengths of the parent material, ri is the inner radius of 62 

the cold-formed corner, and t is the plate thickness. This model suggests that the enhanced yield 63 

strength at the corners is related to the fu,f/fy,f ratio of parent materials and the ri/t ratio, which is an 64 

indicator of plastic deformation experienced in the corner.  65 

Abdel–Rahman and Sivakumaran [15] and Cruise and Gardner [16] found that for cold–formed 66 

sections fabricated from different manufacturing processes, the enhanced strength extends from the 67 

corner region to the section flat face in various degrees, and they modified Karren's predictive 68 

expression accordingly based on their experimental results. Gardner et al. [17] found that Eq. (2) 69 

provided unconservative predictions for the strength enhancement of corner materials in cold–rolling 70 

NSS hollow sections, which experienced a particular, two–stage strain development history. On the 71 

basis of the collected database comprising 40 corner test results, Gardner et al. [17] modified the 72 

coefficients of Karren's predictive expression to have a better prediction result for cold–rolling NSS 73 

hollow sections. More recently, a comprehensive experimental investigation into the cold–forming 74 

effects of NSS was conducted by Liu et al. [3], covering a wide range of material parameters (fy,f 75 

ranging from 282 MPa to 432 MPa and fy,c after cold–forming varying from 351 MPa to 625 MPa) 76 

and various geometric profiles of press–braked angles (ri/t ranging from 0.6 to 7.6 and included angle 77 

varying from 90° to 150°). Based on 241 collected corner coupon data extracted from both of cold–78 

rolling and press–braking sections, a series of predictive expressions were proposed to predict the 79 

increase of yield and ultimate strengths and loss in ultimate strain and elongation at fracture in the 80 

corner regions of cold–formed NSS structures.  81 

By determining the induced plastic strains during the fabrication process and harnessing the 82 

parent material parameters, Rossi et al. [18] proposed an alternative model to predict the enhanced 83 
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yield strength for any structural sections cold–formed from non–linear metallic materials, as given 84 

from Eq. (3) to Eq. (6). 85 
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where εc,av is the averaged plastic strain induced in the corner region, p and q are material parameters 90 

obtained directly from the mechanical properties of parent material, ε0.2 equals 0.002+fy,f/Ef, and εu,f 91 

is the ultimate strain of parent material. However, in this model, to avoid a lengthy pre–determination 92 

process of material parameters, a simple power law model with a similar form of Eq. (1) was adopted 93 

to represent the stress–strain response of parent materials. To some content, this procedure may 94 

compromise the final prediction accuracy. Rasmussen and Hancock [19] and Dubina et al. [20] 95 

presented that it is of significance to determine the increasing strength in cold–formed steel structures 96 

resulting from the cold–forming effect. Moreover, in terms of the overall cross–section resistance, the 97 

inclusion of strength enhancement of cold–formed corners was recommended in current international 98 

codes [13, 14, 21]. 99 

In terms of HSS, Pham et al. [22] conducted an investigation on the effect of the fabrication 100 

process on microstructure and mechanical properties of cold–formed high strength G450 channel 101 

sections, and proposed a recommended modification for Eq. (2) to predict better the enhanced corner 102 

yield strength of this specific steel material. Based on the test results of 30 corner coupons extracted 103 

from irregular hexagonal hollow sections, Liu et al. [23] proposed a modified Karren's predictive 104 

expression to predict the enhanced yield strength of Q690 HSS accurately. Xiao [24] found that after 105 
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cold–forming of S690 square hollow sections, if ri/t was so tight that the induced plastic deformation 106 

exceeded the deformation limit of parent materials, the waving and cracking may occur on both 107 

surfaces of the corner. It may be basically attributed to the relatively lower fu,f/fy,f ratio of HSS, which 108 

results in a lower material ductility and reflects a lower potential of cold–work. Similar finding of 109 

enhanced yield strength in corners of cold–formed structural sections can be found in [25-27] for 110 

S700, S900 and S960 HSSs, respectively. It can be concluded from these literature that studies on the 111 

cold–forming effect of HSS were quite scattered and discrete, and a study into the continuous 112 

development of cold–forming effect under different level of induced plastic deformation was still 113 

lacking. Furthermore, whether the predictive expressions for enhanced yield strength can be extended 114 

to HSS is still unknown, since those models were developed based on limited test data. 115 

For specific scenarios such as advanced numerical modelling and extensive parametric studies of 116 

cold–formed steel structures, a precise description of material stress–strain response is crucial. 117 

Following the need for more accurate material stress–strain relationships, Quach and Huang [28] and 118 

Gardner and Yun [29] both developed two–stage Ramberg–Osgood models to describe the rounded 119 

stress–strain curves of cold–formed steels. To precisely generate stress–strain curves through these 120 

material constitutive models, the adopted key material parameters, such as the Young's modulus, yield 121 

strength, ultimate strength, and ultimate strain, should be carefully selected. However, to date, these 122 

key material parameters of cold–formed steels in the corner region can only be acquired through the 123 

experimental test, making it inconvenient when applying these material constitutive models. 124 

To address these research gaps, a consistent and thorough material test was first conducted to 125 

investigate the cold–forming effects of HSS in this research. A total of 12 flat coupons machined from 126 

parent materials (Q460, Q550, and Q690 HSSs) and 68 corner coupons extracted from cold–formed 127 

angle sections with a spectrum of ri/t ratios (0.73 – 5.63) and included angles θ (90° – 150°) were 128 
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tested. Subsequently, the obtained test results were combined with the data collected from global 129 

literature to develop an extensive experimental database covering normal to high strength structural 130 

steel. Based on the large set of data comprising 341 flat coupons and 613 corner coupon results, 131 

Young's moduli, enhanced yield and ultimate strengths, loss in ultimate strain and elongation at 132 

fracture between NSS and HSS after cold–forming were compared, and corresponding predictive 133 

expressions were proposed.  134 

 135 

2. Experimental investigation 136 

To further study the changes in mechanical properties of HSS after cold–forming, an experimental 137 

investigation was carried out on four different high strength structural steel plates, namely 3 mm 138 

Q460, 6 mm Q460, 6 mm Q550, and 3 mm Q690 plates. Different amounts of plastic deformation 139 

were achieved through press–braking the parent material into different included angles using various 140 

punches (in different punch radii). Chemical compositions of the investigated steel plates are reported 141 

in Table 1. 142 

Table 1. Chemical compositions reported in mill certificates. 143 

Steel plate Chemical composition (%) 

– C Si Mn P S Al Nb Ni Cr Ti V CEV 

Q460 – 3 mm 0.07 0.07 1.49 0.008 0.001 – 0.022 – – 0.01 0.001 0.35 
Q460 – 6 mm 0.07 0.05 1.51 0.015 0.001 – 0.021 – – 0.01 0.001 0.34 
Q550 – 6 mm 0.07 0.07 1.56 0.009 0.004 0.027 – – – 0.12 0.003 0.33 
Q690 – 3 mm 0.06 0.06 1.83 0.014 0.001 – – 0.01 0.03 – – 0.37 

Note: CEV indicates the carbon equivalent value, determined by: CEV = C+(Cr+Mo+V)/5+Mn/6+(Ni+Cu)/15. 144 

 145 

The mechanical properties of parent materials were determined by standard tensile coupon tests. 146 

The steel plates were firstly cut into the desired dimension with a width by the length of 120 mm × 147 

400 mm, and each small piece was then press–braked into cold–formed angle sections with different 148 
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profiles. Corner tensile coupons were subsequently machined from the cold–formed corner regions 149 

and were tested to obtain the mechanical properties after cold–forming. The shape and dimension of 150 

tensile coupons were designed conforming to the requirements of EN ISO 6892–1:2019 [30]. 151 

 152 

2.1 Flat tensile coupons 153 

Three flat tensile coupons were extracted from each parent steel plate along the rolling direction. 154 

The dimension of the flat tensile coupon is shown in Fig. 2 (a). In total, 12 pieces of flat tensile 155 

coupons were tested to determine the Young's modulus Ef, yield strength fy,f, ultimate tensile strength 156 

fu,f, ultimate strain εu,f, and elongation at fraction εf,f of parent materials. The flat tensile coupons were 157 

labelled by their nominal steel grades and plate thicknesses. For example, 550–6–2 represents the 158 

second flat tensile coupon extracted from the 6 mm Q550 parent plate. 159 

 160 

Fig. 2. Dimensions of flat and corner coupons. 161 

 162 

2.2 Corner tensile coupons 163 

As mentioned, the sectioned steel plates were press–braked into cold–formed angle sections with 164 

various profiles. The press–braking was performed using a press–braking machine as shown in Fig. 165 

3. To achieve different levels of induced plastic deformation in the corner region of angle sections, 166 

various included angles θ of 90°, 120°, 135°, and 150° were designed and different punches with 167 

punch radii of 5 mm, 10 mm, and 15 mm were selected in the fabrication process. Profiles of adopted 168 

punches are demonstrated in Fig. 4. After cold–forming, the corresponding included angle of 169 

specimen was carefully measured using a digital protractor. The tolerance of the included angle set 170 
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in this study was ± 1° compared to the anticipated angle. Two identical corner tensile coupons were 171 

extracted from the same corner region of specimens by a wire cutting machine, while the dimension 172 

of corner coupons is illustrated in Fig. 2 (b). 173 

  174 

Fig. 3. Fabrication process of the cold–formed angle section. 175 

 176 

 177 

Fig. 4. Geometric profiles of different punches with different punch radii Rp. 178 

 179 

As shown in Fig. 5, each corner coupon's cross–sectional dimension was recorded using a high–180 

resolution scanner, and were subsequently transferred into AutoCAD software for further processing 181 

to determine the inner corner radius ri and cross–sectional area of the parallel length Ac. The specimen 182 

label of corner coupons identifies the nominal steel grade, plate thickness, included angle and adopted 183 

punch radius. For example, 550–6–135–P15 indicates a corner coupon machined from a 135° angle 184 

section fabricated from the 6 mm Q550 parent steel plate using a 15 mm radius punch. It should be 185 

noted that some repeated angle specimens were prepared to ensure the repeatability and reliability of 186 

the test programme. Therefore, in some cases, four identical corner coupons were machined. Totally, 187 

68 corner coupons were tested in this study. 188 

Rp = 5 mm Rp = 10 mm Rp = 15 mm
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 189 

Fig. 5. Processing examples of the corner coupon. 190 

 191 

2.3 Tensile coupon test 192 

The stress–strain responses of tensile coupons were obtained using a LABSANS material testing 193 

machine. A pair of uniaxial strain gauges and an extensometer (50 mm gauge length for flat coupons 194 

and 25 mm gauge length for corner coupons) were mounted on tensile coupons to record the 195 

longitudinal strain development. Young's modulus for each coupon was determined through a linear 196 

regression of recorded stress over the average reading of strain gauges between the range of 0.1fy to 197 

0.4fy. Fig. 6 shows the test apparatus of flat and corner coupon tests, in which flat coupons were 198 

gripped using a flat end clamp, while corner coupons were tested using a specially–designed pin grip 199 

to diminish the effect of eccentricity. Similar loading procedures used in [3, 31] were adopted, in 200 

which initial loading speeds of 0.3 mm/min until 0.2% proof strength, 0.8 mm/min up to the ultimate 201 

tensile strength, and 2 mm/min until the fracture of specimens, were used. It is worth noting that 202 

before the tensile coupon test, pairs of fine lines with a distance of 5.65√(Ac) have been marked on 203 

the surface within the parallel length of coupons. The proportional elongation at fracture of specimens 204 

can be then obtained by comparing the distance between mark lines after fracture to the original length 205 

after carefully fitting the fractured pieces.  206 
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 207 

Fig. 6. Test setup for flat and corner coupons. 208 

 209 

2.4 Test results 210 

The obtained engineering stress-strain curves are plotted in Fig. 7, in which black and red lines 211 

represent the stress-strain curves of parent materials before and after cold-forming. It should be noted 212 

that the necking of specimen 460–3–90–P15–1 occurred out of the measurement range of 213 

extensometer. Therefore, the recorded elongation after the initiation of necking was much smaller 214 

than the actual elongation. The measured mechanical properties of flat and corner tensile coupons, 215 

including the Young's modulus E, 0.2% proof strength fy, ultimate tensile strength fu, ultimate strain 216 

εu, and elongation at fraction εf are summarised in Table 2 and Table 3, respectively. To distinguish 217 

those properties among different sets of coupons, subscripts “f” and “c” were adopted for flat and 218 

corner coupons, respectively. The average yield strengths fy,f for 3mm Q460, 6 mm Q460, 6 mm Q550, 219 

and 3 mm Q690 steel plates are 520 MPa, 523 MPa, 646 MPa, and 741 MPa, respectively. After cold-220 

forming, the enhanced yield strength fy,c ranges from 562 MPa to 874 MPa.  221 
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  222 

  223 

Fig. 7. Stress–strain curves of tested tensile coupons. 224 

 225 

Table 2. Summary of key material parameters from flat coupon tests. 226 

Specimen   Ef fy,f fu,f εu,f εf,f k nse 

–   (GPa) (MPa) (MPa) (%) (%) – – 

460–3 –R1 204 521 587 9.79 23.05 843.2 0.112 
 –R2 205 521 585 10.14 27.11 842.0 0.114 
 –R3 203 519 584 10.41 24.02 847.7 0.117 
 Mean 204 520 585 10.11 24.73 844.3 0.114 

460–6 –R1 194 515 618 12.80 29.44 928.6 0.135 
 –R2 193 531 633 13.64 29.96 949.2 0.135 
 –R3 195 521 624 13.61 30.54 937.7 0.135 
 Mean 194 523 625 13.35 29.98 938.5 0.135 

550–6 –R1 198 643 734 10.78 27.32 1034.9 0.106 
 –R2 199 643 735 10.49 27.66 1036.6 0.106 
 –R3 210 652 743 11.36 29.29 1059.9 0.111 
 Mean 202 646 737 10.88 28.09 1043.8 0.108 

690–3 –R1 201 746 819 11.00 23.51 1147.4 0.103 
 –R2 204 743 818 10.56 22.19 1147.5 0.104 
 –R3 214 733 821 10.45 22.30 1152.7 0.104 

  Mean 206 741 819 10.67 22.67 1149.2 0.104 

 227 

 228 
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Table 3. Summary of key material parameters from corner coupon tests. 229 

Specimen   ri/t Ec fy,c fu,c εu,c εf,c Specimen   ri/t Ec fy,c fu,c εu,c εf,c 

–   – (GPa) (MPa) (MPa) (%) (%) –   – (GPa) (MPa) (MPa) (%) (%) 
460–3–90–P5 –1 1.74 193 636 692 1.41 13.91 550–6–90–P10 –1 1.67 204 803 881 1.41 16.40 

 –2 1.78 190 643 697 1.25 14.82  –2 1.67 201 798 871 1.19 16.33 
 –3 1.83 199 639 698 1.41 14.05 550–6–90–P15 –1 2.33 199 781 858 1.60 18.03 
 –4 1.77 183 636 695 1.41 13.50  –2 2.23 197 789 867 1.67 18.43 

460–3–90–P10 –1 3.70 187 606 658 1.94 17.68  –3 2.48 201 767 841 1.63 17.23 
 –2 Test failed  –4 2.53 202 759 836 1.82 18.17 

460–3–90–P15 –1 5.43 186 562 617 2.59 18.82 550–6–120–P10 –1 Test failed 
 –2 5.54 194 573 618 1.18 16.55  –2 1.53 197 806 881 1.31 16.83 
460–3–120–P5 –1 2.64 192 611 667 1.50 15.41 550–6–135–P10 –1 1.80 200 792 867 1.55 17.20 

 –2 2.39 187 610 664 1.56 15.18  –2 1.98 201 797 877 1.60 17.83 
 –3 2.28 189 623 680 1.53 15.27  –3 1.81 198 794 875 1.64 18.10 
 –4 2.23 190 601 654 1.36 15.36  –4 2.03 198 788 867 1.68 19.30 

460–3–135–P5 –1 2.55 194 613 668 1.46 17.50 550–6–150–P10 –1 3.18 194 728 795 1.38 18.53 
 –2 2.96 193 618 675 1.43 15.86  –2 3.05 195 727 795 1.65 19.00 

460–3–150–P5 –1 3.94 194 597 653 1.71 18.05 690–3–90–P5 –1 1.91 193 846 942 1.44 15.77 
 –2 4.09 191 606 643 2.23 18.36  –2 1.90 193 845 939 1.74 14.82 

460–6–90–P5 –1 0.82 192 718 781 1.40 17.50  –3 1.83 195 833 929 1.75 15.95 
 –2 0.73 193 718 782 1.30 16.33  –4 1.89 195 835 933 1.74 16.00 

460–6–90–P10 –1 1.66 194 654 708 1.45 18.20 690–3–90–P10 –1 3.73 195 808 887 1.91 15.05 
 –2 1.66 194 660 713 1.72 19.40  –2 3.69 193 800 893 2.02 15.91 

460–6–90–P15 –1 2.58 194 618 672 2.55 20.17  –3 3.61 194 798 886 1.89 15.68 
 –2 2.57 194 624 678 2.77 22.23  –4 3.61 197 800 889 2.06 16.50 
 –3 2.55 193 616 668 2.51 22.00 690–3–90–P15 –1 5.60 194 783 868 2.61 19.41 
 –4 2.53 200 617 669 2.75 21.90  –2 5.50 197 788 875 2.67 18.36 

460–6–120–P10 –1 1.46 195 663 716 1.66 20.60  –3 5.63 193 771 858 2.53 17.27 
 –2 1.45 192 651 703 1.73 19.00  –4 5.62 195 770 857 2.21 16.86 

460–6–135–P10 –1 2.00 189 599 652 2.02 20.33 690–3–120–P5 –1 2.08 191 817 908 1.67 14.59 
 –2 1.94 190 610 663 1.91 20.50  –2 1.97 195 821 916 1.79 15.64 

460–6–150–P10 –1 2.89 192 583 635 3.25 25.23 690–3–135–P5 –1 2.57 200 819 915 1.94 15.55 
 –2 2.96 195 587 639 3.22 24.17  –2 2.74 200 814 904 1.91 15.45 

550–6–90–P5 –1 0.82 195 863 951 1.42 16.53 690–3–150–P5 –1 4.04 196 765 858 1.87 15.45 
 –2 0.80 196 844 933 1.33 15.53  –2 3.78 192 760 850 1.82 16.36 
 –3 0.75 197 865 955 1.63 15.97  –3 3.86 191 777 866 2.01 15.27 

  –4 0.76 198 874 966 1.61 16.13   –4 4.93 192 779 871 2.04 14.64 

 230 

The strength enhancement level fy,c/fy,f is strongly correlated with the experienced plastic 231 

deformation, which was associated with the designed included angle θ and adopted punch radius Rp 232 

during the press–braking process. Fig. 8 shows the relationships between the enhanced strengths (fy,c 233 

and fu,c) and control parameters (θ and Rp). A smaller included angle produces a smaller inner corner 234 

radius ri for specimens press–braked by the same punch, which causes a larger plastic deformation, 235 

and, thus, a higher strength enhancement. It is also evident that employing a punch with a smaller 236 

punch radius results in a tighter inner corner radius ri for specimens with the same included angle 237 

(take 90° as an example), yielding a more considerable strength enhancement. 238 
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 239 

 240 

Fig. 8. Trends of strengths fy,c and fu,c against various punch radii Rp and included angles θ. 241 

 242 

3. Development of the cold–formed steel database 243 

To characterise the mechanical properties of cold–formed steels in the corner region, more than 244 

900 tensile test results, either generated in this study or published in literature [3, 17, 22, 23, 25-27, 245 

32-60], were collated to establish a comprehensive database, which includes test results of 341 flat 246 

coupons and 613 corner coupons. The key information of collected material test data is summarised 247 

in Table 4, including source, nominal steel grade or yield strength, available material parameters (the 248 

Young's modulus E, yield strength fy, ultimate tensile strength fu, ultimate strain εu, elongation at 249 

fraction εf, and inner corner radius to thickness ratio ri/t), number of test data, and cross–section from 250 

which the coupons were extracted. It should be noted that some unpublished test data from the authors' 251 

research group were also included in the database.  252 
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Table 4. Information summary of cold–formed steel material test data. 253 
References Steel grade or yield strength Cross–sections from which coupons were extracted Available parameters of flat coupons Available parameters of corner coupons Number of data 
Normal strength steel      

Liu et al. [3] Q235/Q275/Q355 Angle sections Ef, fy,f, fu,f, εu,f, εf,f Ec, fy,c, fu,c, εu,c, εf,c, ri/t 143 

Gardner et al. [17] 235 MPa SHS/RHS Ef, fy,f, fu,f Ec, fy,c, fu,c, ri/t 5 

Guo et al. [32] 235 MPa SHS/RHS fy,f, fu,f fy,c, fu,c, ri/t 6 

Kettler [33] S275/S355 SHS/RHS Ef, fy,f, fu,f fy,c, fu,c, εu,c 2 

Singh and Singh [34] Yst–310 SHS/RHS Ef, fy,f, fu,f Ec, fy,c, fu,c, ri/t 5 

Tayyebi and Sun [35] 344–409 MPa SHS/RHS Ef, fy,f, fu,f Ec, fy,c, fu,c, ri/t 5 

Key et al. [36] 350 MPa SHS/RHS fy,f, fu,f fy,c, fu,c, εu,c, ri/t 11 

Zhu et al. [37] 355 MPa SHS/RHS Ef, fy,f, fu,f, εu,f Ec, fy,c, fu,c, εu,c, ri/t 2 

Liu et al. [38] Q355 SHS/RHS Ef, fy,f, fu,f, εu,f, Ec, fy,c, fu,c, εu,c, ri/t 8 

Afshan et al. [39] S355 SHS/RHS Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 8 

Hayeck [40] S355 RHS Ef, fy,f, fu,f fy,c, fu,c, εu,c 12 

Hayeck et al. [41] S355/S460 SHS/RHS – fy,c, fu,c, εu,c 95 

Wilkinson and Hancock [42] C350/C450 SHS/RHS fy,f, fu,f fy,c, fu,c, ri/t 51 

Hui [43] 390 MPa Channel sections – fy,c, fu,c, εu,c 4 

High strength steel           
This study Q460/Q550/Q690 Angle sections Ef, fy,f, fu,f, εu,f, εf,f Ec, fy,c, fu,c, εu,c, εf,c, ri/t 66 

Unpublished data from authors Q460/Q690 Octagonal hollow sections Ef, fy,f, fu,f, εu,f, εf,f Ec, fy,c, fu,c, εu,c, εf,c, ri/t 23 

Pham et al. [22] G450 Channel sections Ef, fy,f, fu,f Ec, fy,c, fu,c, ri/t 2 

Kyvelou et al. [44] S450 Channel sections fy,f, fu,f fy,c, ri/t 2 

Liu et al. [38] Q460 SHS/RHS Ef, fy,f, fu,f, εu,f, Ec, fy,c, fu,c, εu,c, ri/t 8 

Chen et al. [46] 460 MPa Octagonal hollow sections Ef, fy,f, fu,f, εu,f, εf,f Ec, fy,c, fu,c, εu,c, εf,c, ri/t 8 

Li and Young [45]  500 MPa/550 MPa Built–up cold–formed sections Ef, fy,f, fu,f Ec, fy,c, fu,c, ri/t 6 

Wang et al. [47] S500/S700/S960 SHS fy,f, fu,f fy,c, fu,c, εu,c, ri/t 9 

Tayyebi and Sun [35] 638–730 MPa SHS/RHS Ef, fy,f, fu,f Ec, fy,c, fu,c, ri/t 5 

Tran et al. [48] S650 Polugonal hollow sections – fy,c, fu,c, εu,c 6 

Liu et al. [49] Q690 Hexagonal hollow sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 7 

Liu et al. [23] Q690 Irregular hexagonal hollow sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 30 

Liu et al. [50] Q690 Irregular octagonal hollow sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 10 

Fang et al. [51] S690 Octagonal hollow sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 6 

Jiang and Zhao [53] S690 Angle sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 4 

Jiang and Zhao [52] S690 Channel sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 5 

Xiao et al. [54] S690 SHS Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 6 

Zhang et al. [55] S690 Angle sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 6 

Zhang et al. [56] S690 Channel sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 12 

Zhong et al. [57] S700 SHS Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 4 

Ma et al. [25] S700/S900 SHS/RHS Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 11 

Yang et al. [58] S700/S900 SHS fy,f, fu,f fy,c, fu,c, εu,c, ri/t 3 

Somodi and Kovesdi [26] S700/S960 SHS fy,f, fu,f fy,c, fu,c, εu,c, ri/t 3 

Pandey and Young [27] 900 MPa/960 MPa SHS/RHS Ef, fy,f, fu,f Ec, fy,c, fu,c, ri/t 10 

Wang et al. [59] S960 Angle and channel sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 2 

Wang et al. [60] S960 Channel sections Ef, fy,f, fu,f Ec, fy,c, fu,c, εu,c, ri/t 2 
        Total 613 

254 
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As can be seen from Table 4, the assembled database covers a broad spectrum of parameters. The 255 

nominal yield strength of the parent structural steel ranges from 235 MPa to 960 MPa, and the 256 

measured yield strength of cold–formed corner materials varies from 343 MPa to 1324 MPa. The 257 

tensile test results were extracted from various cold–formed cross–sections, including angle sections, 258 

channel sections, built–up cold–formed sections, square and rectangular hollow sections, and 259 

polygonal hollow sections. In terms of some data extracted from cold–rolled hollow sections, tensile 260 

test results of flat coupons machined from flat faces were used to represent the mechanical properties 261 

of parent materials. This strategy was considered acceptable since the average strength enhancement 262 

of flat materials in cold–rolled hollow sections was only around 4% [17].  263 

Since the material parameters of tensile coupons in different literature were reported in various 264 

degrees of completeness, the number of data used for different analyses varies among different sub–265 

groups. Among the 314 flat coupon test results, 209 tests reported their full–range stress–strain curves. 266 

These curves were then utilised to establish the relationships between fu,f/fy,f ratio and material 267 

coefficient k and strain–hardening exponent nse. These data combined with the remaining flat coupon 268 

data also served as the benchmark parameters in the following analysis for cold–formed steels. 269 

Among the 613 corner coupon tests, 385 test results were used for deriving the predictive model for 270 

the Young's modulus Ec of cold–formed steels, 482 for enhanced yield strength fy,c, 472 for enhanced 271 

ultimate strength fu,c, 514 for ultimate strain εu,c, and 209 for elongation at fracture εf,c, respectively. 272 

Distributions of ri/t ratios after cold–forming with respect to parent material yield strengths are plotted 273 

in Fig. 9. 274 
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 275 

Fig. 9. Distributions of ri/t ratios after cold–forming with respect to parent material yield 276 

strengths in the database. 277 

 278 

4. Analysis of results and development of predictive expressions 279 

4.1 Recalibration of material parameters of parent materials 280 

The material coefficient k and the strain–hardening exponent nse were implicitly incorporated in 281 

the predictive expression Eq. (2) for predicting the enhanced yield strength. The empirical 282 

relationships of k and nse proposed by Karren [12] and Liu et al. [3] were only based on NSS with 283 

nominal yield strength no greater than 355 MPa. Hence, to incorporate HSS, full–range stress–strain 284 

curves of HSS were used to determine k and nse. The engineering stress–strain responses (σE–εE) of 285 

parent materials were converted to true stress–strain responses (σT–εT) using Eq. (7) and Eq. (8), 286 

and the obtained σE–εE responses were subsequently plotted on a log–log scale paper. The processing 287 

examples for NSS and HSS are depicted in Fig. 10 (a) and (b), respectively.  288 
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   291 

Fig. 10. Processing examples to obtain material coefficient k and strain–hardening exponent nse. 292 

 293 

Discarding the elastic range and yield plateau of the stress–strain curves, the correlation between 294 

log10 σT and log10 εT appears as a straight line in the plastic range. Thus, a linear regression analysis 295 

using an equation form of Eq. (1) was conducted on the plastic range in line with the procedure 296 

described in Karren [12] and Liu et al. [3]. The obtained results of k and nse from all high strength 297 

parent materials are given in Table 2, and are plotted with results of NSS in Fig. 11 (a) and (b), 298 

respectively. Linear relationships between material parameters and values of fy,f and fu,f were acquired, 299 

as expressed in Eq. (9) and Eq. (10). The proposed predictive expressions for k and nse combined 300 

with Eq. (1) can provide an accurate representation of stress–strain response of parent material in 301 

the plastic range, and link the mechanical properties of parent material to strength enhancement 302 

models (discussed in Section 4.2.2). 303 
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 306 

Fig. 11. Assessment of the material coefficients k and strain hardening exponents nse. 307 

 308 

4.2 Cold–formed steels in the corner region 309 

4.2.1 Young's modulus 310 

The average Young's moduli of flat coupon Ef and corner coupon Ec for NSS and HSS are listed 311 

in Table 5. The average Ef of parent materials is 207,108 MPa, and the average Ec of cold–formed 312 

corner materials is 197,672 MPa, which is 4.4% lower than that of parent materials, indicating that 313 

the Young's modulus is slightly reduced due to the experienced plastic deformation [61, 62]. Fig. 12 314 

indicates that generally, no apparent trend can be observed between the reduction of Young's modulus 315 

and strength enhancement level. Hence, given the consistent test result, the Young’s modulus of cold–316 

formed steels in the corner region may be determined as 197,000 MPa or 95% of that of parent 317 

material. It should be noted that the recommended E values for cold–formed steel in the European 318 

code [21], American specification [13] and Australian standard [14] are 210,000 MPa, 203,000 MPa, 319 

and 200,000 MPa, respectively. 320 

 321 
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Table 5. Summary of Young's moduli for NSS and HSS. 325 

Materials Number of data Ef Ec Ec/Ef 
   Average value 

  – MPa MPa – 

Normal strength steel 170 206,646 194,783 0.945 
High strength steel 215 207,475 199,969 0.964 

All 385 207,108 197,672 0.956 

 326 

 327 

Fig. 12. Trend between the changes in Young's modulus and strength enhancement level. 328 

 329 

4.2.2 Strengths 330 

In Fig. 13, the development of fu/fy ratios against yield strength fy for structural steel before and 331 

after cold–forming is depicted. A general trend of reducing fu/fy ratio with the strength enhancement 332 

caused by cold–forming effects can be apparently observed. Moreover, the majority of flat and corner 333 

coupon results fulfil the strength ratio requirement (fu/fy > 1.05) of EN 1993–1–12 [63].  334 
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 335 

Fig. 13. Relationships of the fu/fy with fy for NSS and HSS before and after cold–forming. 336 

 337 

The relationships between the strength enhancement levels fy,c/fy,f, ri/t ratios and fu,f /fy,f ratios can 338 

be revealed in Fig. 14 (a), in which additional 143 normal strength corner coupon test results from 339 

Liu et al. [3] are also plotted for comparison. This figure demonstrates that there is no obvious 340 

difference between normal strength and high strength steels in the strength enhancement mechanism. 341 

As indicated in Figs. 14 and 15, the strength enhancement behaviour is affected by the fu,f/fy,f ratio of 342 

parent materials and the indicator of plastic deformation ri/t ratio after cold–forming. Also, as shown 343 

in Fig. 14 (b), it is worth noting that a similar conclusion can be drawn for the strength enhancement 344 

of ultimate tensile strength for normal and highs strength structural carbon steels, which means the 345 

relationship of fu,c/fy,f, ri/t, and fu,f/fy,f can also be potentially predicted. 346 
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 348 

Fig. 14. Trends of strength enhancement level against ri/t ratio and fu,f /fy,f ratio. 349 

 350 

 351 

Fig. 15. Effects of fu,f/fy,f ratio and ri/t ratio on the strength enhancement behaviour. 352 

 353 

Based on the abovementioned findings, the equations proposed in [3] to predict strength 354 

enhancements for the normal strength steel have been adopted to evaluate those behaviours of high 355 

strength steel, as shown in Eqs. (11) and (12). 356 
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It can be seen from Fig. 16 that the majority of collected data fall within 10% of the predicted 360 

value, and all data are within 20%. A similar prediction accuracy may be found for the normal strength 361 
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and high strength steel. The mean predicted–to–measured values of enhanced yield strength fy,c and 362 

enhanced ultimate strength fu,c are 1.00, 0.99, 1.00, and 1.00 for the normal strength and high strength 363 

steel, respectively. Moreover, the prediction accuracy with corresponding coefficient of variation 364 

(COV) of those models proposed by Karren [12], Gardner et al. [17] and Rossi et al. [18] are given 365 

in Table 6. 366 

  367 

Fig. 16. Prediction accuracy for enhanced yield and ultimate strengths. 368 

 369 

Table 6. Comparison results between different predictive expressions. 370 

      Predicted-to-measured values 

  
Number 
of data 

  
Proposed 
model [3] 

Karren's 
model [12] 

Gardner's 
model [17] 

Rossi's 
model [18] 

fy,c (NSS) 241 Mean 1.00 1.08 0.91 0.94 
  COV 0.064 0.079 0.123 0.060 

fy,c (HSS) 241 Mean 0.99 1.00 0.89 0.96 
  COV 0.072 0.073 0.085 0.052 

fu,c (NSS) 231 Mean 1.00 – – – 
  COV 0.051 – – – 

fu,c (HSS) 241 Mean 1.00 – – – 

    COV 0.077 – – – 

 371 

4.2.3 Ultimate strain 372 

The ultimate strain of corner coupons was found to be gradually reduced with the increase of 373 

cold–works. To make a direct comparison, the corner coupon test results of NSS from Liu et al. [3] 374 
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and HSS generated in this study are presented in Fig. 17 (a), in which the values of εu,c/εu,f (the ultimate 375 

strains after and before cold–forming) are plotted against the strength enhancement level fy,c/fy,f. It can 376 

be seen from Fig. 17 (a) that HSS may suffer severer deterioration on ultimate strain after cold–377 

forming as compared with NSS, which may be attributed to the lower fu,f/fy,f ratio of parent materials. 378 

Based on a process of regression analysis, a predictive expression for εu,c was proposed and expressed 379 

as Eq. (13), in which the effects of fu,f/fy,f of parent materials were directly incorporated. 380 

u,f y,f

u,f y,f

u,c u,f u,c u,f u,f18.594 7.602( / )

y,c y,f

6.093 5.727( / )
/ 0.059,  but / 1.0 for  is available

( / )
f f

f f
ε ε ε ε ε

f f
  

       (13) 381 

Moreover, suppose the original ultimate strain εu,f of parent material is not reported. In that case, 382 

the corner coupon yield and ultimate strength are known (or can be predicted using Eq. (11) and Eq. 383 

(12)). A predictive expression for εu,c without using εu,f is preferred. Hence, the collected 516 ultimate 384 

strain values in the developed database are also plotted against the corresponding fu,c/fy,c ratios in Fig. 385 

17 (b). In the same figure, a best-fitting curve with its 95% prediction band is presented and the fitting 386 

curve can be expressed in Eq. (14). Table 7 provides the assessment results for these predictive 387 

expressions, with mean values of 1.05 and 1.00, and corresponding COVs of 0.253 and 0.423 for Eq. 388 

(13) and Eq. (14), respectively. It should be noted that the ultimate strain of cold–formed steels in 389 

the corner region is much lower than that in the flat region and hot–rolled steel, which is similar to 390 

the finding presented by Gardner and Yun [29]. 391 

u,c y,c(28 / 25.4)
u,c u,c y,c u,f0.01( / ) , for  is unavailablef fε f f ε  (14) 392 
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 393 

Fig. 17. Trend between the change of ultimate strain and related parameters. 394 

Table 7. Assessment of prediction accuracy for ultimate strain and elongation at fracture. 395 

    Predicted-to-measured values 
  Eq. (13) Eq. (14) Eq. (15) 

εu,c (NSS) Mean 1.08 1.00 – 
 COV 0.238 0.443 – 

εu,c (HSS) Mean 0.96 1.00 – 
 COV 0.269 0.395 – 

εu,c (All) Mean 1.05 1.00 – 
 COV 0.253 0.423 – 

εf,c (NSS) Mean – – 0.98 
 COV – – 0.190 

εf,c (HSS) Mean – – 1.06 
 COV – – 0.107 

εf,c (All) Mean – – 1.00 

  COV – – 0.170 

 396 

4.2.4 Elongation at fracture 397 

Elongation at fracture is indicative of the plastic deformation that steel can undergo before 398 

fracture. Since most of the elongations at fracture εf,c were not reported in the literature and not all of 399 

them were measured in a standard manner, only the NSS data from Liu et al. [3] and the HSS data 400 

from this study were used in this study to make a consistent comparison. The elongation at fracture 401 

of corner coupons εf,c is normalised by the elongation at fracture of parent materials εf,f, and plotted 402 

against the strength enhancement level in Fig. 18. On the basis of the least square regression analysis, 403 
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the proposed predictive expression for εf,c is given by Eq. (15) and is plotted with its 95% prediction 404 

band in Fig. 18. As reported in Table 7, the mean predicted–to–measured value equals 1.00, with a 405 

moderate COV of 0.17. 406 

  2.914

f,c f,f y,c y,f/ 0.202 0.779 /ε ε f f


   (15) 407 

 408 

Fig. 18. Trend between the changes in elongation at fracture and strength enhancement level. 409 

 410 

5. Summary of proposed predictive expressions 411 

Based on the proposed predictive expressions, the key material parameters of cold–formed 412 

normal strength and high strength steels in the corner region may be obtained through the fundamental 413 

material parameters of parent materials and geometric dimensions of cold–formed corners. It should 414 

be noted that proposed predictive models in this study are applicable to the structural carbon steel 415 

when the nominal yield strength of parent materials fy,f ranges from 235 MPa to 960 MPa, the ri/t 416 

value of cold–formed corners varies from 0.5 to 8.0, and the corner included angles ranges from 90° 417 

to 150°. The proposed predictive expressions are summarised below. 418 

The Young's modulus Ec of cold–formed steels in the corner region may be taken as 197,000 MPa 419 

or 95% of the Young's modulus Ef of parent materials. 420 

Enhanced yield strength fy,c may be determined from: 421 

0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 f
,c
/

f,
f

fy,c/fy,f

 Normal strength
 High strength

Eq. (15)

Number of data: 209

95% Prediction band
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 
   

 

2

c u,f y,f u,f y,fc y,f
y,c

i u,f y,f

2.769 / 0.581 / 1.182
 in which 

/ 0.314 / 0.320

B f f f fB f
f

r t f f

    
 




 (16) 422 

Enhanced ultimate tensile strength fu,c may be obtained from: 423 

 
   

 

2

c u,f y,f u,f y,fc y,f
u,c

i u,f y,f

2.807 / 0.505 / 1.217
 in which 

/ 0.254 / 0.265

B f f f fB f
f

r t f f

    
 




 (17) 424 

The ultimate strain εu,c may be predicted using Eq. (18) if εu,f is available. Otherwise, εu,c may 425 

be estimated from Eq. (19). 426 

u,f y,f

u,f y,f

u,c u,f u,c u,f u,f18.594 7.602( / )

y,c y,f

6.093 5.727( / )
/ 0.059,  but / 1.0 for  is available

( / )
f f

f f
ε ε ε ε ε

f f
  

       (18) 427 

u,c y,c(28 / 25.4)

u,c u,c y,c u,f0.01( / ) , for  is unavailablef fε f f ε  (19) 428 

Elongation at fraction εf,c may be calculated from the following expression: 429 

  2.914

f,c f,f y,c y,f/ 0.202 0.779 /ε ε f f


   (20) 430 

 431 

6. Conclusion 432 

A comprehensive investigation into the cold–forming effect of normal strength to high strength 433 

structural carbon steel has been presented herein. An experimental programme on the cold-forming 434 

effect of high strength steel was first carried out. Four types of high strength steel plates were press–435 

braked into the cold–formed angle sections. Tensile tests were conducted on 12 flat coupons extracted 436 

from parent materials and 68 corner coupons machined from cold–formed corners. An extensive 437 

database comprising more than 900 tensile test results was established based on the obtained test 438 

results and collected data from the global literature. Predictive expressions for the key material 439 

parameters of cold–formed steels in the corner region have been derived based on the analysis of the 440 

developed database. According to the statistical results, the predicted material parameters are shown 441 

to be in great agreement with test results. This paper extends the scope of the strength enhancement 442 

equation in current north American cold-formed steel design code AISI S100-16 to high strength 443 
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steels with grade up to 960 MPa, and provides key predictive material equations that can be further 444 

used in the design or numerical modelling of cold-formed steel structures. 445 
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