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ABSTRACT

ARTICLE HISTORY

This paper describes a study of the S650 high strength steel material properties including the effect of cold -formed angle.
Coupon specimens with different cold-formed angles (90< 100< 120< 140< 160<and 180<) and different thicknesses (4
mm and 6 mm) were examined. Relationships between cold-formed angle and yield stress as well as tensile stress of the
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material were determined, based on the tensile coupon test results. Yield and tensile stresses assessed by considering the

influence of the cold-formed angles were compared with those without considering this influence. Analyses revealed that
both yield and tensile stresses decreased with increasing cold-formed angle. Ductile-damage material models available in
the finite element analysis software ABAQUS were used to simulate tensile coupon tests. The experimental and numerical

results showed good agreements.
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1. Introduction

Cold-formed steel members are used increasingly in industrial and civil
construction. Their use allows optimizing member cross sections and shapes,
thereby reducing the amount of steel used as well as the weight of the structures
and, consequently, reducing harmful effects on the environment. Cold-formed
members are manufactured by either cold rolling method or press braking
method. In the cold rolling method, the cold-formed member is obtained from
passing flat steel sheet through a series of deformation stages. In the press
braking method, the cold formed member is produced by bending a flat steel
sheet along its length. The press braking method yields various cross sections
and is therefore more popular than the cold rolling method.

Cold forming has significant effect on ductility and yield and tensile
stresses of steel materials. In EN 1993-1-3 [1], influence of cold forming is
considered by increasing average the yield stress of the whole cross-section.
The average yield stress depends on the number of 90 bends in the
cross-section. Afshan et al. [2] determined the material properties of S355
carbon steel via tensile coupon tests. Flat coupon specimens, 90 “corner coupon
specimens of the square hollow sections and rectangular hollow sections as
well as circular coupon specimens of the circular hollow sections were inves-
tigated. The investigated cross sections had thicknesses of 5 mm and 6 mm. The
Ramberg - Osgood parameters from the tensile tests were also presented in the
study. In a previous study [3], the properties of high strength steel were de-
termined using tensile coupon tests. These tests were performed on corner
coupon specimens and flat coupon specimens that were extracted from the hot
finished and cold formed square hollow sections and rectangular hollow
sections. The ratio of the yield stresses and tensile stresses of the corner and flat
specimens were also determined. The stress-strain curves of flat and corner
coupon specimens of S460, S500, and S690 materials also were compared. Ma
et al. [4] investigated, via experiments, cold formed high strength steel mate-
rials with 0.2% offset yield stresses of 700 MPa, 900 MPa, and 1100 MPa. A
total of 66 tensile coupon tests was performed and various coupon specimens
were considered, namely the: flat coupon, corner coupon, and curved coupon,
which were extracted from the square hollow sections, rectangular hollow
sections, and circular hollow sections. A new constitutive model, which uses
the Ramberg - Osgood expression, was developed based on the experimental
results. These results revealed that cold forming has significant effect on the
material strength. In fact, the strength in the corner part of coupon specimens
with 90 “bends, increased by up to 34% with effect of cold forming. Shi et al. [5]
performed 46 tensile coupon tests on high strength steel materials that have
nominal yield stresses of 500 MPa, 550 MPa, and 690 MPa. The coupon
specimens were grouped into two categories, namely those with thicknesses of
(i) <16 mm and (ii) >16 mm. Flat coupon specimens were tested at different
load rates, different compliances, and different strain rates. The experimental
results were used to develop a nonlinear constitutive model and a revised

multi-linear constitutive model. Tran et al. [6] investigated the material
strengths of the S650 high strength steel using 18 tensile coupon tests. The
coupon specimens were extracted from the polygonal and circular cold-formed
high strength steel sections.

This paper describes experimental and numerical studies of the S650 high
strength steel material properties with effect of cold-formed angle using thirty
tensile coupon tests. Tensile coupon specimens with different cold-formed
angles (90< 100< 120< 140< 160<and 180<) and different thicknesses (4 mm
and 6 mm) were considered. Relationships between the cold-formed angles and
yield stress as well as tensile stress of the material were investigated. The yield
and tensile stresses determined by considering the influence of the cold-formed
angle were compared with those determined without considering this influence.
Ductile-damage material models in the commercial finite element analysis
(FEA) programme ABAQUS [14] were used to simulate tensile coupon tests
and then, the experimental and FEA results were compared.

2. Experimental investigation
2.1. Coupon specimens

In order to investigate the influence of cold-formed angles on the proper-
ties of high strength steel material, thirty coupon specimens with different
cold-formed angles (90< 100< 120< 140< 160<and 180 and different
thicknesses (4 mm and 6 mm) were examined. Number and thicknesses of the
coupon specimens were considered as limitation in this study. The coupon
specimens were produced using a three-step process. In the first step,
L-section profiles were produced from the high strength steel plates using the
press braking method, Fig. 1.

Fig. 1 L section profiles with different cold-formed angles
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In the second step, a water jet was used to cut the coupon specimens from Table 1
the profiles with an extra 5 mm on each side to avoid any heating of the Dimensions of cross sections of the 4 mm thick coupon specimens
coupon specimens. In the last step, both sides of the coupon specimens were
made perfectly perpendicular to the specimen surface and both ends of the Bl B2 t A

Specimen Angle

specimens were then flattened to help clamping specimens during the tests, (mm) (mm) (mm) (mmF

Fig. 2. Chen and Young [7] also flattened the ends of corner coupon speci-
mens for tensile coupon tests to study the corner properties of cold-formed C1-4-S1 90< 8.49 14.14 4.01 50.39
steel sections at elevated temperatures.

C1-4-S2 90° 8.40 14.22 4.01 50.36
C1-4-S3 90° 8.45 14.09 4.02 50.30
C2-4-S1 100° 7.69 12.82 4.02 44.74
C2-4-S2 100 7.71 12.86 3.99 44.68
C2-4-S3 100 7.66 12.91 4.00 44.68
C3-4-S1 120° 6.01 10.01 3.99 33,51
Fig. 2 Coupon specimens

C3-4-S2 120° 6.05 10.03 3.96 33.37

Fig. 3 shows general dimensions of the tensile coupon specimen. Total
lengths (Lt) of the specimens were approximately 596 mm. The flattened part C3-4-S3 120° 6.08 10.02 4.03 33.99

lengths (Lf) at both ends were used to help gripping the specimens during the
tensile tests and were designed so that flattening does not affect the middle C4-4-S1 140° 11.62 14.36 4.00 55.34

parts of the coupon specimens. The large radii (R2) were used to help failure

sections occurred at middle of the specimens and were approximately 1513
mm and 2113 mm for the 4 mm and 6 mm thick coupon specimens, respec- C4-4-52 140° 9.86 13.47 4.03 48.94

tively.

. C4-4-S3 140° 7.10 9.58 4.01 34.63

t -~

Lt Lt
- —-| Le r- L F-4-S1 180° 10.90 10.90 4.10 44.60
A ,{,\vwniwwm g 1 F-4-S2 180° 10.60 10.60 4.10 43.20
Y S m extra RL \R2. Flattened part /
F-4-S3 180° 10.80 10.80 4.10 44.40
Fig. 3 General dimensions of the corner coupon specimen
Table 2

Fig. 4 shows a typical cross section of the coupon specimens. Considered

dimensions are inner radius (R3), outer radius (R4), width of the inner curves Dimensions of cross sections of the 6 mm thick coupon specimens

(B1), width of the outer curves (B2), and thickness (t). These dimensions were . B1 B2 t A
measured three times by using a digital caliper device with 0.01 mm of preci- Specimen Angle (mm) (mm) (mm) (mm3
sion and used to define the area of the cross-section.
C1-6-S1 90° 12.73 21.21 6.00 113.10
C1-6-S2 90° 12.70 21.26 5.96 112.39
C1-6-S3 90° 12.71 21.18 6.02 113.23
C2-6-S1 100 1157 19.28 6.01 100.59
O C2-6-S2 100 11.62 19.31 6.03 101.31
Fig. 4 Typical cross section of a corner coupon specimen C2-6-S3 100° 11.60 19.26 6.03 101.03
Tables 1 and Table 2 show the measured dimensions of cross sections of the 4 C3-6-S1 120° 9.02 15.01 6.02 75.75
mm thick and 6 mm thick coupon specimens, respectively. The areas of the
cross sections are also presented in these Tables. The following nomenclature .
are adopted for the specimens: angle of coupon specimen {C1(909, C2(1009, C3-6-52 120 9.05 15.08 6.02 76.10
C3(1209, C4(1409, C5(1609 and F(1809} - thickness {4 mm and 6
mm}-test number in the test series {S1; S2; S3}. C3-6-S3 120° 9.00 15.01 6.00 75.41

C5-6-S1 160° 11.00 13.09 6.00 73.13
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C5-6-S2 160° 9.09 11.18 5.98 61.28
C5-6-S3 160° 6.62 8.71 6.02 46.60
F-6-S1 180° 11.10 11.10 6.01 66.7
F-6-S2 180< 11.10 11.10 6.00 66.4
F-6-S3 180< 11.00 11.00 6.01 66.1
2.2. Test set-up and instruments

Dartec testing machine with maximum capacity of 250 kN was used to
perform the tensile coupon tests under laboratory temperature and humidity
conditions. Displacements of the tensile coupon specimens during the tests
were measured using an extensometer with 50 mm length gage allowing #12.5
mm (225%) clearance in elongation. Fig. 5 illustrates the typical set up for the
tensile coupon tests. The tensile coupon tests were carried out by displacement
control method. EN 10002-1 [8] recommends rate limitations at crossheads for
tensile coupon tests. For example, maximum and minimum stress rates of 6
MPa/s and 60 MPa/s, respectively, are recommended for testing within the
elastic range and at stresses up to the yield stress. Maximum strain rates of 0.25%
strain/s and 0.8% strain/s are recommended for testing within the plastic range
at stresses up to the proof stress and greater than the proof stress, respectively.
In this study, the tensile coupon tests were performed at a uniform crosshead
displacement of 0.02 mm/s.

Fig. 5 Set-up for the tensile coupon test

3. Experimental results

Results of the tensile coupon tests are summarized in Table 3 to Table 5,
which show the key parameters such as the yield stress o, , tensile stress o, ,
yield strain ¢, , tensile strain &, and failure strain ¢, . Cold-formed angles of
the coupon specimens are also presented in those tables. It should be noted
that flat coupon specimens are named as 180 °cold-formed angles in this study.
In some cases, the failure sections occurred outside the gauge lengths and,
hence, those values (C1-4-S2, C4-4-S1 and C5-6-S1, C5-4-S1, S2, S3,
C4-6-S1, S2, S3) were not recorded.

Cold-formed angle significantly affects material properties of the S650
high strength steel. Average tensile stress of the 4 mm thick coupon speci-
mens with 90°cold-formed angle is 7.7% higher than those of the specimens
with 140°cold-formed angles. Average tensile stress of the 6 mm thick cou-
pon specimens decreases from 905 MPa to 884 MPa when cold-formed angles
increase from 90°to 160< However, average strains at fracture significantly
increase with increasing cold-formed angles. Average fracture strain of the 4
mm thick coupon specimens increases from 7.17% to 8.32% with increasing
cold-formed angles (from 90°to 140<). Average fracture strain of the 6 mm
thick coupon specimens increases from 9.15% to 11.02% with increasing
cold-formed angles (from 90<to 1609. Results reveals the similar shape of
the engineering stress-engineering strain curves of the 6 mm thick coupon
specimens with different cold-formed angles (90< 100< and 1609, Fig. 6.
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Table 3
Key material properties determined from the tensile coupon tests of the flat
coupon specimens

oy &y oy & &
Specimen Angle

(N/mm3Z (%) (N/mm=Z (%) (%)
F-4-S1 180° 762 0.60 802 10.6 19.2
F-4-S2 180° 763 0.60 807 8.6 19.1
F-4-S3 180 762 0.60 806 8.5 19.0
F-6-S1 180 801 0.40 845 5.7 144
F-6-S2 180 793 0.40 843 6.0 14.8
F-6-S3 180 791 0.40 843 5.9 14.9

Table 4

Key material properties determined from the tensile coupon tests of the 4 mm
thick coupon specimens

oy &y o, & &
Specimen Angle

(N/mm3Z (%) (N/mm3Z (%) (%)
C1-4-S1 90° 889 0.62 929 1.18 7.24

C1-4-S2 90° - - - - -
C1-4-S3 90° 925 0.64 951 1.24 7.09
C2-4-S1 100° 932 0.64 948 1.02 7.06
C2-4-S2 100° 927 0.64 948 112 6.98
C2-4-S3 100° 914 0.64 944 1.16 7.36
C3-4-S1 120° 837 0.60 895 1.25 7.34
C3-4-S2 120° 865 0.61 917 117 7.04
C3-4-S3 120° 859 0.61 898 1.15 6.97

C4-4-S1 140° - - - - -
C4-4-S2 140° 839 0.60 876 151 8.97
C4-4-S3 140° 831 0.60 859 1.07 7.66

Table 5
Key material properties determined from the tensile coupon tests of the 6 mm
thick coupon specimens

oy &y o, & &4
Specimen Angle

(N/mm3Z (%) (N/mm= (%) (%)
C1-6-S1 90° 782 0.57 896 1.50 9.39
C1-6-S2 90° 830 0.60 923 1.46 8.85
C1-6-S3 90° 874 0.62 896 1.22 9.20
C2-6-S1 100° 843 0.60 898 1.37 9.48
C2-6-S2 100° 861 0.61 893 131 9.69
C2-6-S3 100° 853 0.61 890 1.37 9.41
C3-6-S1 120° 878 0.62 916 1.33 10.31
C3-6-S2 120° 883 0.62 917 1.32 10.41
C3-6-S3 120° 845 0.60 905 1.69 10.88

C5-6-S1 160= - - - - -

C5-6-S2 160 778 0.57 867 1.67 11.52

C5-6-S3 160 826 0.59 881 1.34 10.52
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Fig. 6 Engineering stress-strain curves of the 6 mm thick coupon specimens with
different cold-formed angles

4. Proposed design rules
4.1. Influence of cold-formed angle on strength of material

Figs. 7 and 8 show the relationship between cold-formed angle and the
yield stresses and tensile stresses of the material S650. Tensile coupon test
results performed by Wang et al. [13] for high strength steel materials S500
and S960 at the flat parts and corner (90 parts are also shown in these fig-
ures. Trend lines are created based on the tensile coupon test results. The trend
lines of different high strength materials S500, S650 and S960 show a similar
trend of increasing yield stress and tensile stress as the effect of cold-formed
angle increases. It should be noted that flat coupon specimen is named as 180
cold-formed angle specimen. Based on the trend lines, the effects of
cold-formed angle on yield and tensile stresses may be calculated using Eq. 1
and Eq. 2 respectively.

o, =—1.258¢+1007 1)

o, =—1.0850+1027 @

In these equations oy , o, , and « are yield stress, tensile stress and
cold-formed angle respectively.

1400
1200 4
| I e L P SRS | DA 1
1000 & A
= b * o, =-1.258c + 1007
S so0 ! T
S ¢ *
&
w2
§ 00 e e .
; "
= o Test results -S650
T 400 s Wang -S500
> » Wang -S960
200 Linear (Test results -S650)
oA - .- Linear (Wang -S$500)
---Linear (Wang -S960)
0

90 100 110 120 130 140 150 160 170 180
Cold-formed Angle (&)

Fig. 7 Relationship between the yield stress and cold-formed angle
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g 400 = Wang-S500
= » Wang -S960
— Linear (Test results -S650)
200 --- Linear (Wang -S500)

- --Linear (Wang -S960)

90 100 110 120 130 140 150 160 170 180
Cold-formed Angle (&)

Fig. 8 Relationship between the tensile stress and cold-formed angle

In order to investigate effect of cold-formed angle on the original materi-
al strength, yield stress and tensile stress at corner parts of the tensile coupon
specimens were compared to those at flat parts. Table 6 shows the ratios
between yield stresses and between tensile stresses at the corner parts and the
flat parts, as well as thicknesses and angles of the tensile coupon specimens.
The comparisons show that cold-formed angle has significant effect on tensile
and yield stresses of the S650 high strength steel material. Trend lines based
on analyses are presented in Figs. 9 and 10. Relationship between yield and
tensile stresses at corner parts and at flat parts of the tensile coupon specimens
may be expressed as following function:

Commer = O ot (0.001x +1.2) 3)

corner

Table 6
Stress comparison between the material with effects of cold-formed angle and
its base material

Specimen Angle Thickness Zyamer Fucomer
(mm) Tyt Ot
C1-4-S1 90° 4 1.17 1.15
C1-4-S2 90° 4 - -
C1-4-S3 90° 4 121 1.18
C2-4-S1 100= 4 1.22 1.18
C2-4-S2 100° 4 1.22 1.18
C2-4-S3 100° 4 1.20 117
C3-4-S1 120° 4 1.10 111
C3-4-S2 120° 4 1.13 1.14
C3-4-S3 120° 4 113 112
C4-4-S1 140° 4 - -
C4-4-S2 140° 4 1.10 1.09
C4-4-S3 140° 4 1.09 1.07
C1-6-S1 90° 6 0.98 1.06

C1-6-S2 90° 6 1.04 1.09
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C1-6-S3 90° 6 1.10 1.06
C2-6-S1 100° 6 1.06 1.06
C2-6-S2 100° 6 1.08 1.06
C2-6-S3 100° 6 1.07 1.05
C3-6-S1 120° 6 1.10 1.09
C3-6-S2 120° 6 111 1.09
C3-6-S3 120° 6 1.06 1.07
C5-6-S1 160° 6 - -
C5-6-S2 160° 6 0.98 1.03
C5-6-S3 160° 6 1.04 1.04
1.40
120 § $
1.00 | !
44 Oy, corner __
= 0.80 ———— = —0.001a + 1.2
SR .
s 'y flat
\'5
£ 0.60
b"\‘.
0.40
0.20
0.00
90 100 110 120 130 140 150 160
Cold-formed Angle (@)
Fig. 9 Relationship between yield stress ratio and cold-formed angle
1.40
1.20 § .
1.00
* Oy,corner _
2 oo ———=—0.001a +1.2
Sk Oy flat
K
£ 060
b::
0.40
0.20
0.00
90 100 110 120 130 140 150 160

Cold-formed Angle (o)

Fig. 10 Relationship between tensile stress ratios and cold-formed angles

4.2. Influence of cold-formed angle on ductility of material

According to EN 1993-1-12 [9], S460 to S700 steel materials should ful-
fil the following requirements o, / o, 21.05, ¢, >15¢, , elongation at failure:
& 210% where ¢, and &, are the tensile strain, and yield strain, respec-
tively. ASTM-A514 [10] code specifies that high yield stress, quenched and
tempered alloy steel plate, suitable for welding, must satisfy the following
tensile and hardness requirements: at thicknesses of up to 65 mm (tensile
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stress: 760 MPa — 895 MPa, minimum yield stress measured at 0.2% offset:
690 MPa, minimum elongation: 18%); at thicknesses 65 mm — 150 mm
(tensile stress: 690 MPa — 895 MPa, minimum yield stress measured at 0.2%
offset: 620 MPa, minimum elongation: 16%). ASTM-A709 [11] specifies four
yield stress levels (250 MPa, 345 MPa, 485 MPa, and 690 MPa) for seven
grades (250, 345, 345S, 345W, HPS 345W, HPS 485W, and HPS 690W) of
structural steel designated for bridges. At plate thicknesses of up to 100 mm,
grades 250, 345, 345W, and 485W exhibit minimum elongations of 23%, 21%,
21%, and 19%, respectively. Moreover, for plate thicknesses smaller 65 mm
and 65 mm — 100 mm, the 690W grade exhibits minimum elongations of 18%
and 16%, respectively. It should be noted that the ductility requirements in the
codes are applied to flat coupon specimens without considering the influence
of cold forming.

Results of ductility analyses performed on the S650 high strength steel
material, including influence of cold-formed angle, are presented in Fig. 11 to
Fig. 13. The analyses show gathering of the results. It could prove quality of
the coupon tensile tests. All results are outside of EN 1993-1-12 scope [9].
However, it emphasizes that the results are obtained with effects of
cold-formed angle.

140 : ;
]
. P1-4
e | EN 1993  {EN 1993 ! Outside i
= Partl-1 Partl-12 | EN 1993 scope = P2-4
i * P3-4
120 ¢ i P4-4
P B L e : o
i ® *P2-6
R %X "
1.00 ! ! P3-6
i P5-6
0.90 i
0.80 . . —_— . . .
0 200 400 600 800 1000 1200 1400 1600
o, (MPa)
Fig. 11 Relationship between tensile stress and yield stress with effect
of the cold-formed angles
35.00 ¢ T T
! H J P1-4
3000 | EN 1993 {EN 1993 Outside i
Partl-1 | {Partl-12| EN1993 scope iy
25.00 | i ' * P3-4
| |
i H P4-4
~2 | !
ii 20.00 E E P16
L ) S - SO «P2-6
i E P3-6
10.00 ' '
E H P5-6
5.00 i i
i RE T
0.00 | i } H 4 ‘ 4 4
0 200 400 600 800 1000 1200 1400 1600
o, (MPa)
Fig. 12 Relationship between tensile strain and yield strain with effect
of the cold-formed angles
35.00 T T
i i ; P1-4
3000 | EN1993_| {EN 1993} Outside g
Partl-1 | |Partl-12|  EN 1993 scope -
25.00 | ; ; P34
= i i 1 PA-4
& 2000 ; | P16
1 1
Cgr vl R i i ° P2-6
H H P3-6
' 1 -
10.00 + G e t » P5-6
H ! Jo M
5.00 + i i
i i
0.00 : — s . . .
0 200 400 600 800 1000 1200 1400 1600
o, (MPa)

Fig. 13 Elongation at failure with effect of the cold-formed angles

Ductility factors were determined by statistical and 95% probability
analyses. The corresponding probability density function (pdf) [12] is given as
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follows:

—(><—Azt)2
f(x|,u,a):me 20 , —0<X<w @)

Where o is a non-negative scalar value, x is a scalar value. Fig. 14
to Fig. 16 present probability distributions of o, /o, , ¢,/ £,and ¢, respec-
tively. The probability distributions were determined based on the results of
the tensile coupon tests. The 95% probability was used to determine ductility
factors of the S650 high strength steel material including influence of
cold-formed angle. The following ductility factors with effects of cold-formed
angle are recommended:

- o,/0,21.0 ©®)
- elongation of failure &; >26.3 (6)

- £,218¢, O]

0 . . . .
0 0.2 0.4 0.6 0.8

Fig. 14 Probability distribution of o, / &,

Fig. 15 Probability distribution of &, / £,

321

Fig. 16 Probability distribution of &;

4.3. Ductile damage analysis

In finite element analysis, the engineering stress ( o,,, ) and engineering
strain (&, ) are converted to the true stress (o, ), true strain (¢, ), and true
plastic strain (& ) by using following Equations:

Sy = In(l+geng) (8)

Otr = Oeng (1+ 8eng) ©
Oy

& =& _% (10)

In ABAQUS [15], Eq. 8 to Eqg. 10 are used to define plastic curves based
on the assumption that material is undamaged and exhibits perfect plastic
behavior. Equations describing the onset of damage and damage evolution are
used to create material curves where material damage is considered. The
equivalent plastic strain at the onset of damage is defined as a function of the
stress triaxiality and the strain rate, and is given as follows:

2 (n,e™)

Where n and s are the stress triaxiality and the equivalent plastic strain
rate, respectively. Overall damage variable is D = 0 at onset of damage and
reaches D = 1 at failure point.

In this study, ductile damage material models were considered for FE
analyses of the tensile coupon tests. Fig. 17 shows the meshes of the 6 mm
coupon models with cold formed angles of 90< 100< and 160< Elements (size:
1.5 mm) with 8-node linear brick and reduced integration with hourglass
control (C3D8R) were used for these analyses. The computation time was
reduced by considering only a half of the models. Furthermore, symmetry
boundary conditions were applied.

a)

Fig. 17 Meshes of the coupon models with cold-formed angles of:
a) 90< b) 100and c) 160°
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Fig. 18 shows the distribution of VVon Mises stresses in the coupon mod-
els with cold-formed angles of 90< 100< and 160°at the rapture points.
Cold-formed angle has significant effect on the stress distribution in the
models. Considering the stress distributions at corner parts of the models, the
stresses are spread farther along the length of the models and are closer to the
end of the model with a 90=cold-formed angle than in the model with 160<
cold-formed angle. At the rapture point, thicknesses of the models with 90<
and 160 <cold-formed angles are significantly reduced 35% and 38%, respec-
tively and their widths considerably decrease by 17% and 29%, respectively.

Fig. 18 Stress distribution in coupon models with cold-formed angles of: a) 90< b) 100°
and c¢) 160<at the rapture point

Fig. 19 and Fig. 20 reveal the good agreement between the experimental
and FEA curves of the 6 mm thick coupon specimens with 100°and 160
cold-formed angles, respectively. At rapture point of the specimen with a cold
formed angle of 100< the stress and strain experimentally obtained differ by
1.8% from the respective FEA-determined values. Similarly, the stress and
strain differ by 5.6% and 3.6%, respectively, in the case of the specimen with
160<cold-formed angle.
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Fig. 19 Stress-strain curves obtained from the experiment and FEA of the 6 mm thick
coupon specimen with 100 °cold-formed angle
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Fig. 20 Stress-strain curves obtained from the experimental and FEA of the 6 mm thick
coupon specimen with 160 cold-formed angle
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5. Conclusions

The influence of cold-formed angle on properties of the S650 high
strength steel material was assessed using tensile coupon tests and numerical
simulations. Coupon specimens with different cold-formed angles (90< 100<
120< 140< 160<°and 180 and different thicknesses (4 mm and 6 mm) were
tested. Based on the experimental and FEA results, following conclusions can
be drawn:

- The experimental results indicate that cold-formed angle has significant
effect on properties of the S650 high strength steel material. The yield stress
and tensile stress decrease by 9.4% and 10.3%, respectively, with increasing
(from 90— 180 cold-formed angles.

- Based on the tensile coupon test results, relationships between the
cold-formed angles and yield stress as well as tensile stress of the S650 high
strength steel material are described in Eq. 1 and Eq. 2. Stress relationship
between the material with effect of cold-formed angle and its base material is
presented in Eq. 3.

- It is clear from the results that cold-formed angle has considerable
influence on ductility of the S650 high strength steel material. Ductility fac-
tors including the effect of cold-formed angle are recommended in Eq. 5 to Eq.
7.

- Ductile-damage material models in the ABAQUS software was used to
simulate tensile coupon tests. The experimental and FEA results show good
agreements. At the rapture point of the 6 mm coupon specimen with 100<
cold-formed angle, the experimentally determined stress and strain differ by
1.8% from the FEA results.
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