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ABSTRACT

ARTICLE HISTORY

This paper describes a study of the behaviour of cold-formed high strength steel angles. Thirty-six specimens with
different cold-formed angles (90< 100< 120< 140< 160< and 1709 and different thicknesses (4 mm and 6 mm) were
considered. The initial geometric imperfections of the specimens were determined using the 3D laser scanning method.
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The magnitudes of these geometric imperfections for torsional and torsional-flexural buckling and flexural buckling

analyses were proposed. The commercial finite element analysis (FEA) programme ABAQUS with shell elements S4R
was used for finite element analyses. Different material strengths in corner and flat parts along with different proof
stresses (0.2%, 0.01%, and 0.006%) were considered in the numerical models. The experimental and FEA results showed
good agreement. Influence of cold-formed angle on non-dimensional slenderness and reduction factor curves of the 4 mm

thick columns with 90<and 120<cold-formed angles was analysed.

Copyright © 2019 by The Hong Kong Institute of Steel Construction. All rights reserved.
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1. Introduction

The use of high strength steel material for cold-formed members
significantly improves their properties. It enables thinner, longer and stronger
structures. Moreover, the quantity of steel material required for building
cold-formed steel structures is considerably reduced, and producing a
beneficial effect on the environment. There are several standards that can be
used for designing cold-formed steel structures: Australian/New Zealand
cold-formed steel structures standard (AS/NZS-4600) [1], North American
Specification for the design of cold-formed steel structural members
(AISI-S100-12) [2] and European standard EN 1993-1-3 [3].

Several studies about cold-formed angles have been published [4 — 11].
Cold-formed steel angles are considered as thin-walled members that are
sensitive to effects of imperfections. The imperfections including initial
geometric imperfects and loading eccentricity significantly reduce their
buckling strength. However, it is hardly to eliminate the imperfections because
of manufacturing tolerance, transportation and measurement. Popovic et al.
(1999) experimentally studied 12 fixed-ended and 18 pin-ended cold-formed
angles under axial compression load [4]. The thicknesses used were 2.5 mm, 4
mm and 5 mm. As well as material investigations using tensile coupon tests,
residual strains were measured with a Cambridge Insitu Extensometer and
initial geometric imperfections were determined using a theodolite. The authors
of that paper reported that experimental results were between 15% and 40%
higher than the Australian and American specifications, respectively and
additional eccentricity of L/1000 should only be applied to slender sections. It
notes that nominal eccentricity of L/1000 about the minor axis was used for 18
pin end tests. Young (2004) carried out 24 compression tests on fixed-ended
cold-formed plain angle columns [5]. The angles were produced using the press
brake method. The thicknesses of the columns were 1.2 mm, 1.5 mm and 1.9
mm. The materials used were high strength zinc-coated steel grades G500 and
G450. The experimental results were compared with American and
Australian/New Zealand standards, and design rules for such fixed-ended
cold-formed plain angle columns under compression load were proposed. He
noted that additional moment (axial load multiplied by an eccentricity of
L/1000) is used in design of compression members according to the AISI
Specification and AS/NZS Standard. Ellobody et al. (2005) numerically
investigated the behaviour of cold-formed steel plain angle columns [6]. Shell
elements S4R in ABAQUS software were used for these investigations, which
took into account initial geometric imperfection, residual stresses and material
nonlinearities. Experimental and FEA results for 21 columns showed good
agreement. The numerical models were developed for a parametric study, the
results of which generally fitted design strengths calculated using equations
described by Young [5]. Yang et al. (2011) studied buckling behaviour of
cold-formed angles in transmission tower applications [7]. One series of equal
angle specimens and three series of equal lipped angle specimens were
considered. The angle specimens with different slenderness ratios and six
constrained types were studied under axial compression load. The slenderness

ratios were calculated based on minimum radius of gyration and length of
specimens. The six constrained types at the end of the specimens were
considered to reflect conditions of compression members in transmission
towers. The six constrained types were determined based on slenderness ratio
of the specimen and number of bolts used for the constraint. Shell elements
SHELL181 in ANSYS software were used for a numerical investigation. FEA
results were compared to experimental results, with the relationship between
slenderness ratios and stability coefficients being modelled with a fitting curve
and modification factors. Silvestre et al. (2013) summarised the development of
the design of cold-formed steel angles [8]. The designs of fixed-ended and
pin-ended equal-leg angle columns with short-to-intermediate lengths were
considered. The experimental and FEA results from previous studies were
taken into account in the study. The authors also described new design
procedures based on the direct strength method (DSM). Shifferaw et al. (2014)
presented a study of cold-formed steel lipped and plain angle columns with
fixed ends [9]. In this study, the authors used ABAQUS with shell elements
S9R5 to carry out a numerical investigation. Numerical models for fixed-ended
and pin-ended angles with fixed and free warping were considered, with elastic
critical buckling loads from the numerical investigations being compared to
Young’s experimental results. The authors presented new design procedures for
strength prediction of the cold-formed angle columns. Resistance of
cold-formed L columns under compression, bending and combination of
compression and bending were investigated and reported in [10]. The L
columns with different cold-formed angles and different thicknesses and with
fixed and pinned boundary conditions were considered. Steel materials S650
and S500 were used in the study. As tensile coupon tests had not been carried
out, the authors carried out FEA based on basic material properties. Influence of
cold forming in hand calculation was considered according to EN 1993-1-3[3]
based on nominal yield strength of the materials. Parametric study and
comparison analyses were carried out. The authors recommend some changes
in design procedure for cross sections with fixed boundary conditions.
Landesmann et al. (2017) investigated the behaviour of short-to-intermediate
slender pin-ended cold-formed steel equal-leg angle columns [11]. Nineteen
columns with 1.55 mm nominal thickness, different leg widths (50 mm, 60 mm,
70 mm, 80 mm and 90 mm) and lengths ranging from 500 mm to 1200 mm
were considered. The specimens were made of ZAR-345 mild steel. ANSYS
software with shell elements SHELL181 was used for numerical investigation.
Amplitude L/1000 was used for numerical investigations of non-critical
minor-axis flexural components. The experimental and FEA results were
compared to results from a DSM-based design approach. The authors also
presented a modification factor for the DSM-based design approach.

Beside effects of initial imperfections and residual stress on cold-formed
members were analysed in the publications [4-11]. Load-carrying capacity and
material strength at corner also are significant differences in design of
hot-rolled and cold-formed members. Yu (2000) indicated that load-carrying
capacity of cold formed steel members are limited by buckling stress that are
usually less than yield stress of the steel material [12]. Unlike hot-rolled
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members, material strength in corners of cold-formed steel members
significantly increase by manufacturing process. Ma et al. (2015) specified that
0.2% proof stresses in the corner part with 90 “bends increased by up to 34%
with effect of cold forming [13].

Table 1

Average measured dimensions of the 4 mm thick specimens
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X ! . . . . Thickness Length Area
This paper describes experimental and numerical investigations of the Specimen Angle
resistance of cold-formed high strength steel angles for polygonal cross (mm) (mm) (mmZF
sections with different side number in application for wind turbine tubular
towers. Thirty-six specimens with different cold-formed angles (90< 100° P1-4-51 90 3.96 593 446
120?,’ 140< 160° and 1707 apd dlffere_nt thicknesses (_4 mm and 6 mm) were P1-4-S2 90° 202 594 453
studied. The initial geometric imperfections of the specimens were determined
using the 3D laser scanning method. The magnitudes of initial geometric P1-4-S3 90° 4.02 593 453
imperfections for torsional and torsional-flexural buckling and flexural -
buckling analyses were proposed. The commercial finite element analysis P2-4-1 100 3.97 59 454
(FEA) programme ABAQUS [14] with shell elements S4R were used for finite P2-4-52 100° 4.01 593 459
element analyses. The influence of yield strength on the FEA was considered
with different proof stresses (0.2%, 0.01%, and 0.006%). The experimental P2-4-S3 100< 3.94 593 451
results were compared to FEA results. Furthermore, influence of cold-formed
. - = - P3-4-S1 120° 4.04 591 472
angle on non-dimensional slenderness ( A4 ) and reduction factor ( y ) curves of
the 4 mm thick columns with 90°and 120 <cold-formed angles was analysed. P3-4-S2 120° 4.03 590 471
2. Experimental investigation P3-4-53 120° 4.02 501 470
. P4-4-S1 140° 3.98 593 471
2.1. Test specimens
P4-4-S2 140° 4.01 592 475
In order to investigate the influence of cold-formed angles on the angle -
resistance, an experimental programme was carried out. Thirty-six angle P4-4-53 140 4.02 589 476
columns with different thicknesses (4 mm and 6 mm) were studied. The P5.4-51 160° 3.95 591 71
columns were divided into six categories with different cold-formed angles P1
(909, P2 (1009, P3 (120, P4 (140, P5 (1609 and P6 (1709. The width of P5-4-S2 160° 4.02 593 479
equal-leg angle (h) of the specimens was 60 mm. Compression tests were -
carried out on the thirty-six specimens. Figures 1 and 2 show the typical angle Po-4-53 160 4.04 504 482
specimens with different cold-formed angles. P6-4-S1 170° 4.04 592 483
; Qs P6-4-S2 170< 3.98 590 476
E‘%@ ¢ hoo e
b | A SR P6-4-S3 170° 3.96 501 474
Lo ! L
Table 2
”"%: ?{)a ‘ ‘ w1400 ‘ Average measured dimensions of the 6 mm thick specimens
G4 h Yo |
L L . L L . Thickness Length Area
Specimen Angle
1600 170° (mm) (mm) (mm3F
2 N - Y
o) ‘i = |‘ S | = ! P1-6-S1 90° 6.01 501 654
P1-6-S2 90< 6.03 593 656
Fig. 1 Typical angl i ith diff 1d-fi |
ig ypical angle specimens with different cold-formed angles P1-6-53 90° 6.01 504 654
P2-6-51 100° 5.96 589 665
P2-6-S2 100° 6.01 591 671
P2-6-S3 100° 6.01 592 671
P3-6-S1 120° 6.03 591 695
P3-6-S2 120° 5.92 590 682
P3-6-S3 120° 5.96 590 687
P4-6-S1 140° 6.00 591 704
P4-6-S2 140° 5.96 589 700
Fig. 2 4 mm thick specimens with different cold-formed angles
P4-6-S3 140° 5.92 593 695
The thicknesses and lengths of the specimens were measured with digital P5-6-S1 160° 6.01 590 715
callipers. Each dimension was measured three times. The average values of -
the measured dimensions and the areas of the cross sections for the specimens P5-6-52 160 5.95 592 708
are given in Tables 1 and 2. The specimens are labelled as follows: Angle {P1, P5-6-S3 160° 5.93 594 706
P2; P3; P4; P5; P6} - Thickness {4 mm; 6 mm} - Test number in the test
series {S1; S2; S3}. P6-6-S1 170° 6.05 590 723
P6-6-S2 170= 6.03 590 721
P6-6-S3 170° 5.94 591 710
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2.2. Test set-up and instruments

A Dartec compression machine with a capacity of 600 kN was used for the
compression tests. Fig. 3 shows a typical set-up for the compression tests. Two
steel blocks were attached to the compression machine in order to create flat
surfaces. The load was applied at the top of the specimen. Displacement control
was used for the compression tests. Boundary conditions of the specimens were
considered as a clamped support (all translations and rotations were restrained)
at the bottom and at the top (all degrees of freedom were fixed except the
displacement in the direction of the applied load).

>
Faield

Fig. 3 Set-up for the compression tests

Four LVDTs (linear variable displacement transducers) were used to
measure the displacement. Three LVDTs were attached to the machine to
measure displacement between the two steel blocks, with the other directly
attached to the specimen, see Fig. 4.

Fig. 4 Positions of LVDTs

2.3. Experimental results

Tables 3 and 4 present the ultimate loads and end shortenings of the 4 mm
and 6 mm thick specimens, respectively. The cold-formed angle significantly
affected both ultimate loads and end shortenings of the specimens. The average
ultimate loads of the 4 mm and 6 mm thick specimens with 90<cold-formed
angles were 194 kN and 445 kN, respectively. However, the average ultimate
loads of the 4 mm and 6 mm thick specimens with 170<°cold-formed angles
were just 31 KN and 72 kN, respectively. The average ultimate loads of the 4
mm and 6 mm thick specimens decreased by approximately 84%. The end
shortening values also decreased with increasing cold-formed angles from 90<
to 170< The average end-shortenings of the 4 mm and 6 mm thick specimens
reduced by 87% and 85%, respectively. The average end shortenings of the 4
mm and 6 mm thick specimens with a cold-formed angle of 170 °were 0.25 mm
and 0.35 mm, respectively.

Table 3
Ultimate loads and end shortenings of the 4 mm thick specimens
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P1-4-S2 90° 594 453 191 1.87
P1-4-S3 90° 593 453 195 2.03
P2-4-S1 100° 590 454 195 1.94
P2-4-S2 100° 593 459 199 1.93
P2-4-S3 100° 593 451 207 1.96
P3-4-S1 120° 591 472 203 1.85
P3-4-S2 120° 590 471 200 1.80
P3-4-S3 120° 591 470 198 1.72
P4-4-S1 140° 593 471 194 1.32
P4-4-S2 140° 592 475 194 1.42
P4-4-S3 140° 589 476 187 1.25
P5-4-S1 160° 591 471 81 0.58
P5-4-S2 160° 593 479 80 0.59
P5-4-S3 160° 594 482 79 0.58
P6-4-S1 170° 592 483 28 0.24
P6-4-S2 170° 590 476 33 0.26
P6-4-S3 170° 591 474 31 0.26
Table 4

Ultimate loads and end shortenings of the 6 mm thick specimens

Length Area  Ultimate load  End shortening
Specimen Angle

(mm) (mmF (kN) (mm)
P1-6-S1 90° 591 654 443 2.35
P1-6-S2 90° 593 656 446 2.43
P1-6-S3 90° 594 654 445 2.37
P2-6-S1 100° 589 665 446 2.22
P2-6-S2 100° 591 671 466 241
P2-6-S3 100° 592 671 451 2.35
P3-6-S1 120° 591 695 450 2.02
P3-6-S2 120° 590 682 440 1.95
P3-6-S3 120° 590 687 442 2.02
P4-6-S1 140° 591 704 369 1.73
P4-6-S2 140° 589 700 389 1.85
P4-6-S3 140° 593 695 339 1.65
P5-6-S1 160° 590 715 147 0.78
P5-6-S2 160° 592 708 141 0.72
P5-6-S3 160° 594 706 147 0.77
P6-6-S1 170° 590 723 70 0.33
P6-6-S2 170° 590 721 73 0.33
P6-6-S3 170° 591 710 72 0.38

Length Area Ultimate load End shortening
Specimen Angle

(mm) (mm=z (kN) (mm)

P1-4-S1 90= 593 446 195 2.06

Fig. 5 shows the typical deformations of the specimens with cold-formed
angles 90< 120< and 170°during the tests. Fig. 6 gives typical failure modes
of the 4 mm specimens with different cold-formed angles 90< 100< 120<
140< 160< and 170< Cold-formed angles significantly affected buckling
behaviour of the specimens. Flexural-torsional buckling occurred in the
specimens with cold-formed angles of 90< 100< 120< and 140< Flexural
buckling occurred in the specimens with cold-formed angles of 160 and
170<
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Fig. 6 Typical failure modes of the 4 mm thick specimens P1 (909, P2 (100, P3 (1209,

P4 (1409 P5 (1609 and P6 (1709

3. Numerical investigation
3.1. Numerical model

The commercial finite element analysis (FEA) programme ABAQUS [14]
was used to simulate the columns with different cold-formed angles under
axial compression load. It should be emphasised that the thicknesses of the 4
mm and 6 mm specimens are approximately 0.67% and 1% of their lengths,
respectively. In ABAQUS, there are several types of shell elements available
[15]. Shell elements S4R (shell elements with four nodes, quadrilateral,
reduced numerical integration and a large-strain formulation) were used in this
study. Fig. 7 shows a typical FE mesh used for the numerical models. The
sizes of shell elements on each side of the columns were approximately 2 mm.
The curves at the corner parts were seeded with 8 elements.

Fig. 7 Typical mesh of the numerical models
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Fig. 8 shows the typical boundary conditions used for the numerical
models. Numerical models with pined and fixed supports were performed and
compared with test results. FEA results from the numerical model with fixed
support had good match with test results in terms of load-displacement curve,
ultimate load and failure mode. Therefore, numerical models with fixed
support were used in this study. A clamped support (all translations and
rotations were restrained) was applied at the bottom and at the top, and all
degrees of freedom were fixed except the displacement in the direction of the

applied load.

< U1=U3=0
UR1=UR2=UR3=0

oL

U1=U2=U3=0
<«—— UR1=UR2=UR3=0 ST T

Fig. 8 Typical boundary conditions used for the numerical models

In EN 1993-1-3 [3], influence of cold forming is considered with
assumption of increasing yield stress of whole cross sections (corner part and
flat part as well) by an average yield stress. In this study, the cold-formed
angle specimens were produced by press braking method. In this method,
plastic deformation appears in corners of the specimens. It leads to increasing
material strength in comparison with original material. An experimental
programme using tensile coupon tests was carried out to investigate the
mechanical properties of the high strength steel material S650 at the corner
and flat parts. In this study, material strengths in corner part and flat part are
considered separately.

Key parameters such as yield stress (o, ), tensile stress (o, ), and yield
strain (&, ) and tensile strain (&, ) of the material at the corner and flat parts
are shown in Tables 5, 6 and 7. The following nomenclature was adopted for
the specimens: Angle of coupon specimen {C1(90, C2(100), C3(1209,
C4(1409, C5(160) and F(flat)} - Thickness {4 mm and 6 mm}-Test number
in the test series {S1; S2; S3}. In some cases, the failure sections occurred
outside the gauge lengths and, hence, those values (C5-4, C4-6, C1-4-S2,
C4-4-S1 and C5-6-S1) were not recorded.

Table 5
Key material properties determined from tensile tests of flat coupon
specimens

U'y Ey O—u Su
Specimen Angle

(N/mm3% (%) (N/mmz (%)
F-4-S1 180° 762 0.60 802 10.6
F-4-S2 180° 763 0.60 807 8.6
F-4-S3 180° 762 0.60 806 8.5
F-6-S1 180° 801 0.40 845 5.7
F-6-S2 180° 793 0.40 843 6.0
F-6-S3 180° 791 0.40 843 59
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Table 6
Key material properties determined from tensile tests of 4 mm thick coupon
specimens

oy &y o, &

Specimen Angle
(N/mm¥ (%) (N/mm¥F (%)

C1-4-S1 90° 889 0.62 929 1.18
C1-4-S2 90° - - - -
C1-4-S3 90° 925 0.64 951 1.24
C2-4-S1 100° 932 0.64 948 1.02
C2-4-S2 100° 927 0.64 948 112
C2-4-S3 100° 914 0.64 944 1.16
C3-4-S1 120° 837 0.60 895 1.25
C3-4-S2 120° 865 0.61 917 1.17
C3-4-S3 120° 859 0.61 898 1.15
C4-4-S1 140° - - - -
C4-4-S2 140° 839 0.60 876 151
C4-4-S3 140° 831 0.60 859 1.07

Table 7

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

oy &y o, &
Specimen Angle

(N/mmz (%) (N/mmz (%)
C1-6-S1 90° 782 0.57 896 1.50
C1-6-S2 90° 830 0.60 923 1.46
C1-6-S3 90° 874 0.62 896 1.22
C2-6-S1 100° 843 0.60 898 1.37
C2-6-S2 100° 861 0.61 893 131
C2-6-S3 100° 853 0.61 890 1.37
C3-6-S1 120° 878 0.62 916 1.33
C3-6-S2 120° 883 0.62 917 1.32
C3-6-S3 120° 845 0.60 905 1.69
C5-6-S1 160° - - - R
C5-6-S2 160° 778 0.57 867 1.67
C5-6-S3 160° 826 0.59 881 1.34

Multi-linear constitutive model was used to model the material properties,
Fig. 9. In the commercial finite element analysis (FEA) programme ABAQUS,
the engineering stress-strain relationships need to be converted into the form
of true stress and true plastic strains using Eq. (1) and (2) [15]:

O_lrue = eng (1+ geng) (1)

O,
Etrue,p = In(l+ Eeng ) - Eue (2)

where: o, Is true stress, o, is engineering stress, &,
and &, is engineering strain.

Residual stress in cold-formed steel plain angle columns was studied by E.
Ellobody and B. Young [6]. The authors specified that ultimate load and
shortening of the columns with and without residual stress are almost identical.
Therefore, residual stress was not considered in this study.

is true plastic strain,

rue, p
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Fig. 9 Material model

3.2. Initial geometric imperfections

Initial geometric imperfections significantly affect the resistance of the
specimens. Therefore, the geometric imperfections of the specimens were
determined before testing. There are several methods to determine initial
geometric imperfections of specimens. B. W. Schafer et al. [16] used a milling
machine, a direct current differential transformer (DCDT) and a computer to
measure the initial geometric imperfections of eleven specimens. This method
was also used to determine the geometric imperfections of S460NH and
S690QH specimens by J. Wang et al. [17]. A theodolite with micrometer
plates was used to measure the geometric imperfections at the tips of the legs
and at the corners of thirty cold-formed angles [4]. B. Young used two
theodolites to obtain the geometric imperfections at the mid-length and near
both ends of nineteen cold-formed steel plain angle columns [5]. E. Ellobody
and B. Young used a coordinate measuring machine to measure the geometric
imperfections at the middle and quarter length of their specimens [6]. Tran et
al. used a 3D laser scanning method to measure the geometric imperfections
of thirty-two cold-formed circular and polygonal specimens with and without
openings [18]. In this study, the 3D laser scanning method was also used to
measure the initial geometric imperfections of the thirty-six cold-formed
angles. Fig. 10 shows the initial geometric imperfections of the P4-4-S2
specimen.

0.6

N -0.8
-1.0
Fig. 10 Initial geometric imperfections of the P4-4-S2 specimen

In order to determine geometric imperfections of the specimens,
approximately 4100 points on the surface of each specimen were considered.
The biggest geometric imperfection amplitudes of the specimens at the sides
(& ) and at the middle (¢, ) of angles are given in Tables 8 and 9. Direction of
e, and e are perpendicular to side surface and vertical direction of
specimen respectively.
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Table 8
Initial geometric imperfections of the 4 mm thick specimens

Thickness Length Max imperfection amplitude

Specimen Angle

(mm) (mm) € (mm) e (mm)

P1-4-S1 90° 3.96 593 0.76 0.64
P1-4-S2 90° 4.02 594 0.90 0.61
P1-4-S3 90° 4.02 593 0.60 0.50
P2-4-S1 100° 3.97 590 0.67 0.58
P2-4-S2 100° 4.01 593 0.93 0.70
P2-4-S3 100° 3.94 593 0.96 0.76
P3-4-S1 120° 4.04 591 0.60 0.53
P3-4-S2 120° 4.03 590 0.71 0.71
P3-4-S3 120° 4.02 591 0.70 0.63
P4-4-S1 140° 3.98 593 0.80 0.80
P4-4-S2 140° 4.01 592 0.72 0.72
P4-4-S3 140° 4.02 589 0.71 0.69
P5-4-S1 160° 3.95 591 0.80 0.79
P5-4-S2 160° 4.02 593 0.81 0.78
P5-4-S3 160° 4.04 594 0.90 0.88
P6-4-S1 170° 4.04 592 0.70 0.67
P6-4-S2 170° 3.98 590 0.59 0.51
P6-4-S3 170° 3.96 591 0.74 0.65

Mean 0.76 0.67
Standard deviation 0.11 0.11

Table 9
Initial geometric imperfections of the 6 mm thick specimens

Thickness Length Max imperfection amplitude

Specimen Angle

(mm) (mm) €, (mm) e (mm)

P1-6-S1 90° 6.01 591 1.04 0.94
P1-6-S2 90° 6.03 593 111 0.80
P1-6-S3 90< 6.01 594 1.04 0.72
P2-6-S1 100° 5.96 589 1.17 0.83
P2-6-S2 100° 6.01 591 1.25 0.82
P2-6-S3 100° 6.01 592 0.62 0.87
P3-6-S1 120° 6.03 591 0.90 0.69
P3-6-S2 120° 5.92 590 1.01 0.65
P3-6-S3 120° 5.96 590 0.89 0.62
P4-6-S1 140° 6.00 591 0.75 0.73
P4-6-S2 140° 5.96 589 0.94 0.71
P4-6-S3 140° 5.92 593 0.70 0.82
P5-6-S1 160° 6.01 590 0.61 0.74
P5-6-S2 160° 5.95 592 0.78 0.84
P5-6-S3 160° 5.93 594 0.71 0.51
P6-6-S1 170° 6.05 590 0.72 0.65
P6-6-S2 170° 6.03 590 1.14 0.60
P6-6-S3 170° 5.94 591 1.04 0.91

Mean 0.91 0.75
Standard deviation 0.20 0.12

According to EN 1993-1-5 [19], in relation to local buckling of a panel or
subpanel with a short span a or b, the magnitude of the equivalent geometric
imperfections is the lower value of a/200 and b/200. In respect of flexural
buckling, according to EN 1993-1-1 [20], the magnitudes of initial
imperfections for elastic analysis and plastic analysis are L/200 and L/150
respectively (buckling curve c). The magnitudes of initial geometric

247

imperfections have been described in several papers. The average geometric
imperfections of 30 cold-formed angles at the tips of the legs and at the
corners were L/1305 and L/2310, respectively [4]. The authors also specified
that the geometric imperfections at the tips were much higher than at the
corners. F. Yang et al. used L/750 at the middle of cold-formed angles for the
initial overall geometric imperfection [7]. E. Mesacasa Jr et al. used geometric
imperfection amplitude L/1000 at middle height of thin-walled equal-leg
angle columns in FEA for flexural-torsional buckling and flexural buckling
analyses [27]. According to EN 1090-2:2008+A1:2011, the permitted
deviation A of cold-formed profiled sheets should be A<+b/50 (b is the
nominal width) [25]. It should be emphasised that the width of the equal-leg
angle (h) of the specimens was 60 mm. Therefore, the maximum imperfection
amplitudes of our specimens were within the recommendation according to
EN 1090-2:2008+A1:2011.

In attempt to determine geometric imperfections for cold-formed angle
specimens, collected data on geometric imperfections of thirty-six specimens
were performed. Fig. 11 shows the ratios between the maximum geometric
imperfection magnitude at the sides of the angles and the thicknesses of the
specimens, as a percentage. Fig. 12 shows the ratios between the lengths and
the maximum geometric imperfection magnitude at the middle of the
specimens. Average values of the ratios are determined and also presented in
Figs 11 and 12. The magnitude of initial geometric imperfections for local and
torsional/torsional-flexural buckling and flexural buckling analyses of
cold-formed angle specimens are proposed as 17% t and L/855 respectively,
where L and t are the length and thickness of the specimen, respectively. It
emphasized that the specimens in this study were provided by Ruukki
Company in Finland.
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3.3. Influence of yield strength on the FEA

Proof stress significantly affects the resistance of finite element analysis
(FEA) models [21]. According to EN 1993-1-6, if the behaviour between stress
and strain is nonlinear, the yield strength should be taken as 0.2% proof stress
[22]. However, N.S. Ottosen and M. Ristinmaa specified that offset strains used
in most scientific experimental investigations are much smaller than 0.2% [23].
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D. Rees recommended that offset strains are in the range from 0.001% to 0.01%
[24]. In this study, 0.2%, 0.01% and 0.006% proof stresses were used to
investigate the influence of proof stress on the resistance of the FEA models.
The specimens studied had different thicknesses (4 mm and 6 mm) and
different cold-formed angles (90< 100< 120< and 140°). Resistance values
from the FEA were compared to corresponding results from the experiments,
see Table 10. Mean values and standard deviation values are also shown in this

Table 10
Initial geometric imperfections of the 6 mm thick specimens
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table. Mean values of resistance ratios between experimental and FEA results
with 0.2%, 0.01%, and 0.006% proof stresses were 0.91, 0.99, and 1.06,
respectively. The difference in average between the experimental and FEA
results with 0.01% proof stress was just 1%. Therefore, 0.01% proof stress was
used in this study.

Ultimate load (kN)

Specimen Angle Experiment FEA
Ptest P0.2 P0.01 P0.006 Ptest/P0.2 Ptest/P0.01 Ptest/P0.006
P1-4-S1 90° 195 211 196 191 0.93 1.00 1.02
P1-6-S3 90° 445 489 423 375 0.91 1.05 1.19
P2-4-S2 100° 199 214 200 194 0.93 0.99 1.02
P2-6-S1 100° 446 498 448 411 0.89 0.99 1.08
P3-4-S2 120° 200 217 201 194 0.92 1.00 1.03
P3-6-S1 120° 450 522 467 426 0.86 0.96 1.06
P4-4-S2 140° 194 213 203 196 0.91 0.96 0.99
Mean 0.91 0.99 1.06
Standard deviation 0.02 0.03 0.06

3.4. Finite element model validation

Resistance comparisons of the specimens with different thicknesses and
different cold-formed angles between the experimental and FEA results are
presented in Table 10. It should be noted that materials of corner part and flat
part in the numerical models were modelled separately based on tensile coupon
tests. Therefore, FEA results of some cold-formed angles are not presented in
Table 11 because of lacking data from the tensile coupon tests. The mean and
standard deviation values were 1.01 and 0.04, respectively. The difference in
average between the experimental and FEA results was just 1%. The good
agreement between ultimate loads derived from the FEA and experimental

Table 11
Comparisons between experimental and FEA results

results validate the simulations. It should be noticed that different materials
were used for the different parts (flat and corner parts) and the initial geometric
imperfections of the specimens were determined using the 3D laser scanning
method described in section 3.2. Experimental and numerical
load-displacement curves for the 4 mm thick specimen with 90 °cold-formed
angle and 120 °cold-formed angle are presented in Figs 13 and 14 respectively.
They show good agreement in terms of shapes and ultimate loads. Figs 15 and
16 show the deformation and failure mode of the 4 mm thick specimen with 100
cold-formed angle, respectively. The experimental results matched those from
the FEA well.

Thickness Length Ultimate load (kN)
Specimen Angle
(mm) (mm) FEA (PFEA) Experiment (Ptest) PFEA/Ptest
P1-4-S1 90° 3.96 593 196 195 1.00
P1-4-S2 90 4.02 594 197 191 1.03
P1-4-S3 90° 4.02 593 197 195 1.01
P2-4-S1 100° 3.97 590 200 195 1.03
P2-4-S2 100° 4.01 593 200 199 1.01
P2-4-S3 100° 3.94 593 200 207 0.97
P3-4-S1 120° 4.04 591 200 203 0.99
P3-4-S2 120° 4.03 590 201 200 1.01
P3-4-S3 120° 4.02 591 201 198 1.01
P4-4-S1 140° 3.98 593 202 194 1.04
P4-4-S2 140° 4.01 592 203 194 1.04
P4-4-S3 140° 4.02 589 203 187 1.08
P1-6-S1 90° 6.01 591 423 443 0.95
P1-6-S2 90° 6.03 593 421 446 0.94
P1-6-S3 90° 6.01 594 423 445 0.95
P2-6-S1 100° 5.96 589 448 446 1.01
P2-6-S2 100° 6.01 591 445 466 0.96
P2-6-S3 100° 6.01 592 462 451 1.02
P3-6-S1 120° 6.03 591 467 450 1.04
P3-6-S2 120° 5.92 590 463 440 1.05
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P3-6-S3 120° 5.96 590
Mean

Standard deviation
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467 442 1.06
1.01
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Fig. 13 Load-displacement curves obtained from the FEA and test results for 4 mm thick
specimens with 90 <cold-formed angle
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Fig. 14 Load-displacement curves obtained from the FEA and test results for 4 mm thick
specimens with 120 <cold-formed angle

Fig. 15 Deformation of the 4 mm thick specimen with 100°cold-formed angle (FEA and
experimental results)
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Fig. 16 Failure mode of the 4 mm thick specimen with 100 <cold-formed angle
(experimental and FEA results)

4. Parametric study

Behaviour of angle columns with various lengths were numerically
investigated and presented in [26-27]. Dinis et al [26] and Mesacasa Jr. et al
[27] used the commercial finite element analysis (FEA) programmes
ABAQUS and ANSYS with shell elements for their studies respectively.
Dinis et al [26] used cross section L70x70x1.2 mm3 and Mesacasa Jr. et al [27]
used cross section L70x70x2.0 mm3 for the columns. It is worth to mention
that class of the cross-sections is 4.

The authors specified that behaviours of short-to-intermediate and
intermediate-to-long columns are flexural-torsional buckling and pure flexural
buckling, respectively and ‘transition length’ between the two buckling
behaviours. In the transition length, behaviour of the columns is coupling
between two global buckling (flexural-torsional buckling and pure flexural
buckling). Ultimate strengths of the columns significantly grow as the length
reaches the transition value [27]. It notes that transition value is the coincident
flexural-torsional and flexural critical buckling load.

In this work, the commercial finite element analysis (FEA) programmes
ABAQUS [14] used to determine critical loads of the column with various
lengths. Fig. 17 shows relationship between critical loads and column lengths
of the cross section L60x60x4 mm3. The curve presented by Mesacasa Jr. et
al in [27] is also showed in this figure. It notes that F and P in the curve from
Mesacasa Jr. et al are fixed and pined boundary conditions respectively. The
curves of the L70x70x2 mm3 columns and L60x60x4 mm3 columns with 90<
cold-formed angle show good match in term of shape and trend.
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350 L70x2.00
\ 60
300 50
=~ 2
z K < w0 P=F
x 5 30
~ 250 Q
5 20
=4 \ 10 P F
EZOO 0 — T T
= \\.\‘\‘_< e §§ g g éL (cm)
,g 150
O ——P1- L60*60%4 \\\\
100 \
50 —
0
0 500 1000 1500 2000 2500 3000 3500

Length of column L (mm)

Fig. 17 Critical load and column length curve of the 4 mm thick column with 90
cold-formed angle

After FE models validated in section 3.4, a series of FE models were
developed to investigate relationships between non-dimensional slenderness
(A) and reduction factor () curves of the columns with 90°and 120°
cold-formed angles. Cross-section dimensions of the columns were fixed with
4 mm thickness and 60 mm width of equal-leg angle. Slenderness of the
columns was determined by changing length of the columns. Material in
corner part and flat part of the columns were modelled separately based on
tensile coupon tests. Initial geometric imperfections of the columns were used
as 17% of thickness and 1/855 of length of the columns for torsional-flexural
buckling behaviour and flexural buckling behaviour respectively. Boundary
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conditions of the columns were a clamped support (all translations and
rotations were restrained) at the bottom and at the top (all degrees of freedom
fixed except the displacement in the direction of the applied load).
The reduction factor was calculated as follows:

— Nult 3)

Ny

where N, is the ultimate load determined by experiment or from FEA, and
N, is determined using the following equation:

Ny = A:orner fy,t:orner + &ff fy,flat (4)

where A .., A, are the areas of the corner part and the effective area of
the flat part, respectively, f, .. and f . are the yield strengths of the
corner part and the flat part, respectively. It should be noted that the class of
the specimens is 4. According to EN 1993-1-5 [19], a gross cross-sectional
area for a class 4 cross section is reduced to an effective area of a compression

zone. The effective area is determined by Eq. (5).

Ay =pA (5)

where p is the reduction factor for plate buckling, and A, is the gross
cross-sectional area. The reduction factor for the plate buckling is determined
as follows:

p=1 for 7,<0.748 ®)
p=22"0188 10 for 72,0748 %
p
- h/t
where: Ap=———— 8
P 284k, ©

and h is the width of the equal-leg angle, t is the thickness, k, is the
buckling factor, and

235
£= ff ©
y, flat

The non-dimensional slenderness 4 is obtained from the following
equation:

z _ I'Abomer fy,comer + Aeff fy,flat
N

(10)

cr

where N, is the elastic critical force for flexural buckling and
torsional-flexural buckling.

Fig. 18 presented relationship between the non-dimensional slenderness
and reduction factor curves of the 4 mm thick columns with 90<and 120<
cold-formed angles. The figure also shows results tested by Popovic et al [4]
and test results of the P1 and P3 columns with approximately 600 mm length.
Popovic et al [4] tested columns with L50x50x2.5 mm3 cross-section under
compression. The material properties in corner and flat part and compression
test results of the L50x50x2.5 mm3 columns presented in Tables 12 and 13
respectively. The test results agree well to the FEA results.
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L50x50x2.5 970 415 0.65
L50x50x2.5 1379 37.0 0.58
L50x50x2.5 1747 313 0.49
L50x50x2.5 2199 26.4 0.41
L50x50x2.5 2598 22.3 0.35

Characteristic comparison between the 120<and 90< cross-sections is
presented in Table 14. The torsion constant, warping constant and second
moment of area for major axis of the 120 “cross-section are 4%, 12% and 57%
higher than 90 “cross-section respectively. It is worth to note that, in this work,
slenderness of the columns was determined by changing length of the columns.
The column length decrease (non-dimensional slenderness decrease) causes
increasing effect of cross section characteristic (for the major axis) on the
flexural-torsional buckling. It leads the reduction factor of 120<cross-section
column is higher than 90< cross-section column as the non-dimensional
slenderness decreases.

Table 12
Tensile coupon test results from Popovic et al [4]
Section Material fy static fy static (M%a) ,
(MPa) (MPa) (%)
L50x50x2.5 Corner 568 618 200516 10
L50x50%2.5 Flat 396 475 208318 23
Table 13

Compression test results* from Popovic et al [4]

Section” Sample Ierlgth L Ultimate load N Reduction factor
(mm) (KN)* Niest
N

y

L50x50x2.5 550 54.0 0.85

Table 14
Characteristic comparison between 90<and 120 “cross-sections
Characteristic of cross section Cross section Cross section P,
P3 (1209 P1 (909 P
1
Torsion constant (1, mm?*) 2426 2328 1.04
Warping constant ( I, mm®) 691070 618780 1.12
Second moment of area for major axis 407680 260350 1.57
(1, mm?
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Fig. 18 Non-dimensional slenderness and reduction factor curves of the 4 mm thick
columns with 90°and 120 °cold-formed angles

5. Conclusions

The resistance of the thirty-six specimens with different thicknesses (4
mm and 6 mm) and different cold-formed angles (90< 100< 120< 140< 160<
and 170<) was investigated experimentally. Numerical models were developed
and calibrated against the experimental results. Based on experimental and
FEA results, the following conclusions are suggested:

- The resistance of the specimens significantly decreases by 84% with
increasing cold-formed angles from 90<to 170<

- The initial geometric imperfections of the thirty-six specimens are
investigated using the 3D laser scanning method. Magnitudes of the initial
geometric imperfection for torsional and torsional-flexural buckling and
flexural buckling analyses are proposed 17% b and L/855 respectively.

- The influence of 0.2%, 0.01%, and 0.006% proof stresses on the
resistances in FEA are considered. The differences between experimental and
FEA results corresponding to 0.2%, 0.01% and 0.006% proof stresses are 9%,
1%, and 6% respectively.

- Relationships between non-dimensional slenderness (4 ) and reduction
factor (x ) of the 4 mm thick columns with 90<and 120 cold-formed angles
were analysed and presented.
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