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Abstract

This paper presents an experimental and finite element (FE) investigation into the local-overall buckling interaction behaviour
of axially loaded cold-formed steel (CFS) channel section columns. Current design guidelines from the American Iron and
Steel Institute (AISI) and the Australian and New Zealand Standards (AS/NZS) recommend the use of a non-dimensional
strength curve for determining the axial capacity of such CFS channel section columns. This study has reviewed the accu-
racy of the current AISI (2016), AS/NZS (2018) and Eurocode (EN 1993-1-3) design guidelines for determining the axial
capacity of CFS channel sections under local-overall buckling interaction failure. A total of 40 tests were conducted on CFS
channel sections covering stub, short, intermediate, and slender columns with varying thicknesses. A nonlinear FE model
was then developed and validated against the test results. The validated FE model was used to conduct a parametric study
comprising 70 FE models to review the accuracy of the current design guidelines in accordance with AISI (2016), AS/NZS
(2018) and Eurocode (EN 1993-1-3). It was found that the AISI (2016) and AS/NZS (2018) are conservative by 10 to 15%
on average when determining the axial capacity of pin-ended CFS channel section columns undergoing local-overall buck-
ling interaction. Eurocode (EN 1993-1-3) design rules were found to lead to considerably more conservative predictions of
column axial load capacity for CFS channels.This paper has therefore proposed modifications to the current design rules of
AISI (2016) and AS/NZS (2018). The accuracy of proposed design rules was verified using the FE analysis and test results
of CFS channel section columns undergoing local-overall buckling interaction.

Keywords Buckling interaction - Cold-formed steel - Compression member - Finite element analysis - Local-overall
buckling interaction
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List of Symbols

A Overall web length of section

A, Effective area of the section

B Overall flange width of section

C Overall lip width of section

COV Coefficient of variation

G Correction factor depending on the number of tests
E Young’s modulus of elasticity

FEA Finite element analysis

F, Mean of variation of the fabrication factor
F, Critical buckling stress

F, Yield load

i Radius of gyration

M Mean of variation of the material factor

Pgy Axial strength
Axial capacity obtained from American Iron and
Steel Institute

Prxp  Axial capacity obtained from experiments

Prga  Axial capacity obtained from finite element
analysis

P, Mean value of the tested to predicted load ratio

L., Plane buckling length

N Elastic critical force

Vi Coefficient of variation of the fabrication factor
v Coefficient of variation of the material factor

v Coefficient of variation of the tested to predicted
load ratio

\Y% Coefficient of variation of the load effect

Bo Target reliability index

0o Static 0.2% proof stress;

A Imperfection factor

A Non dimensional slenderness ratio
X Reduction factor for the relevant buckling mode
¢ Capacity reduction factor

1 Introduction

Cold-formed steel (CFS) channel sections have been consid-
ered a viable alternative to hot rolled steel channels because
of their superior strength to weight ratio and ease of fabrica-
tion. These channel sections are used widely in CFS building
components. Despite the popularity of CFS channel sections,
these remain susceptible to local, distortional, flexural, and
flexural—torsional buckling failures (Loughlan and Yidris
2014; Hancock et al. 1994; Wang et al. 2016; Zhang et al.
2007; Young and Hancock 2003).

Buckling behaviour of CFS channel sections has been
studied extensively in the last two decades, with focus on
code conservativeness. Heva et al. (2012) conducted com-
pression tests on CFS channel sections under flexural—tor-
sional buckling at both ambient and elevated temperatures
and showed that Australia-New Zealand standard (AS/NZS

4600) design guidelines were conservative when predict-
ing the axial capacity of CFS channels. On the other hand,
Kandasamy et al. (2016) provided the optimum size of lip
considering the flexural—torsional buckling interaction for
CFS channel beams under restrained boundary conditions.
Martins et al. (2015) have presented a critical review on
the non-linear behavior and design of CFS columns under
local-distortional buckling interaction. Other work in the
area includes Gunalan and Mahendran (2013), who investi-
gated the axial capacity of fixed ended CFS channel section
columns subjected to flexural—torsional buckling interaction.
This study showed how current design guidelines by the
American Iron and Steel Institute and Australia-New Zea-
land standards (AS/NZS 4600) are over-conservative. Most
recently, Ye et al. (2018) reported an experimental investiga-
tion on local-flexural interactive buckling behaviour of CFS
channel section columns. Here, a total of 36 axial compres-
sion tests on CFS channel sections of three different lengths
(1 m, 1.5 m and 2 m) and four different cross-sections were
conducted under pin-ended boundary conditions (Ye et al.
2018).

Interaction between local, distortional, and overall buck-
ling modes plays an important role in determining the sec-
tion capacities of CFS channel sections under axial com-
pression. However, very limited research is available in the
literature for understanding the effect of buckling interac-
tions on the axial capacity of CFS channels. Santos et al.
(2012) conducted experimental tests on lipped channels
undergoing local-distortional-global buckling interactions.
Their study showed that the intermediate columns are sus-
ceptible to buckling interactions (Santos et al. 2012).

The Direct Strength Method (DSM) includes the effect
of buckling interactions. However, the DSM does not
have provisions to include the shift of effective centroid
when compressive force is applied to pin-ended columns.
Young (2004, 2005, 2006) and Rhodes and Harvey (1977)
explained that the shift of effective centroid is caused by the
asymmetric redistribution of longitudinal stress due to local
buckling. This leads to an eccentricity of the applied load in
pin-ended columns.

In terms of CFS angle section columns, significant
research is available in the literature. Popovic et al. (1999)
investigated the compression capacity of CFS steel angle
section columns. In their tests, the primary failure mode for
most of the angle sections was overall buckling and flex-
ural—torsional buckling. It was concluded that the Australia-
New Zealand standard (AS/NZS 4600) design guidelines
were conservative for shorter columns but un-conservative
for slender columns (Popovic et al. 1999). Young (2004,
2005) performed experimental tests on angle section col-
umns and showed that the Australia-New Zealand standard
(AS/NZS 4600) design rules are over-conservative. Young
(2004, 2005) then proposed a new design rule for axially
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loaded fixed ended CFS plain angle section columns. This
was verified by Silvestre et al. (2012) when estimating the
member capacity of columns, with more accurate results
obtained. On the other hand, Shifferaw and Schafer (2011)
found that fixed ended plain and lipped angles exhibited
post-buckling strength. Rasmussen and Hancock (1994)
studied the flexural buckling behavior of CFS channel sec-
tion columns and showed that the Australia-New Zealand
standard (AS/NZS 4600) design guidelines are conserva-
tive for intermediate and long columns under fixed ended
condition.

There is limited research available on the axial capacity of
CFS channels undergoing local-overall buckling interaction
failure. The issue is addressed in the present paper, offering
results of 40 experiments on CFS channel sections under
axial compression. Prior to compression testing, the material
properties and initial imperfections were measured for all
test specimens. A non-linear FE model was also developed,
which showed good agreement with the experimental test
results, both in terms of failure modes and axial capacities.
The validated FE model was then used to conduct a paramet-
ric study to determine the axial capacity of CFS channels,
undergoing local-overall buckling interaction. Four different
steel grades, two different cross sections and four different
thicknesses were considered. The results obtained from the
parametric study were compared against design strengths
calculated using current guidelines AISI (2016), AS/NZS
(2018), and Eurocode (2006). Having compared FE and test
results against the design strengths calculated in accordance
with the AISI (2016) and AS/NZS (2018), improved design
rules are proposed in this study for predicting accurately the
axial capacity of CFS channel section columns undergoing
local-overall buckling interaction.

2 Current Design Guidelines

2.1 AISI (2016) Specification and AS/NZ Standard
(2018)

The axial capacities obtained from the experiments (as
described in Sect. 3) were compared against the un-factored
design strengths calculated in accordance with the AISI
(2016) and AS/NZS (2018) standards. It should be noted
that design strengths calculated from both the AISI (2016)
and AS/NZS (2018) depend on the effective area of the
cross-sections. For channel sections, the un-factored design
strength of axially loaded compression members can be cal-
culated by the Equations given next.

PAISI&AS/NZS =A[F, @))]

@ Springer

The critical buckling stress (F,) can be calculated by
using Eqgs. (2) and (3), as given next.

For, ), < 1.5 : F, = (0.658\) F, 2)

s e =

For,A, > 1.5,F, = <0'§277>Fy 3)

c

where A, is the effective area of the section, F,, is the critical
buckling stress, A, is the non-dimensional slenderness ratio.

The non-dimensional critical slenderness (A.) can be cal-
culated by using Eq. (4) as given next.

A =1/ = )

where F is the least of the applicable elastic flexural, tor-
sional, and flexural-torsional buckling stresses. Further
details regarding the current design guidelines can be found
in the AISI (2016) and AS/NZS (2018) standards.

2.2 Eurocode (EN 1993-1-3) (2006)

Design strength of axially loaded compression members
calculated using the Eurocode (Pgy) depends on the effec-
tive area of the section. According to EC3 (BSEN1993-1-3)
(2018), the axial strength (Py) is calculated as follows:

Peny = YACF, 5)

where A, is the effective area of the section. Fy is the yield
stress. x is the reduction factor for the relevant buckling
mode

1
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where L, is in plane buckling length, i is the radius of gyra-
tion for the particular axis, dependent on cross sectional
properties. A is the imperfection factor and N, is the elastic
critical force, calculated by using cross sectional properties.
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3 Experimental Investigation
3.1 Test Specimens

Figure 1 shows the details of the CFS channel sections con-
sidered in the experimental program. These are referred to
as C75 and C90. The measured specimen dimensions are
shown in Tables 1 and 2 for C75 and C90, respectively. In
Tables 1 and 2, the overall web length of sections is defined
by the notation “A”. The flange width and lip width of chan-
nel sections are defined by “B” and “C”, respectively. The
length and thickness of channel sections are defined as “L”
and “t”, respectively. The test program comprised 40 speci-
mens; 20 each for C75 and C90 channel sections, subdi-
vided into four different column heights: 300 mm, 500 mm,
1000 mm, and 2000 mm.

All columns were tested with pin-ended boundary con-
ditions, apart from the 300 mm (stub) column which was
tested as a fixed ended column. In Tables 1 and 2, the speci-
mens have been sub-divided into stub (300 mm long), short
(500 mm long), intermediate (1000 mm long) and slender
(2000 mm long) columns for C75 and C90 sections, respec-
tively. In the experimental program, five different nominal
thicknesses were considered for all four heights: 1.2 mm,
1.5 mm, 2 mm, 2.5 mm, and 3 mm.

Fig. 1 Details of cold-formed
steel channel columns investi-
gated in this study

18.16

R=15

75.73

(a) C75

3.2 Determination of Material Properties

Tensile coupon tests were carried out to determine the mate-
rial properties of the test specimens. The tensile coupons
were cut from the center of the web plate in the longitudinal
direction of the untested specimens. Five coupons were cut
from the longitudinal direction of the coupons for each of the
thicknesses for both the C75 and C90 channels. The tensile
coupons were tested according to the British Standard for
Testing and Materials for the tensile testing of metals BS
EN (2001) using 12.5 mm wide coupons of a gauge length
50 mm. The coupons were tested in an MTS displacement-
controlled testing machine using friction grips. Two strain
gauges and a calibrated extensometer of 50 mm gauge length
were used to measure the longitudinal strain. The average
stress—strain curve of the steel used in this research is shown
in Fig. 2a, b for full and initial curves, respectively. As can
be seen from Fig. 2, the Young’s modulus and yield stress
of the steel were 207 GPa and 560 N/mm?, respectively. The
average values of the material properties are also reported
in Table 3.

3.3 Specimen Labelling

The test specimens were labelled such that the cross section
of channel section, nominal length of specimen and speci-
men number were expressed by the label. Figure 3 shows an
example of the specimen labelling used in this study. The
channel sections are denoted by their web depth, i.e. 75 in
the label (Fig. 3). The column length is stated at the end of

. 4843 ,
I =1
R=15 1443
10.34
50.42
a
> >z
(b) C90

@ Springer



408-429

International Journal of Steel Structures (2021) 21(2)

412

100 - w0 - €00 -~ 100 - - - - - - - AOD
€0l - 060 - 6I't - [N - - - - - - - Ued\
[eIOAQ + 8207 €0'T 9°¢ce 060 V'8¢ S6'0 98¢ [N 8°0¢ 9ve we €81C 601 €0T L'€L  S-000TT-SLD
[[eIOAQ + 8207 [} €€C 880 0LC €60 t0C [4N! (e 8'¢C 16°C ¥81C 801 [4\4 6'€L  ¥-000CT-SLD
[[BI9AQ +[B207] 'l €91 060 P8I 960 S¢l 4! 91 991 66'1 ¥81C 801 €0C 8'¢L  €000CT-SLD
[[BI9AQ +[820] €01 8L 680 06 960 89 Il L 08 6v'1 €81 901 Toc 9'¢L  T000TT-SLD (ww (007)
[[eIOAQ + 8207 70'1 144 €60 67 S60 6°¢ (! |4 oY €Tl ¥81C  L01 €0¢ TeL  1-000CT-SLD Jopud[s
- 10°0 - 100 - €00 - w00 - - - - - - AOD
- €01 - w1l - 8I'l - [ - - - - - - BNl
[[eTOAQ + 8207 €0'T €6L 680 816 S6'0 1.9 4! 6 1L L'18 00'¢ I€IT 01 1'oc 09L  S-000IT-SLD
[[eIOAQ + 8O0 0'1 €19 060 60L Y60  L'€S 18! 8'9¢ 8'¢€9 (44 [4:10 BRI 861 8'GSL 0001 T-SLD
[[e12AQ +[B207] 0’1 L'ey ¥6'0 VLY L6'0  6'8¢ 601 01y A4 00T c€elr Lol L6l §'SL  €000IT-SLD
[[eIOAQ + 820 €0'T 6T €60 97Te 960 S'ST [N €LT £0¢ 1671 I€IT 901 861 ¥'SL T-000IT-SLD (ww ooT)
[[eIOAQ + 8207 [} 91T 760 ¥'€C 860 981 or't 00T 0CC wl €err S0l (44 €GL  T-0001T-SLD  SeIpauLIdjul
- - w00 - €00 - 100 - - - - - - - AOD
- - T - LT~ w1 - - - - - - - BNl
8207 - - 00T 8I¢l T LLTT 70'1 L'9t1 8'I¢l 10°¢ 089  S0I L'61 9¢L S-00ST-SLD
[e207] - - 10T 9°¢0l 80T 896 [} S201 901 16T 0CL9 901 L6l VvEL $-00ST-SLD
[8007] - - 0T vYL LO'T  LOL €01 LeL 6'GL 10C 00L9 €01 961 9¢L €-00ST-SLD
8207 - - 660 905 70T €8 10'T 9'6¥ 1’08 4! 0899  TOI S61 9¢L T-00ST-SLD (ww og)
[e207] - - €0'T  80F SoT  TOv w1 (84 0Ty 61l 0689  TOI gel 9¢L 1-00ST-SLD Joyg
- - wo - €00 - 10°0 - - - - - - - AOD
- - 0r - 901 - SO'T - - - - - - - BNl
8207 - - €0'T  TTSIT LOT  ¥9v1 €0'T €'CST 6961 we ¥8C 601 L'61 9€L S-00€T-SLD
[e207] - - T T8I W' Y8l SO'T (341! 9°0CI (394 (41 AN L6l L'EL -00€T-SLD
[B207] - - 10T L'T6 0I'lT  6'¢8 90°1 L8 96 0C 9LC 801 961 YL €-00€T-SLD
8207 - - 860 TI¥L SO'T €69 SO'T 1'69 9TL [ 08C <01 861 SeL T-00€T-SLD (ww og)
[e207] - - 660 TI9 90T  ¥'LS 70'1 €8¢ 909 171 ILc €01 96l L'EL 1-00€T-SLD qms
- - - (N - (N - (N (N () (ww) — (ww)  (ww)  (ww)
[(z1) ‘b Sursn]  [(z1)bg8ursn] SINISVRISIVg
mNZ\m<ﬁ_m_<&EXmm mNZ\m<~M_m_<n~ <mw_m\me_m <m_w_n~ Zm&\a_xmm Z,n_nm \mem wNZ\wesw:w:\m a_xmnm ] 8| o) q v
(z1) ba syIduans sy)Suans $)[NSaI [} 1°qer
pour aInyIe Sursn syjSuens udisop pasodoid SINSaI VA uS1sop opoooinyg uS1so(q SZN/SV pue ISy -uowradxyg ssouyoryy,  ySuog dr7  oSuerg QoM uowoadg odAp,

GLD sInsa1 1s9) euowiLadxy | djqel

pringer

Qs



413

International Journal of Steel Structures (2021) 21(2):408-429

- - 200 - €00 — 200 - - - - - - - AOD
- - €0l — [V S 10'1 - - - - - - - U
S-00S1
[e507] - - 10T ¥4l 00T G'LET €01 9'1vl 86yl 10°¢ 6L9 V11 6l 6'¢L -06D
¥-0081
[e207] - - 0T €yl SO'T 9%0I 660 8'LIT 9911 08T 189 V11 96l Q€L -06D
€-00S1
207 - - SO'T L¥8 SO'T 96L 00'T 6'88 688 0T 9L9 €11 T'6l  8'¢L -06D
0081
[e9507] - - 20’1 6'6S €0'l T¢eS 0’1 6'6S I'r9 8¥'1 189 901 €6l LeL -06D
1-00S1 (ww 00g)
[e207] - - Y01 T'LY 86’0 69% 201 08 061 611 LS9 T0I 6l 9¢L -06D Joys
- - 200 €00 — 100 - - - - - - - AOD
- - 10°1 (40 €0l - - - - - - - UBSA
S-00¢T
[e207] - - c0'T +¥'0L1 SO'T 09SI €0l L891 8'€LI €0°¢ vLT TOI 6l LYL -06D
7-00€1
[8907] - - Y01 S'8CI 660 TLTI €01 Leclt  9¢el 0T 89C TOI Lel 9L -06D
£-00¢1
[e207] - - c0'T €701 20T 6'S6 70'1 €001 €01 00'C 9LT L0l 961 8'¢L -06D
200¢1
[e207] - - 86'0 0'C8 90T ¥'1L 0’1 8'8L 708 161 18¢ T0I S6l €L -06D
1-00€1
[e207] - - 660 169 00T S9 €0l 99 ¥'89 (4! YL 901 96l I'VvL -06D (wu gpg)qms
- - - - (N - (NW - oD (ND (wu) (ww)  (ww) o (wwn) ()
[(z1) by Suwsn] [(z1)bgdusn] Vg ! SINSVRISIV g
SZNISVRISIV/dXdy  SZNISVWISIVG  dXdy VEly — dXdy o Ndg [AXdy SZNISYFISIV 4 daxdy ] 1 ) q v
sy)uans SINSaY
(zD ba u3rsap syiSuong  [ejusw ssou 1°9e[
opow ainre Jursn syiSuans uisop pasodoig snsaI v gpoocomyg  u3Isop SZN/SV pue [STV -Hodxg  -pryp wsSuey  dry o8ue] qopay uowroadg adA7,

06D :S)nsa1 3s9) [puawradxy ¢ ajqel

pringer

a's



International Journal of Steel Structures (2021) 21(2):408-429

414

- 00 - 100 — Sro - 1T0 - - - - - - - AOD
- €0'1 - or - ey - er'l - - - - - - - Bl
S
-000C1
[eI9AQ + 8007 Y0'l 6'cy 10l TSy LI'T T'6¢ el 'y LSy 00'c I8ICT 80l goc IvL -06D
14
-000C1
[[eI9AQ + 18007 00°1 6'0¢ 660 Tl¢ 8CI Tve 6C'1 Le 6'0¢ ¢s’c 08I LOI  T0T 9L -06D
€
-000C1
[[eI2AQ + 8207 (! gce €0'l TTC YT ¥'81 (4! 6’6l 6'CC «c SLIc LOI 60T SSL -06D
4
-000C1
[[e12A0 €01 L 'l TL 860 S'L 60 9L VL IS’T 0LIc 601 80T ¥SL -06D
I
-000T1 (ww 0007)
[[BI9AQ Y0'l I'v Wl Ty 960 SV 88°0 9Y £y 1 8LIT 801 90T TCL -06D I9pu9IS
- 100 - w0 - Y00 — 00 - - - - - - - AOD
- €0'1 - 10T — ocr - 9Tl - - - - - - - ey
S
-00011
[[eTOAQ + T80T €0'1 ¥'L8 860 8’16 €'l €6L 171 618 0°06 10 vvIl ¥0I 1'0c  ¢€9L -06D
¥
-000171
[[eI2AQ + 8507 (40! 6'9L 'l 69L 0Tl ¢°¢9 9Tl 8'69 V8L ¢S’ LEIl TOI L'0T 89L -06D
€
-00011
[[eTOAQ + T80 So'1 59 10T ¢°€S STl T'ey (4! oLy 0vs T etll  S0I €0C V9L -06D
4
-000171
[[eI2AQ + 18907 €0l se €01 Tse Tl 8'6C L1 £Ce £9¢ ST Tpll S0l T0C TIL -06D
I
-00011 (ww go0T1)
[[eTOAQ + T80 Y0'1 L'ST €01 66T 'l 6°1C €1 0ve L'9¢ ocr oyl 90l  ¥0C ¢€9L -060  @leIpaulau]
- - - - (N - (N - (D (N (ww) (ww) (wwn) o (ww) ()
[(z1) ‘b Sutsn] [(zybgsSuisn] Vg ! SENISVRISIVG
SINISVRISIV/dXHy  SZNISVWISIVG  dXdy VEdly — dXdy o Ndg [AXdy  SZNISYFISIV 4 daxdy ] 1 ) q v
sy)uans SINsay
(zD ba ugisop syiduang  [ejudwWw ssou 1°9e]
gpow ainre Jursn syiSuans uisop pasodoig snsaI Vo gpoocomyg  u3Isop SZN/SV pue [STV -Hodxg  -oryp wsSuey  dry o8ue{ qopay uswroadg adA7,

(ponunuoo) zsjqey

pringer

Qs



International Journal of Steel Structures (2021) 21(2):408-429

415

800

700

600

500

400

Stress (MPa)

300

200

100

0 5 10 15 20 25
Strain (%)

(a) Full curve

800

700

600

500

400

Stress (MPa)

300

200

100

0

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Strain (%)

(b) Initial curve

Fig.2 Average stress—strain curves of CFS used in this research
(average of C75 and C90 sections)

Table 3 Material properties obtained from the tensile coupon tests

Section Gauge Gauge Ultimate  Yield Young’s
length width stress stress modulus
L, b o, Gon E
(mm) (mm) (MPA) (MPA) (GPA)
Average 50 12.5 690 560 207
values
from
C75 and
Cc90
sections

Channel section with

web depth 90 mm —l l— Specimen Length 1000 mm

C90-L1000 -1 <« Specimen-1

Fig.3 Specimen labelling

the label as ‘L. The number “1” at the end of the label refers
to the specimen number.

3.4 Test-Rig and Testing Procedure

Figure 4 shows a photograph of the test set-up for stub
(300 mm long) and intermediate (1000 mm long) columns.
In order to record the axial load, the external load cell was
positioned at the base of the columns. Two Linear Variable
Displacement Transducers (LVDTs) were positioned at the
web and a third LVDT was positioned at the top. LVDT posi-
tions are numbered as 1, 2 and 3, as shown in Fig. 4a for stub
columns and 1, 2, 3,4 5 and 6 for intermediate column tests
(Fig. 4b). The axial load was applied to the specimens via a
600 kN capacity GOTECH, GT-7001-LC60 Universal Test-
ing Machine (UTM). The machine was displacement con-
trolled and the loading rate was kept below 25 kg/cm?/s for
all test specimens. The columns were centered and aligned
so that the load could be applied through the centroid of the
sections.

3.5 Measurement of Initial Imperfections

Figure 5a shows the set-up used to measure initial geomet-
ric imperfections for all test specimens. The test specimens
were placed on a level surface with one end fixed using a
G-clamp. A level was used to ensure surface integrity. A
LVDT with an accuracy of 0.01 mm was used to record the
readings at 20 mm along the length of the sections at the
center of the web, flanges, and edge of the lips. Gridlines
with 20 mm spacings were drawn on the outer surface of
every test specimen to guide the movement of the LVDT
along a straight line. The locations of LVDTs are shown in
Fig. 5b. A typical plot of the measured initial imperfections
versus the channel column length is shown in Fig. 5c for
C75-L300-1. In Fig. 5d, another plot of initial imperfections
versus the length is shown for C75-L2000-1. The highest
imperfections of the investigation samples were 0.21 mm
for a 300 mm long column, 0.24 mm for a 500 mm long
column, 0.42 mm for a 1000 mm long column and 0.60 mm
for a 2000 mm long column.

3.6 Experimental Results

The dimensions of test specimens and the experimental fail-
ure loads (Pgxp) are shown in Tables 1 and 2 for C75 and
C90, respectively. Tables 1 and 2 also shows the axial capacity
of channel sections calculated in accordance with the AISI
(2016), AS/NZS (2018) and Eurocode (2006). The non-dimen-
sional slenderness of the CFS channel sections were calculated
and shown in Tables 1 and 2 for C75 and C90, respectively.
As can be seen from Tables 1 and 2, the AISI (2016) and
AS/NZS (2018) standards are conservative by around 10%
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Fig.4 Photograph of a test
set-up

(a) Stub tests

(b) Intermediate column tests
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Fig.5 Details of imperfection
measurements

(a) Imperfection measurements setup
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Fig.5 (continued)
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for columns which failed in local-overall buckling interaction.
In contrast, Eurocode (2006) design rules lead to consider-
ably more conservative predictions of the column axial load
capacity of CFS channels. In almost all cases, the Eurocode
(2006) predictions were lower than the actual strength values
obtained from the experimental tests of CFS channels failed
in local-overall buckling interactions (the average ratios of test
results to predicted values were 1.20 and 1.15, for C75 and
C90 columns).

Different failure modes were observed as the length of
channel sections varied. Almost all stub and short columns of
C75 and C90 channels failed by local buckling. Local-overall
buckling interaction was observed for all slender columns
except C90-L2000-1 and C90-L2000-2, which were failed
only by overall buckling. For most of the slender columns,
overall buckling was observed with a large curved deforma-
tion at the mid-height. However, after the ultimate load was
reached, localized deformation was visible near the mid-height
of the compression side of the test specimens.

4 Numercial Study
4.1 General

The FE program ABAQUS (2018) was used to develop a
numerical model in order to evaluate the axial capacities of
CFS channel columns. The FE model was analyzed via two
steps. The first analysis step was to conduct a linear pertur-
bation analysis (Eigen-value analysis) to obtain the buckling
modes (Eigen-modes). The second analysis step was to per-
form a load—displacement analysis to obtain the axial capaci-
ties, using the “general-static” method.

4.2 Geometry and Material Properties

The full geometry of the CFS channel sections was mod-
elled. The material non-linearity was incorporated in the FE
model by specifying the ‘true’ values of stresses and strains.
The ABAQUS (2018) classical metal plasticity model was
adopted for the purposes both of validation and for the para-
metric study (described in Sect. 5 of this paper). In order to
define the isotropic yielding and plastic hardening of the steel,
the von Mises yield surface was used in the classical metal
plasticity model. The material properties were taken from the
results of the tensile coupon tests (described in Sect. 3.2 of this
paper) and included in the FE models. As per the ABAQUS
manual (2018), the engineering material curve was converted
into a true material curve by using the following Equations:

Otrue = o(l +¢) (10)

true

(¢
E:true(p]) = 11’1(1 + 8) - T (11)

where E is the Young’s modulus, 6, is the true stress, o,
is the tensile ultimate strength, and o and € are the engineer-
ing stress and strain, respectively in ABAQUS (2018). The
modulus of elasticity was taken as 207 GPa, and the elas-
tic Poisson’s ratio, v, was assumed as 0.30. Plastic material
properties of the CFS channels, used in the FE model are
shown in Table 4.

4.3 Element Type and Finite Element Meshing

The channel sections were modelled using the linear 4-noded
quadrilateral thick shell elements (S4RS5). To choose the
optimum size of the FE meshing, a mesh sensitivity study
was completed. The mesh sensitivity analysis revealed that
a mesh size of 5X5 mm is suitable, given consideration
to both computation time and accuracy of the numerical
results. Figure 6a shows a typical FE mesh for C75-L500-2.

4.4 Boundary Conditions and Load Application

The CFS channel section columns investigated in this study
were pin-ended, other than the stub which was fixed—fixed.
To simulate the upper and lower pin-ended supports, the
displacements and rotations (boundary conditions) were
assigned to the upper and lower ends of the CFS channel
sections through reference points. The load was applied
to the center of gravity (CG) of the cross-section with the
help of reference points, as shown in Fig. 6b. The distance
between two reference points were equal to the effective
length of the CFS channel section columns between the
two hinged supports. The displacement control was used to
load the channels, following the general-static (*STATIC)
method. The non-linear geometric parameters (*NLGEOM)
were activated in the FE model to consider large displace-
ments in the simulation.

4.5 Imperfection Modeling

Initial geometric imperfections were included in the FE
model by conducting elastic buckling analysis to determine

Table 4 Plastic material
properties used in the FE model

Yield stress Plastic strain

(MPa) -
560.00 0.0000
570.00 1.3446
580.00 1.4731
590.00 1.7351
600.00 2.8572
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(a) Typical finite element mesh at failure (C75-L500-2)

U1=U2=U3=UR2=UR3=0

Loading reference point:
U1=U3=UR2=UR3=0

(b) Applied boundary conditions (C75-L500-2)
(U1, U2 and U3 are the displacements along X, Y, and Z directions)

Fig.6 Details of the finite element model developed for CES channel column

the contours of such imperfect geometries. The scaled
estimations of the general imperfections, as specified in
Sect. 3.5 of this paper, were incorporated in the FE model.
Moreover, the local imperfections having a magnitude of
0.5% of the channel thickness was used based on the rec-
ommendations of Ellobody and Young (2005). The same
magnitude of local imperfections was also used by Roy et al.
(2018) for modeling back-to-back built-up CFS channel
section columns under axial compression. The application
of eigenvalue analysis enabled the achievement of overall
and local buckling failure modes, as shown in Fig. 6¢ for
C75L500-2.

4.6 Validation of the FE Model

The load—displacement behaviour obtained from the FE
model are compared against the experimental failure load,
as shown in Fig. 7a, b for specimens C75- L500-2 and C90-
L500-2, respectively. Figure 8 shows the failure modes of
stub, short, intermediate, and slender columns from both

@ Springer

the FE model and experiments. Tables 1 and 2 compare the
experimental failure loads to the failure loads determined
from the FE analysis for C75 and C90, respectively. As can
be seen, the experimental and FE results show good agree-
ment, both in terms of ultimate strength and failure modes.

5 Parametric Study
5.1 General

A parametric study, comprising 70 FE models, was con-
ducted using the validated FE model. Both cross sections,
i.e. C75 and C90, were considered in the parametric study
(Fig. 1). The length of CFS channel sections was varied from
100 to 3000 mm (Tables 5, 6). Four different grades of steel
were considered in the parametric study, i.e. G250, G450,
G500, and G550. Also, four different thicknesses were con-
sidered: 0.95 mm, 1.20 mm, 2.20 mm and 2.40 mm.
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U—Displacement

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

(i) Local buckling
(c) Initial imperfection contours (Eigenmode 1) for C75L500-2

Fig.6 (continued)

5.2 Parametric Study Results

In Tables 5 and 6, the FE strengths of the CFS channel sec-
tions obtained from the parametric study are shown. For
comparison, the design strengths calculated in accordance

] [
LT

U—Displacement

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

(i1) Overall buckling

with the current AIST (2016) and AS/NZS (2018) are shown
in Tables 5 and 6 for C75 and C90, respectively. As can be
seen from both the Tables 5 and 6, the AISI (2016) and
AS/NZS (2018) underestimates the axial capacity of CFS
channel section columns by 10% on average for all channels
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Fig.7 Comparison of experimental failure load against the FEA
results

which failed by local-overall buckling interaction. The
comparison of experimental strengths against the design
strengths calculated in accordance with the AISI (2016)
and AS/NZS (2018) standards are also shown in Fig. 9a,
b for C75 and C90, respectively. Tables 5 and 6 also show
the comparison of FE strengths against the design strengths
calculated from Eurocode (2006), which reveals that the
Eurocode (2006) design strengths are considerably more
conservative for determining the axial capacity of lipped
channels failed in local-overall buckling interaction. The
non-dimensional slenderness (A.) values reported in Tables 5
and 6 were calculated from Egs. (2)—(4), found in current
design codes, i.e. AISI (2016) and AS/NZS (2018) for CFS
channel section columns.

6 Proposed Design Rules

There are mainly two regions in the design curve of AISI
(2016) and AS/NZS (2018). The first region is for stub col-
umns (where the non-dimensional slenderness (A,) <1.5).
The second region is for slender columns (where the non-
dimensional slenderness (A,)>1.5). These are defined by
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Egs. (2) and (3), respectively, as given in this paper. Tables 1
and 2 compare the experimental and FEA results with exist-
ing design equations for C75 and C90 columns, respectively.
As can be seen from Tables 1 and 2, the AISI (2016) and AS/
NZS (2018) is conservative by 10% on average for interme-
diate and slender columns which failed through local-overall
buckling interaction. This highlights the need for improved
design rules. The present paper proposes Eq. (12) for calcu-
lating the value of F, when the non-dimensional slenderness
(A.) is greater than 1.5. This is because the intermediate
and slender columns are mainly susceptible to local-overall
buckling interaction. For stub and short columns, the non-
dimensional slenderness (2,) is less than or equal to 1.5, and
the failure modes are mainly local or distortional buckling.
Therefore, it is recommended to use the same equation of F,,
as given in the AISI (2016) and AS/NZS (2018) [Eq. (2)],
when the non-dimensional slenderness (A,) is less than or
equal to 1.5.

0.94
For, A, > 1.5, F, = <W>Fy (12)
C

As shown in Tables 1 and 2, the comparison of axial
capacities from FEA and design strengths is calculated using
Eq. (12) for C75 and C90, respectively. As can be seen from
Tables 1 and 2, where design Eq. (12) was used, the design
strengths are very close to the FE strengths.

7 Capacity Reduction Factor

The AISI standard (2016) recommends a statistical model
to determine the capacity reduction factors. This model
accounts for the variations in material, fabrication, and the
loading effects. The capacity reduction factor ¢ is given by
the following Equation:

¢ = 1.52M_F, P_e PV VatVitGVi+V (13)

where M, and V  are the mean and coefficient of varia-
tion of the material factor 1.1, 0.1; F,, and V{f are the mean
and coefficient of variation of the fabrication factor 1, 0.05;
Vq is the coefficient of variation of load effect 0.21; pO is
the target reliability index 2.5; C, is the correction factor
depending on the number of tests; P, is the mean value of
the tested to predicted load ratio; and Vp is the coefficient
of variation of the tested to predicted load ratio. Vp and Pm
values must be determined from experiments or analyses. In
this investigation, ultimate loads obtained from FEA were
considered. Hence Vp and Pm are the mean and coefficient
of variation of the ratio of ultimate loads from FEA and
design standards. The substitution of all the above values
leads to the following Equation.
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Fig.8 CFS channels at failure
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(a) Stub column (C75L300-1)
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Fig.8 (continued)

(1) Experimental

¢ = 1.615Pme—2~5\/(m »

Equation (14) was used to determine the capacity reduc-
tion factors for the values obtained from the current AISI
(2016) and AS/NZS (2018) and the proposed design rules.
The AS/NZS (2018) recommends a capacity reduction factor
of 0.85 for compression members. Tables 1 and 2 compare
the test and FEA results with design strengths calculated
from the existing design equations of AISI (2016) and AS/
NZS (2018) and the proposed design equation [Eq. (7)].
The capacity reduction factor according to the current AISI
(2016) and AS/NZS (2018), using Eq. (3) is 0.92, for CFS
channel section columns undergoing local-overall buckling
interaction. This slightly higher value of capacity reduction
factor emphasizes the need of improved design rules. The
capacity reduction factor is 0.86 when following proposed

@ Springer
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(i) FEA (iii) Close-up
(¢) Intermediate column (C75L1000-1)

design Eq. (12). Therefore, Eq. (7) is recommended instead
of Eq. (3), for determining F,, and calculating the axial
capacity of CFS channel section columns undergoing local-
overall buckling interaction.

8 Conclusions

This paper presents an experimental and finite element (FE)
investigation to determine the axial capacity of CFS channel
section columns subjected to local-overall buckling interac-
tion. In total, 40 experimental tests on CFS channel sec-
tion columns subjected to axial load were conducted and
reported in this paper. Prior to the compression tests, initial
imperfections were measured for all test specimens. The
failure modes and deformed shapes of CFS channel section
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Table 5 Comparison of axial capacities obtained from the FEA, AISI (2016), AS/NZS (2018) and Eurocode (2006): C75

Specimen Section Slenderness (A\c)  Failure Mode(s)  Pgy Prisieasnzs Prea Puisieasnzs/  Pen/Prea
Prpa
- - - (kN)  (kN) (Kn) - -
G550%0.95x75%x 100 75x20%x10  0.24 L 45.6 51.2 517 0.99 0.88
G550%0.95%x75 %300 75x20%x10  0.52 L 41.5 46.1 48.0 0.96 0.86
G550%0.95x75%x550 75x20x10  1.02 L 38.1 38.6 41.1  0.94 0.93
G550%x0.95x75%x1100  75x20x10  2.01 L+0O 13.8 17.2 15.8  1.09 0.87
G550%x0.95x75%x1500  75x20%x10  2.68 L+0O 10.0 9.7 10.9  0.89 0.92
G550%x0.95x75%2000 75x20x10  3.12 L+0O 2.3 2.3 2.6 090 0.89
G550%x0.95x75%x3000  75x20x10  4.21 L+0O 1.7 1.6 1.8 0.90 0.94
G250%0.95x75%x 100 75%20%x10  0.18 L 324 35.2 349  1.01 0.93
G250%0.95x75 %300 75%x20%x10  0.38 L 29.2 324 31.8  1.02 0.92
G250%0.95x75%x550 75x20%x10  0.74 L 26.4 29.6 302 0.98 0.87
G250%x0.95x75%x1100  75x20x10  1.47 L+0O 17.3 16.8 183  0.92 0.95
G250%x0.95x75%x1500  75x20x10  1.96 L+0O 9.0 9.4 103 091 0.87
G250%x0.95x75%x2000 75x20x10  2.28 L+0O 2.1 22 24 090 0.86
G250%x0.95x75%x3000 75x20x10  3.07 O 1.5 1.5 1.7 089 0.89
G500%1.20x75x 100 75%20%x10  0.22 L 61.3 72.3 702 1.03 0.87
G500%1.20x75 %300 75%20%x10  0.48 L 54.7 63.2 62.0 1.02 0.88
G500%1.20x75 %550 75%20%x10  0.95 L 38.1 432 415 1.04 0.92
G500x1.20x75x1100  75x20x10  1.85 L+0O 21.3 20.1 225 0.89 0.95
G500x1.20x75x1500  75x20x10  2.41 L+0O 12.8 13.6 150 091 0.86
G500x1.20x75x2000 75%x20x10  2.76 L+0O 4.1 4.1 45 092 0.90
G500x1.20x75x3000 75x20x10  3.68 L+0O 33 32 3.6  0.89 0.93
G250%x2.40x75x100 75x20x10  0.12 L 84.8 89.8 88.9 1.01 0.95
G250%x2.40x75x300 75x20x10  0.32 L 67.6 78.9 76.6  1.03 0.88
G250%x2.40x75x550 75x20x10  0.65 L 472 55.8 552  1.01 0.86
G250%x2.40x75x1100  75x20x10  1.20 L+0O 36.5 355 39.8  0.89 0.92
G250%x2.40x75x1500  75x20x10  1.44 L+0O 29.1 29.7 327 091 0.89
G250%x2.40x75x2000 75%x20x10  1.59 O 9.2 9.7 10.8  0.90 0.86
G250x2.40x75x3000 75x20x10 2.26 L+0O 6.5 6.7 75 0.89 0.86
G450%x2.20x75x 100 75x20x10  0.19 L 116.5 108.7 113.0  0.96 0.96
G450%x2.20x75x300 75x20x10 045 L 95.7 94.0 949 0.99 0.95
G450%x2.20x75x550 75x20x10  0.89 L 63.8 61.7 65.4 0.94 0.94
G450%x2.20x75x 1100  75x20x10  1.62 L+0O 222 24.7 274 0.90 0.86
G450%x2.20x75x1500  75x20x10  1.95 L+0O 18.9 19.4 213 091 0.89
G450%x2.20x75x2000 75x20x10  2.13 O 55 6.1 6.6 093 0.86
G450%x2.20x75%x3000  75x20x10  3.01 O 4.0 43 47 092 0.87

*Local=L, Overall=0

columns undergoing local-overall buckling interaction were
discussed.

An elasto-plastic FE model was developed to include
material non-linearity and geometric imperfections. The
von Mises yield surface was defined in the classical metal
plasticity model, which was adopted to incorporate iso-
tropic yielding and plastic hardening of the steel. The FE
model was validated against the test results. The validated
FE model was then used to conduct an extensive paramet-
ric study (comprising 70 models) considering four different
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steel grades and thicknesses, as well as two different cross-
sections of CFS channels.

This study has also reviewed the accuracy of the cur-
rent AISI (2016), AS/NZS (2018) and Eurocode (EN
1993-1-3) design guidelines for determining the axial
capacity of CFS channel sections undergoing local-over-
all buckling interaction failure. The FE and experimental
results were compared against the design strengths cal-
culated in accordance with the AISI (2016) and AS/NZS
(2018) and Eurocode (EN 1993-1-3). It was found that the
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Table 6 Comparison of axial capacities obtained from the FEA, AISI (2016), AS/NZS (2018) and Eurocode (2006): C90

Specimen Section Slenderness (A,)  Failure Mode(s)  Pgy Pusieasnzs Prea Pasieasinzs/  Pen/Prea
Prpa
- - - (kN)  (kN) &Ny - -
G550%x0.95x90%x 1500  90x50x15  2.41 L+0O 11.0 114 127 0.90 0.86
G550%x0.95x90%x 1800  90x50x15  2.74 L+0O 5.2 5.3 59 0.90 0.87
G550%x0.95x90%x2500  90x50x15  3.31 L+0O 3.9 4.1 46 089 0.86
G550%0.95x90%x3000  90x50x15  3.79 L+0O 32 3.4 37 092 0.86
G550x0.95x90%x3500  90x50x15  4.25 L+0O 2.1 2.3 25 092 0.86
G550x0.95x90x4500  90x50x15  4.67 L+0O 2.0 2.1 23 091 0.86
G550x0.95x90x6000  90x50x15  5.14 L+0O 1.2 1.3 1.4 093 0.86
G250x0.95x90x1500  90x50x15  1.80 L+0O 7.3 7.8 85 092 0.86
G250x0.95x90x1800  90x50x15  2.04 L+0O 3.5 3.7 41 090 0.85
G250x0.95x90%x2500  90x50x15  2.42 O 2.8 3.1 32 097 0.86
G250x0.95x90%x3000  90x50x15  2.65 L+0O 2.4 2.6 29 090 0.84
G250x0.95x90%x3500  90x50x15  3.02 O 2.0 2.1 22 095 0.89
G250x0.95x90%x4500  90x50x15  3.38 L+0O 1.7 1.8 1.9 095 0.88
G250x0.95x90x6000  90x50x15  3.70 L+0O 1.0 1.1 1.2 092 0.86
G500x1.20x90%x 1500  90x50x15  2.21 L+O 150 16.1 174 0.93 0.86
G500x1.20x90%x 1800  90x50x15  2.53 L+0O 7.1 72 8.1 0.89 0.88
G500x1.20x90%x2500  90x50x15  3.08 L+0O 4.5 4.6 51 090 0.89
G500%x1.20x90x3000 90x50x15  3.49 L+0O 3.8 3.9 43 091 0.89
G500%x1.20x90x3500  90x50x15  3.82 O 2.7 3.1 32 097 0.86
G500%x1.20x90x4500 90x50x15  4.13 L+0O 2.5 2.6 29 090 0.87
G500%x1.20x90x 6000  90x50x15  4.49 O 1.4 1.4 1.6 088 0.86
G250%x2.40x90x 1500 90x50x15  1.21 L+0O 20.1 225 245 092 0.82
G250%x2.40x90x 1800  90x50x15  1.46 L+0O 104 10.1 1.1 091 0.94
G250%x2.40x90x2500 90x50x15  1.85 L+0O 7.7 7.5 84  0.89 0.92
G250%x2.40x90x3000 90x50x15 224 O 73 72 8.0 090 0.92
G250%x2.40x90x3500 90x50x15  2.56 L+0O 6.8 6.8 73 093 0.94
G250%x2.40x90x4500 90x50x15  2.81 L+0O 59 5.8 6.4 091 0.93
G250%x2.40x90x6000 90x50x15  3.14 O 3.0 29 31 094 0.95
G450%x2.20x90x 1500  90x50x15  1.63 L+0O 12.7 14.6 1577 0.93 0.81
G450%x2.20x90x 1800  90x50x15  1.84 L+0O 11.0 126 136  0.90 0.81
G450%x2.20x90x2500 90x50x15  2.14 L+0O 7.7 8.8 9.6 092 0.80
G450%x2.20x90x3000 90x50x15  2.53 L+0O 6.4 7.4 83 0.89 0.77
G450x2.20x90x3500  90x50x15  2.88 L+0O 6.2 7.1 7.8 091 0.79
G450%x2.20x90%x 4500  90x50x15  3.17 O 59 6.8 73 093 0.81
G450x2.20x90x6000  90x50x15  3.49 L+0O 32 3.6 39 092 0.81

“Local=L, Overall=0

current design guidelines as per the AISI (2016) and AS/
NZS (2018) standards underestimate the axial capacity
by 10% on average for pin-ended CFS channel section
columns undergoing local-overall buckling interaction.
Eurocode (EN 1993-1-3) design rules lead to consider-
ably more conservative predictions of the column axial

load capacity for CFS channels. This paper has, there-
fore, proposed modifications to the current design rules
of AISI (2016) and AS/NZS (2018). The accuracy of pro-
posed design rules was verified using the FE analysis and
test results of CFS channel section columns undergoing
local-overall buckling interaction.
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§ % eral rules: supplementary rules for cold-formed members and
o 120 % sheeting. BS EN 1993-1-3. Brussels: European Committee for
S 100 Standardization.
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Fig.9 Comparison of experimental strengths against the design
strengths from current design guidelines [AISI (2016) and AS/NZS
(2018) standards]
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