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ABSTRACT

ARTICLE HISTORY

Cold-formed steel (CFS) sections are widely utilised in roofing and framing systems due to their lightweight properties and
ease of fabrication and construction. The application of CFS built-up sections was introduced to enhance the strength and
stability of single channels. However, typical CFS channels possess slender profiles with a high section slenderness ratio
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(w/t)max, making them susceptible to buckling and limiting their effectiveness. Consequently, this study examined the axial

compression behaviour and cost-effectiveness of G550 high-strength CFS built-up sections with a reduced (W/t)max
compared to conventional industry sizes. Experimental and numerical studies were conducted to assess the effect of member
slenderness (KL/r)m and screw arrangement on the CFS built-up sections with different section slenderness. The results
demonstrated that the proposed sections, with a lower (W/t)max, significantly improved buckling resistance for members with
(KL/r)m less than 90. This improvement is attributed to their more compact profile design, which restrained the occurrence
of local buckling. Furthermore, these sections were found to be more cost-effective, offering greater strength at a reduced

weight.
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1. Introduction

The application of cold-formed steel (CFS) gained popularity due to its
light gauge properties while achieving impressive performance [1-3]. However,
the slender geometry layout makes it prone to buckling and leads to high
instability of structural members [1,4-5]. Therefore, CFS built-up sections were
introduced to enhance the load-carrying capacity and stability of single channels,
and these sections are commonly applied in various types of structural members
such as roof and wall systems, portal frames, columns, and beams [6-7]. Past
research investigated the structural performance of various types of CFS built-
up sections with different arrangements of CFS sections. The typical CFS built-
up sections investigated in the past are shown in Fig. 1. Fig. 1(a) shows the
typical CFsS single channels applied in structural design and used to form the
built-up sections. Moreover, Fig. 1(b) presented the different types of CFS built-
up sections that have been investigated in previous research which include open
built-up sections, closed built-up sections, built-up battened sections, built-up
gapped sections, and other built-up sections (hybrid built-up section, multi-
limbs built-up section, built-up hollow flange section, half-open built-up section,
and cruciform built-up section). Notably, most of the studies mentioned above
were conducted to investigate the axial capacity of built-up sections formed
using existing CFS channels in the industry with a maximum width-to-thickness
ratio, (W/t)max Of 45 and above. A summary of the axial performance of CFS
open built-up sections with different slenderness ratios is shown in Fig. 2 [8-
15]. The axial capacity (P,) in Fig. 2 was normalised by multiplying the ultimate
tensile strength (fy) and gross cross-sectional area (Aj) of the investigated
sections for comparison to account for different material grades and section
sizes.

It is more practical to form the built-up sections using the common sizes of
CFS channels. However, the sections do not achieve full capacity as the
normalised capacity was not close to the unity shown in Fig. 2, indicating that
the section was not fully effective. As CFS channels have a slender profile that
leads to high instability and is prone to buckle, a smaller (W/t)max is expected to
enhance the buckling resistance and make the CFS sections more effective.
Several research investigated the axial compression performance of CFS open
built-up columns with different cross-section dimensions [10-15], but the effect
of section slenderness was not discussed. Yet, Zhou et al. [12] claimed that the
section slenderness was an important parameter that influences the capacity of
the CFS built-up sections. Although many research was conducted, the axial
behaviour of the CFS sections with the (w/t)max lesser than 45 is rarely explored,
therefore the structural performance of the built-up sections fabricated using a
small (W/t)max is worth examining. Apart from that, a reduced size of CFS
sections is potentially more cost-effective if it can achieve a similar capacity to
common CFS sections while utilising lesser materials. Furthermore, Vy and
Mahendran [13] studied the effect of screw arrangement on the CFS open lipped

built-up sections fabricated using common CFS sections. The axial compression
capacity of the specimens with double rows fasteners was increased by an
average of 4% compared to single row fasteners and the increase is relatively
significant for slender columns. Meanwhile, the influence of the screw
arrangement is unexplored for the built-up members with section slenderness
lesser than 45. Therefore, this study aims to investigate the axial compression
behaviour of CFS built-up columns fabricated with a (W/t)max ranging from 41
to 45. An experimental testing programme was carried out for 12 open lipped
built-up columns with different member lengths (L) and screw spacing (a).
Following this, finite element (FE) models were developed and validated using
the experimental data. Finally, parametric studies were performed to examine
further the effect of modified slenderness ratio (KL/r), and screw arrangement
on the proposed sections.
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Fig. 1 Various types of CFS built-up sections investigated in past research



Shin-Rui Kho et al.

1.0
09 F A Previous studies - (w/1),,., > 45
0-8 O Lu et al. (2017) - (#/8) ex > 45

O This work - (W/8) ey < 45

07
§ 0.5 %m resistance
S04 | &
0.3
0.2 %@%
0.1

'Shoﬂ lntemedlale AA Mm ASIegder
0.0

0 40 80 120 160 200 240 280 320 360
Modified slenderness ratio, (KL’),,

Fig. 2 Axial performance of CFS open built-up columns with different slenderness ratios

2. Experimental testing
2.1. Test specimens

The test programme consists of 12 sets of specimens fabricated with two
scaled-down lipped channels connected back-to-back with self-drilling screws.
The lipped channels were press braked from a 1 mm thick plain steel sheet with
a nominal yield strength of 550 MPa with a nominal bend radius, R of 2.5 mm.
The lipped channel was designed with a nominal width of 51 mm web (h), 20
mm flange (b) and 10 mm lip (d) as shown in Fig. 3(a). The element widths of
the proposed sections were scaled down with a (W/t)max ranging from 41 to 45.
A single row of screws was designed to fasten the CFS channels to achieve good
coupling conditions between the fastened sections. In addition, Gauge 12 self-
drilling screws were used as the connector between the channels with a 50 mm
end distance and two different intermediate screw spacings of 100 mm and 200
mm along the longitudinal direction. The dimensions of the self-drilling screw

Table 1
Measured specimen dimensions and parameters
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were presented in Fig. 3(b) with a diameter of 5.35 mm and a length of drill
point 7 mm. Then, the measured dimensions for each specimen were indicated
in Table 1. Prior to conducting the experimental testing, every specimen was
labelled to indicate the sectional profile and the corresponding design
parameters as shown in Fig. 3(c). The investigated built-up section was given a
series name which is open lipped (OL) series and further differentiated into
S100 and S200 series for different screw spacings.
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(c) Specimen labelling

Fig. 3 Detailed of proposed sections

Classification Specimen h (mm) b (mm) d (mm) t (mm) L (mm) a (mm) (W/t)max (KL/)m Ag (Mm?) 12
S100 series
M1 51.58 19.09 10.38 1.03 297 100 43.22 32.48 208.52
OL-L300-S100-T1.0
Short M2 51.63 19.41 10.50 1.00 298 100 44.63 31.90 204.60 0.9
M3 51.59 19.79 10.00 1.06 299 100 41.95 31.76 215.66
M1 51.79 18.59 11.08 1.04 501 100 42.99 52.30 211.71
Intermediate OL-L500-S100-T1.0 M2 52.17 19.75 11.02 1.04 504 100 43.36 49.54 217.08 0.7
M3 51.75 18.38 11.11 1.04 504 100 42.95 53.17 210.88
S200 series
M1 51.20 19.52 9.94 1.00 298 198 44.20 39.26 201.94
Short OL-L300-S200-T1.0 M2 52.03 19.54 10.71 1.06 299 199 42.37 38.99 218.55 0.7
M3 51.98 19.67 10.49 1.05 299 199 42.74 38.87 216.10
M1 52.06 19.79 11.27 1.04 505 200 43.25 54.06 218.06
Intermediate OL-L500-S200-T1.0 M2 51.88 18.70 11.17 1.04 500 200 43.08 56.92 212.73 0.9
M3 52.47 19.63 11.07 1.04 503 200 43.64 54.65 217.41
2.2. Material properties 700 12
[Mean ultimate load = 9.51 KN|
600 Hm——tes A 10 b
The actual mechanical properties of the components, G550 steel sheets and w0 L —_—
self-drilling screws were determined by conducting the tensile coupon tests and ~ . ‘ Z 8 r
screw shear tests in accordance with AS/NZS 4600:2018 [16]. Then, the test 5400 N mp %
. ' Y =
procedures of tensile coupon tests have been accounted for further % 300 = S
considerations recommended in AS1391 [17] and Huang and Young [18]. A e — 4
. . = |'Young's modulus, E =210 GPa, T1
slow loading rate recommended for research purposes was adopted to obtain | Yield stress,f, = 602 MPa 12 2
accurate mechanical properties of the steel materials. The measured stress-strain 100 'glel::iillienstreis(s],d,; 618 MPa T3 o
- - . - - y= 8 0
behaviour of steel and the shear behaviour of screw were summarised in Fig. 4 0 ) 7 :1 é : 1'0 " 0 1 2

and used as constitutive models to apply the actual properties of the components
to numerical models.

Strain (%) Displacement (mm)

(a) Tensile coupon test results (b) Screw shear test results

Fig. 4 Material properties
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2.3. Dimension and geometric imperfection measurements

All 12 specimens were measured before tests. The dimension measurement
included the elements of web (h), flange (b), lip (d), thickness (t), member
length (L), and intermediate screw spacing (a) and the measured data was listed
in Table 1. The fabrication, installation, and transportation processes of the CFS
specimen potentially caused geometric imperfections. Therefore, the initial
global and local imperfections were also measured from the data point location
indicated in Fig. 5. The global imperfection was measured at the mid-height of
the specimen, while local imperfection was measured between the 200 mm
central length with a 10 mm interval. Additionally, the datum points were
controlled as zero for every measurement to ensure consistency. Then, the
measured absolute maximum imperfection magnitudes () were recorded in
Table 1 which were the sum of absolute maximum global and local
imperfections for each series.

. Member length, L -

Mid-height of member
. —Flange
— 2
L
J—f ~Web
]
| .
Datum line Datum line
(a) Global imperfection
- Member length, L -
~200 mm central length—
+#= ~=—]10 mm interval _Flange

~Lip
I —1—Web

Datum line

Datum line

(b) Local imperfection

Fig. 5 Geometric imperfection measurement

2.4. Test setup and operation

The boundary conditions of the built-up columns were designed as pin-
ended supports. Two supporting test rigs were specially fabricated to provide
the pin-ended boundary condition of the specimens, which only allowed the
rotation about the minor axis of the specimens. To ensure full contact between
the specimen and the supports, both ends of each specimen are welded to 16
mm thick steel end plates before the test. The schematic diagram and fabricated
fixtures of the test setup are shown in Fig. 6.
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(a) Schematic diagram

(b) Actual setup

Fig. 6 Test setup

Besides, the axial shortening and out-of-plane deformation were measured
during the test using the linear variable displacement transducer (LVDT). Two
LVDTs were set vertically at the middle of the top plate to determine the axial
shortening of the specimen. Additionally, four LVDTSs were used to measure
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the out-of-plane deformation for intermediate columns. Two LVDTs measured
the displacement of the web elements while the other two LVDTs measured the
displacement at the flanges. Nevertheless, only the out-of-plane deformation at
the web elements was measured for short columns due to space limitations.

Since CFS is a strong material with relatively low ductility and the expected
displacement before buckling is small, a displacement-controlled loading
protocol was used to conduct the monotonic compression test. To determine the
static response of the CFS built-up sections, a constant loading rate (0.2 mm/min)
was selected to perform the test. A 1 kN preload was applied before executing
the actual test to eliminate the gaps between test rigs and the specimen, ensuring
uniform axial compression applied on the specimen. The test was terminated
after a 20% drop in ultimate load was observed.

2.5. Experiment results

The test results are summarised in Table 2 and the observed axial
behaviours are presented in Figs. 7 and 8. Based on the analysis, the axial
behaviours of the investigated specimens were classified into three stages,
which are yield point, ultimate point, and failure point. The yield point of each
specimen was determined by using the equivalent elasto-plastic energy
absorption method [19]. The ultimate point was identified when the peak load
was achieved, while the failure point was measured at a 20% drop in the peak
load.

2.5.1. Load-displacement behaviour and failure modes

All tested specimens behaved similarly throughout the test with no
significant responses occurring at the elastic stage. Distortional buckling
occurred once the applied load surpassed the yield point as indicated in Fig. 7
(refer to the axial shortening) while no local buckling was observed at this stage
which may be restrained by their compact cross-section design. Other buckling
modes were observed beyond the ultimate point (refer to the out-of-plane
deformation). For short columns, local buckling and crushing were observed.
The final failure mode was the interactive local-distortional buckling mode,
including crushing at the specimen ends. Except for OL-L300-S200-T1.0-M2,
no distortional buckling was observed due to the high initial imperfection in the
specimen. Meanwhile, for intermediate columns, interactive local-distortional-
global buckling was observed. Besides, there was a significant increase in out-
of-plane deformation beyond the ultimate point due to the loss of stability of the
member. The failure modes of investigated specimens at the failure point are
shown in Fig. 8.

Table 2
Summary of experimental results

Py Ay Py Au
Specimen Pu/fug
(kN) (mm) (kN) (mm)

Buckling mode

Ultimate  Failure

S100 Series
oL- M1 90.38 0.88 95.05 1.04 0.74 D LDC
L300-
S100- M2 7796 074 8363 0.96 0.87 D LD
1.0 M3 8351 080 8816 0.98 0.94 D LDC
oL- M1 77.67 1.15 79.96 1.25 0.61 D DG
L500-
5100- M2 75.52 1.15 80.94 141 0.60 D LDG
1.0 M3 7741 1.04 79.32 111 0.61 D LDG
S200 series
oL- M1 84.43 0.83 88.74 1.01 0.71 D LD
L300-
$200- M2 8272 0.79 87.03 0.99 0.64 D LDC
T1.0 M3  85.49 0.78 90.29 0.92 0.68 D LDC
oL- M1 81.72 1.20 85.12 1.30 0.63 D LDG
L500-
$200- M2 78.29 1.15 81.01 1.29 0.62 D LDG
1.0 M3 78.31 1.21 82.48 1.50 0.61 D LDG

Note: D = distortional buckling, LD = interactive local-distortional buckling, LDC =
interactive local-distortional buckling with crushing, LDG = interactive local-
distortional-global buckling.
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Fig. 7 Experimental results of OL series

2.5.2. Composite action of built-up columns

Based on the failure modes in Fig. 8, the composite action of built-up
columns was developed as the two channels deformed simultaneously. Besides,
no separation of channels and failure at the screw connection was observed. The
designed screw arrangement provided a good coupling effect although the
intermediate columns with 200 mm screw spacing do not meet the
recommended limit of screw spacing in AS/NZS 4600:2018 [20]. Only the short
columns with 200 mm screw spacing buckled individually, as predicted in the
design codes. It was also found that the investigated specimens achieved greater
buckling resistance compared to specimens studied in previous research. As
shown in Fig. 2, the normalised axial capacity is closer to unity, which means
the proposed sections are more effective.
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Fig. 8 Failure modes of OL series at failure point

3. Numerical simulation
3.1. Finite element model development

As the experimental testing was limited to short and intermediate columns,
the axial behaviour of slender columns investigated was referred to Lu et al.
[10]. The reported failure mode was pure global buckling for all slender built-
up columns fabricated using lipped channels with (W/t)max ranging from 71.5 to
93. Therefore, the numerical model was verified and used to perform parametric
studies in order to further examine the influence of section slenderness. The
respective specimens were named LU series to ease the comparisons with the
OL series (proposed section in this study).

3.1.1. Types of element and mesh

The CFS specimens were modelled according to their actual dimensions
and assigned deformable shell elements type S4R5, in ABAQUS [21]. The mesh
size adopted was 5 mm following mesh convergence studies to provide accurate
and efficient FEA.

3.1.2. Material modelling

The material properties used to simulate the reference specimens were
obtained from the experimental results of tensile coupon tests discussed in
Section 2.2 and reported data in [10] for the OL series and LU series
respectively. The engineering stress-strain curves were converted to true stress-
strain curves. Then, the details of elasticity, plasticity, and ductile damage which
were required to incorporate into FE models were determined based on the true
stress-strain curves.

Furthermore, the screw position and arrangement assigned to FE models
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were also according to the measured intermediate screw spacing and
arrangement design such as single row screws for the OL series and double rows
screws for the LU series. The screw properties were initially assumed as rigid
and damage was considered upon reaching the mean ultimate shear capacity
determined from the screw shear test. The damage initiation and evolution limits
were set as the mean ultimate shear capacity and allowable deformation from
the ultimate to the failure point.

3.1.3. Modelling of initial geometric imperfections

Furthermore, CFS sections commonly contain geometric imperfections
caused during fabrication and transportation processes. These imperfections
initiated out-of-straightness and small deflection, weakening the structural
members' strength and stiffness [22,23]. Therefore, the measured initial
geometric imperfection magnitudes were incorporated into the FE models.

3.1.4. Boundary conditions

The numerical models were assigned with the same pin-ended restraints as
during experimental testing at both ends to achieve high-accuracy simulation.
First, reference points (RPs) were generated at the centroid of the CFS built-up
column at both ends. Then, all degrees of freedom (DOF) of the elements (web,
flanges, and lips) of the CFS sections were constrained to the RPs using
coupling type constraints. For the OL series, all the translational and rotational
DOF were fully fixed at both RPs except the rotational DOF of the minor axis
at both RPs and the axial translational DOF at the top RP, which was used to
apply the displacement loading and to allow the vertical deformation of
specimens. Meanwhile, the boundary conditions assigned to the LU series were
similar to the OL series with an additional rotational release of the major axis at
both RPs for the bidirectionally hinged supports. The assigned boundary
conditions for each series are indicated in Fig. 9.

Top boundary condition

U, =T, =0 (for all FE models)
R, =R,=0 (for OL series)

R, =0 (for LU series)

Single row
screws along
longitudinal axis

Double rows
screws along
longitudinal axis

Bottom boundary condition
U,=T,=1,=0 (for all FE models)
R, =R,=0 (for OL series)

R, =0 (for LU series)

(a) Single row screw (b) Double rows screws

Fig. 9 Boundary conditions of FE models

3.1.5. Modelling techniques and loading procedure

The FEA involved two steps using different solution techniques. Firstly, an
Eigenvalue buckling analysis was conducted using linear perturbation analysis
to obtain the buckling shape and to incorporate the imperfection of the CFS
specimens into the nonlinear models. A concentrated point load was applied at
the top end of the specimen to simulate experimental testing conditions. Then,
the measured maximum absolute initial imperfection was used as the magnitude
and assigned to the lowest-order eigenmodes to model the initial state of the
specimen of collapse analysis. Secondly, a nonlinear static analysis was utilised
to load the specimen to failure. The nonlinear model was duplicated from the
first model (eigenvalue buckling model) to ensure consistency of the utilised
cross-sectional dimensions and other parameters throughout the entire FEA. To
optimise the convergence issues, an automatic stabilization technique was
adopted in this study, which can efficiently obtain a solution in the post-collapse
stage with the help of artificial damping. The dissipated energy fraction and the
ratio of stabilization to strain energy were set as 0.0002 and 0.05, respectively.
Then, the loading protocol assigned in this step was displacement-controlled,
which applies the final axial shortening obtained from experimental results at
the top RP in the vertical direction to simulate the axial loading acting on the
specimens.

3.2. Mesh convergence and independence study

Mesh convergence and independence studies were performed to examine
the efficiency of the developed FE models. For the OL series, the study and
analysis were completed by executing the FEA on the intermediate column with
different mesh densities of 2 mm, 3 mm, 4 mm, 5 mm, 8 mm, 10 mm, and 20
mm. The comparisons of the outcomes are presented in Fig. 10. Only the failure
mode of the FE model with a 5 mm mesh size was presented as it is the best-fit
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model. A 5 mm mesh size was selected for both short and intermediate models.
A similar process was conducted for the LU series, both intermediate and
slender columns were selected specimens to conduct this study. The
intermediate column was validated again to ensure the 5 mm mesh size is still
valid for the section size with greater section slenderness. It was found that a 5
mm mesh size is suitable for the intermediate column, while 8 mm is more
efficient for slender columns presented in Fig. 11.
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Fig. 10 Mesh convergence and independence study of OL series
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Fig. 11 Mesh convergence and independence study of LU series

3.3. Model validations

The FE models were validated by comparing the axial capacities, axial
shortening, out-of-plane deformation, and failure modes obtained between the
experimental and FEA results. All developed FE models show strong agreement
in simulating the actual behaviour for each series. The FEA results fell within
the upper and lower boundaries of experimental results which are shown in Figs.
12 and 13. For the LU series, a comparison between the out-of-plane
deformation of experimental and numerical results was not performed as the
relevant data was not reported. Nevertheless, the failure modes of the model
matched the actual behaviours closely. A summary of the comparisons of the
axial capacities, axial shortening, and out-of-plane deformation of experimental
and numerical results at yield, ultimate, and failure points was presented in
Table 3.
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OL-L300-S100-T1.0-M2
Force (KN) Axial shortening (mm) Out-of-plane deformation (mm)
EXP FEA FEA/EXP EXP FEA FEA/EXP EXP FEA FEA/EXP
Yield 72.32 78.17 1.08 0.74 0.68 0.92 0.68 0.54 0.79
Ultimate 83.63 81.26 0.97 0.96 0.74 0.77 1.76 0.77 0.44
Failure 66.86 64.69 0.97 1.46 0.94 0.64 4.36 2.68 0.61
OL-L300-S200-T1.0-M3
Force (KN) Axial shortening (mm) Out-of-plane deformation (mm)
EXP FEA FEA/EXP EXP FEA FEA/EXP EXP FEA FEA/EXP
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Yield 85.29 88.59 1.04 0.78 0.71 0.91 1.03 0.35 0.34
Ultimate 90.29 91.37 1.01 0.92 0.78 0.84 1.72 0.51 0.30
Failure 72.23 73.04 1.01 1.22 1.02 0.84 2.80 2.07 0.74
OL-L500-S100-T1.0-M3
Force (KN) Axial shortening (mm) Out-of-plane deformation (mm)
EXP FEA FEA/EXP EXP FEA FEA/EXP EXP FEA FEA/EXP
Yield 77.41 76.99 0.99 1.04 0.99 0.95 0.67 1.61 2.42
Ultimate 79.32 78.83 0.99 1.11 1.08 0.98 1.28 2.23 1.74
Failure 63.43 61.51 0.97 1.15 1.30 1.14 8.34 5.99 0.72
OL-L500-S200-T1.0-M1
Force (KN) Axial shortening (mm) Out-of-plane deformation (mm)
EXP FEA FEAJEXP EXP FEA FEA/EXP EXP FEA FEA/EXP
Yield 81.72 84.83 1.04 1.20 1.19 0.99 0.61 0.49 0.81
Ultimate 85.12 85.70 1.01 1.30 1.22 0.94 1.28 0.70 0.55
Failure 61.52 61.32 1.00 1.37 1.68 1.22 9.37 5.40 0.58
MC3-140-A3
Force (KN) Axial shortening (mm) Out-of-plane deformation (mm)
EXP FEA FEA/EXP EXP FEA FEA/EXP EXP FEA FEA/EXP
Yield 100.94 97.55 0.97 1.59 1.37 0.86 - - -
Ultimate 105.80 104.07 0.98 1.94 1.66 0.86 - - -
Failure 84.06 81.70 0.97 3.40 2.28 0.67 - - -
LC3-140-A3
Force (KN) Axial shortening (mm) Out-of-plane deformation (mm)
EXP FEA FEA/EXP EXP FEA FEA/EXP EXP FEA FEA/EXP
Yield 45.94 42.65 0.93 1.27 1.17 0.92 - - -
Ultimate 50.20 47.67 0.95 1.79 1.87 1.05 - - -
Failure 40.00 38.13 0.95 4.24 3.48 0.82 - - -
Table 4 3.4. Parametric study
Proposed parametric matrix for slenderness ratio
— - A parametric study was conducted to further study the axial behaviour of
Classification Specimen no. L a__ (KU the CFS built-up sections with smaller (w/t)ma. To ensure the consistency of FE
Short OL-L300-S100-1 300 100 3355 models and to make a fair comparison between parametric models, the verified
models, OL-L500-S100, and LC3-140-A3 were selected for the parametric
L-L500-5100-1 4 1 2.77 . - .
OL-1.500-5100 50 0 5 studies. In all parametric models, the (w/t)max Of the OL and LU series was kept
) o OL-L700-S100-1 700 100  72.62 constant at 42.95 and 91.03 respectively to omit the influence of sectional
Intermediate ~ OL series with 100 lend h ial ity of CFS buil . Th
OL-1900-5100-1 900 100 9270 slenderness on the axngncapacny 0 open bui t-up sections. The parameters
mm screw spacing studied were: (1) modified slenderness ratio, (KL/r), and (2) screw arrangement
OL-L1100-5100-1 1100 ~ 100  112.88 for members with different section slenderness, (W/t)na. The details of
OL-L1300-S100-1 1300 100  133.11 parametric models were summarised in Tables 4 and 5, each model was given
Slender a specimen number according to the series name, member length, screw spacing,
OL-L1500-5100-1 1500 100  153.39 and screw arrangement. Moreover, the parametric study on screw arrangement
Short OL-L300-S200-1 300 200 41.26 was only carried out for the FE models with an axial capacity closest to the mean
OL-L500-5200-1 504 200  57.98 capacity for each class (short, intermediate, and slender member).
OL-L700-S200-1 700 200 76.49
Intermediate OL series with 200 Table 5 ) .
OL-L900-S200-1 900 200 9576 Proposed parametric matrix for screw arrangement
mm screw spacing
OL-L1100-S200-1 1100 200  115.40 Specimen no. L (mm) a (mm) (KL/)m Screw arrangement
Stend OL-L1300-S200-1 1300 200  135.26 OL-L.300-S100-2 300 100 33.55 Double rows
enaer
OL-L1500-S200-1 1500 200 155.25 OL-L700-S100-2 700 100 72.62 Double rows
Short LU-L600-S100-2 600 100 31.60 OL-L1500-S100-2 1500 100 153.39 Double rows
LU-L1000-S100-2 1000 100 51.95 OL-L300-S200-2 300 200 41.26 Double rows
o LU-L1400-S100-2 1400 100  72.46 OL-L700-S200-2 700 200 76.49 Double rows
Intermediate LU series with 100
LU-L1800-S100-2 1800 100 93.01 OL-L1500-S200-2 1500 200 155.25 Double rows
mm screw spacing
LU-L2200-S100-2 2200 100  113.59 LU-L600-S100-1 600 100 31.60 Single row
Slend LU-L2500-S100-2 2500 100 133.42 LU-L1800-S100-1 1800 100 93.01 Single row
enaer
LU-L2900-S100-2 2900 100  154.72 LU-L2900-S100-1 2900 100 154.72 Single row
Short LU-L600-S200-2 600 200 33.55 LU-L600-S200-1 600 200 33.55 Single row
LU-L1000-S200-2 1000 200  53.16 LU-L1800-S200-1 1800 200 93.69 Single row
. . LU-L1400-S200-2 1400 200 73.33 LU-L2900-5200-1 2900 200 155.15 Single row
Intermediate LU series with 200
) LU-L1800-S200-2 1800 200  93.69
mm screw spacing 4. Result analysis and discussion
LU-L2200-S200-2 2200 200 114.15
Slend LU-L2500-S200-2 2500 200  133.93 4.1. Effect of slenderness ratio
ender
LU-L2900-S200-2 2900 200 155.15

Results show that the OL series can achieve greater buckling resistance
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when the member slenderness is less than 90 while the LU series can perform
better when the slenderness increases as shown in Table 6 and Fig. 14. Besides,
different buckling modes were observed for members with the same slenderness
ratio but different section slenderness, especially for intermediate columns. The
OL series was dominated by global buckling at the ultimate load followed by
an interactive local-distortional-global buckling at the failure point. This was
because the decrease in section slenderness restricted the occurrence of local
and distortional buckling at the ultimate point. For the LU series, failure modes
observed were interactive local-distortional buckling at the ultimate load and
interactive local-distortional-global buckling at the failure point as reported in
[10]. Apart from that, the OL series has greater structural integrity since they
were more deformable and degraded gradually compared to the LU series when
the member was slender.

Table 6
Summary of axial capacity with different slenderness ratios

Specimen Py (kN) A Pu (kN) ~ Pulfuhg — 2R
(mm) (mm) Ultimate  Failure
S100 Series
OG0 733 om sr47 083 067 L LD
Oé-l"ag_olo' 6643 099 7883 108  0.60 LD LDG
Oy 4181 100 s671 112 044 G LDG
OuoY e 076 4072 118 031 G LDG
0'5'1'6%%20' 2278 076 2651 095 020 G LDG
O'é'l'z){)?_"l)o' 1710 068 2037 081  0.16 G LDG
O'é'l'z)g‘l)o' 1214 060 1605 071 012 G G
Lol 11940 063 13281 083 050 LD LD
LU0 11187 098 12454 127 046 LD LD
LU0 10334 125 1434 160 043 LD LDG
'—%‘1'6%)5_‘20' 9293 146 9886 176 037 LD LDG
L%i%%%g"' 7091 140 7502 168 0.8 LD LDG
LU0 ee11 150 6809 173 025 G G
P00 5214 166 5224 182 020 G G
S200 series
CGoy 7331 071 8389 077 064 L LD
052"53_010' 6643 099 7597 103 058 LD LDG
Oé-z"(;gf)lo' 4787 100 6155 123 047 G LDG
OCoo 2894 076 3787 118 029 G LDG
O 2278 076 2633 103 020 G LDG
0'5'2'6})?‘130' 1710 068 2006 087 015 G LDG
O 1214 060 1597 071 012 G G
ooy 11703 067 12476 080 047 LD LD
NS 11299 108 12003 135 045 LD LD
N 10141 136 10618 151 0.40 LD LDG
LS00 gs90 149 w242 171 034 LD LDG
L%_ZIB%%(Z)O_ 6588 140 7500 179 028 LD LDG
P00 eea1 166 6684 176 025 G G
NS 5180 166 5186 182 019 G G
Note: D = distortional buckling, LD = interactive local-distortional buckling, LDC =
interactive local-distortional buckling with crushing, LDG = interactive local-

distortional-global buckling.
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Fig. 14 Parametric study on slenderness ratio

4.2. Effect of screw arrangement

Based on the results in Section 4.1, OL-L300, OL-L700, OL-L1500, LU-
L600, LU-L1800, and LU-L2900 were chosen to examine the effect of screw
arrangement as summarised in Table 5. The effects of the screw arrangement
were summarised in Table 7 and Fig. 15. Results show that the enhancement of
the axial capacity is relatively more significant for short columns with greater
section slenderness but minimal for intermediate and slender columns,
especially for OL series as reported by [13]. This is because the proposed
sections have a more compact design due to the reduced (w/t)max therefore, a
single row screw is sufficient to form the built-up sections.

Table 7
Summary of axial capacity with different screw arrangement

. Prea
Specimen no. Prea_double/PFEA_single
Single row screws Double rows screws
OL-L300-S100 87.47 90.44 1.03
OL-L700-S100 56.71 56.94 1.00
OL-L1500-S100 16.05 16.09 1.00
OL-L300-S200 83.89 91.99 1.10
OL-L700-S200 61.55 56.02 0.91
OL-L1500-S200 15.97 16.09 1.01
LU-L600-S100 120.49 132.81 1.10
LU-L1800-S100 89.99 98.86 1.10
LU-L2900-S100 51.96 52.24 1.01
LU-L600-S200 121.25 124.76 1.03
LU-L1800-S200 89.19 92.42 1.04
LU-L2900-S200 51.50 51.86 1.01
Mean 1.03
SD 0.05
cov 0.05
08 - OL - Single
) —&— OL - Double
0.7 LU - Single
0.6 F —=4— LU - Double
=05
=
S04
03 f
OB
01 f
Single Dlﬂllhle . .

0.0

0 40 80 120 160 200
(KL/)

Fig. 15 Parametric study on screw arrangement

4.3. Cost efficiency

The reduction of (W/t)nax Was expected to enhance the buckling resistance
of CFS sections yet provide a more cost-efficient design. To examine the cost
efficiency of the proposed sections, the ultimate axial capacity was divided by
the mass of steel materials for each investigated specimen for both the OL and
LU series. The mass of steel was calculated by multiplying the density of steel
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materials (7850 kg/m?®) with the cross-sectional area and length of the sections
(Ag x<L). This is to identify the ability of the CFS sections to contribute to the
axial capacity per unit weight. As shown in Fig. 16, the OL series is
comparatively more cost-effective by achieving higher axial capacity while
being relatively lighter in weight. However, the differences between the OL and
LU series are getting closer for the slender members but still provide a better
cost-performance ratio.

200 —OL series
——LU series

() e = 42.95

173
=}

(W/t) e = 91.03

P/m (N/kg)
@ g

0
0 40 80 120 160 200
(KL/D)y,

Fig. 16 Comparison of cost efficiency

5. Conclusion

Experimental testing and numerical simulation were performed to study the
axial behaviour of the proposed CFS open lipped built-up columns (OL series)
which were designed with a (w/t)ma less than 45, beyond the common range
investigated in previous studies. The axial performance of the proposed sections
was compared with the LU series which is the common size of CFS built-up
sections reported in [10]. This study found that:

e For columns with a (KL/r), less than 90, the OL series demonstrated better
performance in achieving higher normalised axial capacity compared to the

LU series.

e Asingle row screw is sufficient to provide good coupling between the CFS

built-up members for sections with (W/t)max less than 45.

e OL series are more cost-efficient compared to LU series, attributed to its
compact cross-sectional design featuring a smaller gross area.
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