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Abstract- Cold-formed steel (CFS) have been widely used in
different structural systems in residential and non-residential
construction, especially roof structures due to many advantages.
Firstly, no heat is used to form the sections unlike hot-rolled
steel. Secondly, several steel thicknesses are offered to
accommodate a wide range of structural and non-structural
purposes. Researchers have recently searched in the usage of
CFS sections, and their research showed an improvement in
stiffness and strength of these sections. Therefore, the purpose of
this search is to analyze and conduct the behaviour of lipped
single and double channel back-to-back CFS sections with edge-
stiffened hole. The built-up section attached with self-taping
screws under axial compression load. The main focus of this
search is to enhance comprehension of the axial behaviour of the
simply supported lipped CFS channel sections by analyzing and
conducting the behaviour of pinned end condition CFS columns
under the effect of static displacement loading till failure and to
conduct the verification of the previous finite element modelling.
Additionally, this research, focus on determining how the
properties of section affect the behaviour and axial strength of
lipped CFS column sections and to develop the fundamental
parameters and the numerical criteria needed for the non-linear
analysis to model lipped CFS column sections.

Keywords: Cold-formed steel, Lipped channel sections, Axial
loading tests, Finite element analysis.

L INTRODUCTION

A research on effective design width equations for CFS
columns with perforations was done in 1998 [1] to predict the
ultimate strength of these members. After that a design for
holes in channel CFS stub columns was developed in 2001
[2]. Methods for analyzing perforated CFS C-lipped channel
columns was developed in 2005 [3]-[4] to explore
distortional, local buckling, and longwave buckling, using the
provisions of the direct strength method. Methods to drive the
equivalent thickness of thin-walled channel CFS sections with
web perforations was investigated in 2008 [5]. A numerical
study was made on compression CFS members with openings
in 2011 [6]. Investigations in failure modes and buckling
behavior of the plates C-section with holes under compression
was made in 2012 [7]. Their main aim was to describe the
inelastic behavior of plates and C-section. Different
compression loadings on CFS sections and the influence of
various holes positions was studied in 2013 [8]. Moreover,
New types of thermo-profiles with rectangular stretched
perforations in C-shaped cold formed columns was studied to
determine their buckling behavior in 2015 [9]. Investigations
on stub columns was made in 2018 [10] to determine the
ultimate strength of cold-formed rectangular [RHS] and

square [SHS] hollow sections with central circular hole at mid
height. Numerical investigations was made on built-up CFS
laced columns in 2020 [11]. Investigations on the built-up
CFS composite action was studied in 2023 [12]. The ideal
configuration for CFS built-up battened columns, consisting
of two sigma (3) channels, was shown in the study to produce
a high level of composite action. So, due to the increased
manufacturing of this type of steel in recent years, CFS have
been commonly used and employed as a result of their
advantages as they have high strength, light weight, lack of
need for a frame, rapid and easy installation, and lower
handling and transportation expenses [13]. To facilitate
electrical, plumbing, and heating services, among other
things, many structural cold-formed steel components come
with holes in various forms [14]. The location of these holes
have an impact on a structural member's ultimate strength and
elastic stiffness.

II. NUMERICAL MODELLING

1. General

ABAQUS software modelling program was used to
conduct the behaviour of lipped single and double channel
back-to-back CFS sections with slotted perforations under
axial compression loading according to Chen et al. [15], [16].
The accurate determined geometric and material properties
were used in the model. There are two steps involved in finite
element analysis. The buckling modes (Eigen-modes) were
obtained using a linear perturbation analysis (Eigen-value
analysis) in the first step, and a load-displacement non-linear
finite element analysis have been carried out in the next one
utilizing the static procedure. Initial imperfections included in
the non-linear step. Based on these finite element steps, modes
of failure, load-axial shortening curves and ultimate strengths
are conducted.

2. Section labels

Section labelling was used to code the depth of the web,
the column’s thickness, the length of the column, screw
spacing, and the web hole type Figure 1. As an illustration, the
label "B240-t1.75-L420-S100-NH" can be explained as:

"B" refers to the built-up sections, "S" refers to the
single ones
"240" refers to the depth of the web, i.e. d=240mm
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"t1.75" refers to the thickness of the section, i.e.
t=1.75mm

"L420" refers to the length of the section, i.e.
L=420mm

. "S100" refers to the spacing between the screws, i.e.
S=100mm

"NH" refers to the CFS section with no holes, "UH"
refers to section with unstiffened holes, and "EH" refers to
section with edge stiffened holes.

—SOew spacing

B240-t1.75-L420-5100-NH

“~—\Web opening fype

Buik-up secfion _7_
web debpth
thickness

lengnth

420

=

«

240

Figure 1: Section labelling illustration.

3. Finite element type and meshing

Both plain and perforated channel sections were modelled
using a 4-node shell element (S4R) according to Chen et al.
[15], using a mesh size of 8 mm x 8§ mm over the width and
length, and the plates with a mesh size of 12 mm X 12 mm as
shown in Figure 3. According to Chen et al. [16], using a mesh
size of 20 mm x 20 mm over the width and length as shown
in Figure 4.

It should be noted that the mesh size used in the
verification model was 20 mm X 20 mm, while the mesh size
used by Chen et al. [16] was 5 mm X 5 mm. Though,
according to the convergence study shown in Figure 2, the
mesh size 20 mm X 20 mm showed a good agreement with
results by Chen et al. [16].

100

PEE————

90

80

70

P proposed / P experimental (%)

60

50

10 15

Mesh size (mm)

20 25

Figure 2: Convergence results with different mesh sizes for B240-t1.75-
L1420-S100-EH.

4. Boundary condition and loading process

In this research, simply supported boundary conditions
were used to perform the model analysis. All three
translations, as well as rotation along the length of the column,
were restricted for the unloaded end, whereas rotations along
the vertical and horizontal moment inertia axes were allowed.
Translations along the section axis were restricted for the
loaded end, but rotations about the main and minor moment
inertia axes, as well as longitudinal translation, were permitted
as shown in Table 1. (U,, U,, U: refer to three translations in
axes X, Y, and Z respectively. 6., 6, 6 refer to the rotation
around the same axes. Boundary conditions illustration can be
shown in Figure 5. The implicit dynamic analysis method was
used in the loading process in increments according to Chen
et al. [15], and general static analysis method according to
Chen et al. [16]. It should be taken into consideration the
simplified method as the method for performing the attached
screws in the channels web according to Chen et al. [16]. So
"MPC" constraint connector type was used to connect node
pairs in the FE model. Load-displacement type was used to
apply the loading. The contact between the built-up section
was defined as node to surface type of contact pairs. The
interaction was "Hard" in the normal behavior with no
penetration between the two back-to-back webs. The FE
model frictionless was the property used to apply the contact
between the channel webs.

Figure 3: C240x45x15-t1.75-L1500-EH mesh.

Figure 4: B240-t1.75-L1420-S100-EH mesh.

5. Section properties

The sections used in this study are "C240x45x15-t1.75-
L1500-EH1", "C240%x45x15-t1.75-L.1500-EH3", "B240-
t1.75-1.920-S100-EH1", "B240-t1.75-L1420-S100-EH1",
and "B240-t1.75-L.1420-S50-EH1". The tensile coupon tests
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from experimental study were used to add the geometric findings that the magnitude of local defects was more than
properties to the FE model including Young's modulus (F) anticipated values.
and Poisson's ratio (v) as mentioned in Chen et al. [15], [16].

. . K Table 2: Material properties.
The stress-strain curve used in the FE model is conducted

from the following equations: Yield Ultimate
Section stress (g,) | stress (0y,)
Opye = 0(1 + 8) (1) MPa MPa
Cpe 2) C240x45 x15-t1.75-L1500-EH1 309.31 377.78
Epue (pl) = In(1+¢) - “E C240x45 x15-t1.75-L1500-EH3 309.31 377.78
B240-t1.75-L.920-S100-EH1 317.00 395.00
Where g,,,, is the true stress, E is the young's modulus, B240-t1.75-L1420-S100-EH1 317.00 395.00
o, is the ultimate strength, € and o are the engineering B240-t1.75-L.1420-S50-EH1 317.00 395.00
strain and stress respectively. The perfect elastic plastic o
method was used in the model so the yield stresses are Therefore, the FEA model's validation was based on

supposed to be 309.31 MPa, 317 MPa and the ultimate these imperfection measures. In the parametric analysis, the
stresses are supposed to be 377.78 MPa, 395 MPa local buckling imperfection used in the mode is 0.5% of the
according to Chen et al. [15] and Chen et al. [16] in order channel thickness (¢) according to Chen et al. [15]. This sum

as shown in Table 2. The hole diameter in CFS sections is  Was calculated using information from earlier investigations.
140 mm and the edge stiffener length is 13 mm. A number of FE models were used to evaluate the distortional

imperfections, and it was discovered that they had little effect

Table 1: Boundary conditions at column ends. on the deformed shape and failure load of the columns.

Boundary U, U, U. 0, 0, 0: 1. VALIDATION PROCESS
conditions
At roller end 1 1 0 0 0 1 : ; : :
At hingod ond . . . 5 5 . 1. Verification of lzpped smgle and dguble channel back-
0 > Free to-back CFS sections with edge-stiffened hole
1 ——— Restricted CFS sections with hinged ends were tested till failure.
Sections were investigated using ABAQUS finite element
analysis program till failure to conduct their behaviour
P according to Chen et al. [15], [16]. The validation of the
section’s finite element models is simulated and compared
with the tested specimen conducted by Chen et al. [15], [16].
The dimensions of the cross sections in mm are shown in
Figure 6. And the details of screw’s spacing for back-to-back
section are shown in Figure 7 according to Chen et al. [16].
Table 2 gives the yield and ultimate stresses of the specimens.
The Poisson ratio, v, was taken as 0.3.
The proposed models and the experimental results from
Chen et al. [15], [16] were compared to conduct their ultimate
axial strength, axial load versus axial end shortening curves,
and failure modes of the sections. Local buckling for single
z sections failure mode was observed and distortional-overall
interactive buckling was also observed for back-to-back
A sections. From the comparison between proposed models and
X experimental results, it was found that the proposed results
showed a good agreement with the experimental ones.
Figure 5: Boundary conditions illustration. 1 T
6. Initial imperfections B T
In ABAQUS, the lowest eigen mode was employed for - - _— 140
both local and global buckling modes. For CFS single and
double back-to-back channel section columns, similar
modeling approaches were previously reported in the & T
literature to represent local and overall defects. Because of s e s
restricted deformations produced throughout specimen i T

transportation, it was discovered from the laser scanning

Figure 6: Cross section of specimens.
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Figure 7: Screw's spacing details.

2. Test results and discussion

The experimental ultimate axial strength (PExp) with the
ultimate strength from the analytical analysis modelling
(Pgg,) recorded by Chen et al. [15], [16] and the proposed
ultimate strength from our ABAQUS modelling (Ppmposed)
were shown in Table 3. The experimental and numerical
ultimate strength of the section "C240x45x15-t1.75-L1500-
EH1" in Chen et al. [15] are 63.96 kN, and 63.52 kN
respectively as shown in Table 3. Numerical result of ultimate
strength in proposed ABAQUS model is 63.5 kN. This result
is 0.99 of (PExp) in Chen et al. [15], so the section with edge-
stiffened hole show a good agreement result with the proposed
numerical result. The same was observed for section
"C240x45x15-t1.75-L1500-EH3" in Chen et al. [15], the
experimental and numerical ultimate strengths are 66.09 kN,
and 66.78 kN respectively as shown in Table 3. The proposed
ABAQUS ultimate strength result is 64.00 kN This result is
0.96 of (PExp) from Chen et al. [15], so the section also show
a good agreement with the proposed numerical result. For
section "B240-t1.75-L1420-S50-EH1", the experimental and
numerical ultimate strengths in Chen et al. [16] are 161.1 kN
and 158.3 kN, respectively as shown in Table 3. The ultimate
strength of proposed ABAQUS model is 158.6 kN. This result
is 0.98 of (PExp) from Chen et al. [16]. Generally, this ratio
showed a good agreement to the section. The experimental
and numerical ultimate strengths of the section "B240-t1.75-
L1420-S100-EH1" in Chen et al. [16] are 195.2 kN, and 155.6
kN in order as shown in Table 3. Numerical result of ultimate
strength in proposed ABAQUS model is 156.7 kN. This result
is 0.98 of (PExp) in Chen et al. [16], so the section show a
good agreement with proposed ABAQUS result. The

experimental and numerical ultimate strength of the section
"B240-t1.75-L920-S100-EH1" in Chen et al. [16] are 186.3
kN, and 183.6 kN in order as shown in Table 3. Ultimate
strength of proposed numerical result is 183.7 kN. This result
is 0.98 of (PExp) from Chen et al. [16], so this ratio showed a

good agreement with the proposed result.

Table 3: Comparison of ultimate load from experimental and FE
proposed model results.

Exp. FEA.
Results | Results Proosed
Chenet | Chen et reful ts Comparison
Section al. [15], | al. [15],
[16] [16]
P, Exp PFEA PProposed P, Proposed
(kN) (kN) (kN) /Pexp
C240x45 x15-
t1.75-L1500-EH1 63.96 63.52 63.50 0.99
C240x45 x15-
t1.75-L1500-EH3 66.09 66.78 64.00 0.96
B240-t1.75-
L1420-S50-EH1 161.1 158.3 158.6 0.98
B240-t1.75-
L1420-S100-EH1 195.2 155.6 156.7 0.98
B240-t1.75-
L920-S100-EH1 186.3 183.6 183.7 0.98

The proposed model results compared with the
experimental results of Chen et al. [15], [16], showed that the
proposed results reflects the behavior of the sections in Chen
et al. [15], [16]. The values of ultimate strengths for Chen et
al. [15], [16], the proposed ultimate strengths, and comparison
ratio between them (P proposed/PExp), are given in Table 3.

Initially, the load versus axial shortening characteristic is
linear. The columns reach the post buckling range, where non-
linear behaviour predominate, when the end shortening grows
and exceeds the critical buckling load. The load grows slowly
in the post-buckling zone, and the stub columns fail and lose
their capacity to hold further weight. As a result, when the end
shortens further than the ultimate load, the load curves shrink.
Comparing the proposed load versus axial load shortening
curve for all sections with the experimental and numerical
ones in Chen et al. [15] and Chen et al. [16], it was found a
very good agreement between them. So, the study can be built
based on this match as shown in Figure 8 to Figure 12.

Chen et al. [15] investigated the failure modes predicted
by finite element analysis. Comparing them with the proposed
ABAQUS analysis, it was found that, they were similar. Table
4, depicts the failure mode shapes for C240x45 X 15-t1.75-
L1500-EHI, and (C240x45 x15-t1.75-L1500-EH3,
respectively. Chen et al. [16] investigated the failure mode
predicted by finite element analysis for B240-t1.75-1.920-
S100-EH1, B240-t1.75-L1420-S100-EH1, and B240-t1.75-
L1420-S50-EHI. Comparing them with the proposed
ABAQUS model, it was found that they were similar as
shown in Table 5.
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Figure 8: Axial load versus axial end-shortening for C240 x 45 x 15-

Figure 11: Axial load versus axial end-shortening for B240-t1.75-

L1500-EH1. L1420-S100-EH1.
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Figure 9: Axial load versus axial end-shortening for C240 x 45 x 15-

L1500-EH3.

Figure 12: Axial load versus axial end-shortening for B240-t1.75-

L1420-S50-EH1.

Table 4: Failure modes comparison for single channels according to

Chen et al. [15], and proposed validation models.

C240 x 45 x 15-L1500-EH1

C240 x 45 x 15-L1500-EH3

Proposed Chen et al. Proposed failure
failure mode [15] failure mode
mode

250
EXP. Chen et al. [16] Chen etal. [15]
failure mode
200
= = proposed -
’ ~
- e \
£ 150 \
x»
§ ’ 4 & \.\
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Figure 10: Axial load versus axial end-shortening for B240-t1.75-L.920- P
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Table 5: Failure mode comparison for back-to-back channels according

to Chen et al. [16], and proposed validation models.

Failure mode

Proposed model

Chen et al. [16] results

B240-11.75-1.920-5100-EH

B240-t1.75-L1420-5100-EH

B240-11.75-L.1420-850-EH

The

Iv. SUMMARY AND CONCLUSIONS

following conclusions can be drawn from the FE

modelling and validation described above:

The finite element modelling is one of the numerical
techniques that can be used to conduct solutions to a
variety of engineering issues.

To simulate the CFS single lipped channel section with
edge-stiffened hole, the FE program ABAQUS was
utilized. Actual measured geometric and material
parameters were used in the model.

The finite element software program ABAQUS was also
used to simulate the CFS double back-to-back lipped
channel section with edge-stiffened hole. The behaviour
of two types of CFS sections was then conducted.

The finite element ultimate strength results, the axial
load versus axial end shortening and failure modes of
the proposed ABAQUS modelling showed a good
agreement with experimental and numerical results from
Chen et al. [15], [16].

According to the previous results, utilizing two channel
sections as opposed to one increase considerably the
column's resistance to local buckling and the section's
overall effectiveness at resisting pure axial force.
Comparing a single section with edge-stiffened hole
with double back-to-back channel sections with edge-

stiffened hole, it was found that the efficiency at
resisting pure axial load was greater for back-to-back
channel sections case at the same conditions.
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