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Abstract A finite element model is described in this paper, which investigates the
behaviour of CFS built-up channel columns, connected back-to-back with the help of
intermediate web fasteners, subjected to axial load. Finite element package ABAQUS
was used to develop the finite element models for built-up columns, which were ver-
ified against the test results reported by the authors. Non-linearities of materials and
initial imperfections were included in the FEA model. Axial capacity, deformation
patterns and load—displacement behaviour were reported from the FE analyses and
validated against the test results, reported by the authors in another paper. Axial
strengths obtained from the FEA modes were verified against the AISI and AS/NZS
design strengths, for CFS built-up columns; obtained comparisons showed that AISI
and AS/NZS standards were un-conservative for stub and short columns which failed
by local buckling, whereas standards were over-safe for columns failed through over-
all buckling.

Keywords Cold-formed steel - Back-to-back sections * Built-up columns -
Buckling - Fasteners

Notation
A’ Total length of the web
Ae Effective sectional area
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B’ Total flange width

(o4 Total lip width

CFS Cold-formed steel

t Section thickness
COV Coefficient of variation
E Young’s modulus

F, Critical buckling stress

(KL/7r),s Modified slenderness
(KL/r), Overall Slenderness

Parst Axial capacity in accordance with American Iron and Steel Institute
Prga Axial capacity determined from the finite element investigations

S Longitudinal spacing between fasteners

Ae Non-dimensional slenderness ratio

1 Introduction

The use of CFS built-up channels, connected back-to-back at the webs, is increasing
(see Fig. 1), as compression members because of its superior strength-to-self weight
ratios and economic design. Cold-formed steel members are easy to construct and
also to compare hot-rolled steel members. CFS industry is looking for most effective
cross sections of the structural members. However, for large span beam and column
members, it is very effective to connect more than one section together to form a built-
up section. These built-up sections can carry higher loads and can be used for larger
spans, e.g. columns in warehouse or shopping malls, steel trusses, portal frames,
space frames and wall frames. Current design guidance according to the American
Iron and Steel Institute [1] and the Australian and New Zealand Standards (AS/NZS
4600: 2005) uses modified slenderness method to determine the axial capacity of CFS
built-up channels. However, the applicability of the modified slenderness method has
not been justified for CFS, unlike hot-rolled steel built-up columns.

Very few researches have been done to determine the axial strength of CFS built-up
channel sections, as shown in Fig. 1. The effect of fastener spacing on the strength of
built-up channels, connected back-to-back, was investigated by Ting et al. [14] which
was followed by Roy et al. [6] to study the effect of thickness on the axial strength of
built-up CFS channel sections, connected at the webs of two channels. CFS built-up
battened columns were investigated by Dabaon et al. [3], and they have concluded
that the AISI and AS/NZS and the eurocodes were un-conservative for columns
undergoing local buckling but the standards predicted the failure load safely for
those built-up columns failed through flexural buckling. Piyawat et al. [5] investigated
welded back-to-back built-up columns. Zhang and Young [19] considered an opening
in the CFS built-up columns, connected back-to-back (see Fig. 2). Whittle et al.
[18] investigated the axial strengths of built-up columns which were welded toe-
to-toe. Stone and LaBoube [16] considered stiffened flange and track back-to-back
channel sections. Other works include that of Fratamico et al. [4] and Anbarasu
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Fig. 1 Cross-sectional details of the CFS built-up channel sections investigated herein
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Fig. 2 Built-up CFS section
investigated by Zhang and
Young [19]

L L_J

et al. [2] who considered CFS built-up columns, connected back-to-back, while
CFS built-up columns, connected by intermediate screws and wood sheathed, were
investigated experimentally by Fratamico et al. [4]. On the other hand, Roy et al. [15]
investigated the investigated the effect of fastener spacing on axial capacity of built-
up duplex stainless steel channels, connected back-to-back. Roy et al. [11-13] also
studied experimentally and numerically, the axial capacity of built-up CFS channel
sections, connected back-to-back with a gap between two channels and concluded
that the current design guidelines by AISI and AS/NZS can be too conservative while
predicting the axial capacity of such columns. Also, investigated by Roy et al. [7],
the behaviour of built-up CFS un-lipped channel sections, connected back-to-back,
subjected to compressive force. The cold-formed built-up stainless steel un-lipped
channel sections under compression were investigated by Roy et al. [13]. On the
other hand, face-to-face built-up CFS channels were tested under compression by
Roy et al. [14]. Roy et al. [17] investigated the behaviour of built-up CFS columns
connected back-to-back under axial load and compared the test results against the
current design rules as per AISI and AS/NZS.

Sixty finite element results are presented in this paper for CFS built-up channels
connected back-to-back under axial load. FE models considered non-linear material
properties and initial imperfections. Explicit modelling of intermediate web fasteners
has been described. The axial capacity and deformation patterns of CFS built-up
columns are reported. FEA results agreed well when compared against the test results,
conducted recently by authors [8—10]. FEA results compared against the AISI and
AS/NZS strengths. AISI and AS/NZS standards were shown to be safe for all columns
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failed through overall buckling; however, the AISI and AS/NZS were un-conservative
for all stub and some short columns which failed by local buckling.

2 AISI and AS/NZS Design Guidelines

Finite element strengths were compared against the design strengths calculated in
accordance with the AISI and AS/NZS. For built-up CFS columns, the axial strength
is calculated according to AISI and AS/NZS as follows:

Paist = Ae Fy (1)

The critical buckling stress (F,) is determined as below:

For A, < 1.5:F, = (0.658 A2)F, 2)
0.877
For )‘*C > 15, Fn = T Fy (3)

The non-dimensional critical slenderness (\.) is calculated using Eq. 4:

he= B 4)
‘T \F

e

Modified slenderness ratio was used for all calculations as per Eq. 5.
KL KL\® [ s\ (s KL
— = — ) +(— ) ; Forwhich| — ) <0.5{— (®)]
r ms r ryL. ryc r 0

3 Summary of Experimental Tests

The non-linear FEA models, developed herein, were verified against the test results
reported by the authors recently [8—10], (see Fig. 1). The built-up lipped channels
were tested under compression for different column lengths starting from stub (length
of 300 mm) to slender (length of 2000 mm) columns. Thickness of the CFS chan-
nels was 1.2 mm. Figures 1b and 2a show cross-sectional details of the built-up
columns, investigated by Roy et al. [8—10], to be referred to as BU75 and BU90,
respectively. The measured specimen dimensions are shown in Table 1a, b for BU75
and BU90, respectively. In total, 60 specimens were tested, covering four different
column heights: 0.3, 0.5, 1 and 2 m. Types of the built-up section, fastener spacing,
nominal specimen length and test specimen number were coded by the specimen
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Fig. 3 Specimen labelling Built-up back- Nominal
to-back Nominal Specimen
channel- Fastener  length
sections with spacing 30mm
nominal 73mm Speci 1
\j l pecimen

BU75 S50 L300 -1

Fig. 4 Built-up column test
setup (1-m-long column
tests)

labelling. Figure 3 shows an example of the labelling used in the experimental pro-
gramme.

In order to determine the material properties, i.e. the Young’s modulus and yield
strength, tensile coupon tests were conducted. From the results of tensile coupon tests
for longitudinal and transverse directional coupons, average values of the modulus
of elasticity and yield stress were 207 N/mm? and 560 N/mm?, respectively.

All the built-up columns were loaded with the help of a Universal Testing Machine
(UTM) (see Fig. 4). The capacity of the UTM was 600 kN. Prior to testing, an LVDT
with 0.11 mm accuracy was used to measure initial geometric imperfections present
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Fig. 5 Initial imperfections for BU90-S200-L300-1

in the channel sections. In Fig. 5, initial imperfections are plotted against the length
of the built-up columns for BU90S200L300-1. These imperfections are included in
FEA models described in this article. Further details of the experimental tests are
available in [8-10].

4 Numerical Study

4.1 General

ABAQUS 6.14-2 was used to develop a finite element model for CFS built-up
columns under axial load. Centre line dimensions were used for all FEA models.
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Two types of finite element analysis were performed for buckling of built-up sec-
tions: Eigenvalue analysis and load—displacement analysis. Eigenvalues of the built-
up columns were determined to model the geometric imperfections. A load—displace-
ment non-linear analysis was, then, carried out using RIKS algorithm available in
the ABAQUS library. The geometric imperfections and non-linear material proper-
ties were included in the FEA model. From this analysis, the failure loads, buckling
modes and load—axial shortenings are determined. Specific modelling techniques are
described in detail as below.

4.2 Geometry and Material Properties

The built-up channels were modelled considering the full geometry of the columns
including web fasteners. Non-linear stress—strain relationships were specified in the
finite element model to incorporate the material non-linearity. The non-linear elas-
tic—plastic model was used for modelling the built-up columns in ABAQUS. Yield
stress of 560 MPa and ultimate stress of 690 MPa, along with Young’s modulus of
207 GPa, were used in finite element modelling.

4.3 Type of Elements and Finite Element Meshing

S4RS5 thick shell elements were used to model the built-up columns. S4R5 elements
were four-noded quadrilateral thick shell element. Across the length and width, a
mesh size of 5 mm x 5 mm was used for the convergence of the model. A number of
elements were confirmed through a mesh sensitivity analysis. An FE mesh is shown
in Fig. 6 for BU75-S100-L500-1.

4.4 Modelling of Boundaries and Loading Procedure

Pin—pinned boundaries were applied in all finite element models for built-up columns.
Two rigid plates were used at top and bottom ends of the built-up columns to simulate
the experimental test results. Pin—pin boundary condition was modelled by applying
rotations and displacements to both the end plates through a reference point. The ref-
erence point was considered as the CG of the cross section of built-up channels. The
reference point was used to apply the load through the upper end plates. Fasteners
between two back-to-back channels were modelled using MPC beam connector ele-
ments available in the ABAQUS library (see Fig. 7). MPC beam connector elements
were assigned a stress of 62.10 MPa to incorporate the stiffness of the fasteners.
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4.5 Contact Modelling

“Surface to surface” contact was defined as the interaction of the webs of two channels
connected back-to-back. The web of one channel was modelled as slave surface,
while the web of other channel section was considered as master surface. There was
no penetration between the two contact surfaces.

4.6 Geometric Imperfections in FEA Models

Initial imperfections were considered in the FE modelling. Superimpositions of local
and global buckling modes were considered for accurate FE analysis. For all built-up
columns, eigenvalue analyses were performed. For local buckling, very small channel
thickness was considered; however, for global buckling, large channel thickness
was used in finite element models. For local and global buckling modes, lowest
eigenmode was used in ABAQUS. The imperfections used in the modelling of built-
up channels were calibrated to the values measured from experiments by Roy et al.
[8—10]. Besides, local imperfection of 0.5% of channel thickness was included in all
finite element models as recommended by Roy et al. [7]. In Fig. 8, the contours of
local and overall buckling are shown for BU75-S100-L500-1.

Fig. 6 FE mesh at failure BU75-S100-L500-1
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Fig. 7 Boundary condition applied to the FE model (BU75-S100-L500-1)

4.7 FEA Model Validation

Results from the FEA models were verified against the test results available in the lit-
erature for built-up CFS columns, connected back-to-back under axial load. Figure 8
shows the failure modes of stub, short and intermediate columns obtained from exper-
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1 e Bl

(b) Overall buckling

(a) Local"i;l;ckling

Fig. 8 Initial imperfection contours (BU75-S100-L500-1)

imental tests conducted by Roy et al. [8—10]. Also, in Fig. 9, test and FEA strengths
are compared for BU75-S50-L300-1. As can be seen, the tests and FE results show
good comparison in terms of both failure load and deformed shapes.
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Fig. 9 Comparison of numerical and test results

Table 1a, b summarises the failure load obtained from the tests [8—10], which were
compared against the FEA results for BU75 and BU90, respectively. It is shown that
the mean of Pgxp/Prga 1s 1.04, with a COV of 0.02 for stub column of BU75 series
and Pgxp/Prga is 1.06, with a COV of 0.02 for stub column of BU9O0 series.

5 Comparison of FEA Results Against the Design Strengths

Table 1a, b shows the comparison of FEA strengths against the AIST and AS/NZS
strengths for BU75 and BU90, respectively. In Table 1a, b, it is shown that the
AISI and AS/NZS strengths were higher than FEA strengths by around 10%
for all stub columns. For reference, experimental strengths are also included in
Table la, b for BU75 and BU90, respectively. However, AISI and AS/NZS stan-
dard safely predicted the axial capacity of the built-up columns which failed through
global or overall buckling.

Figure 11a, b plotted the FEA and design strengths for BU75 and BU90, respec-
tively, against the modified slenderness. Experimental strengths from [8—10] were
also plotted in Fig. 11a, b for comparison. It is clear that the FEA strengths are very
close to test strengths. From Fig. 10, it can be seen that when the modified slenderness
ratio was less than 30, most of the built-up columns failed through local buckling
while most of the built-up columns failed through global buckling when the mod-
ified slenderness was greater than 55. Comparison of AISI and AS/NZS strengths
and FEA strengths are plotted in Fig. 12a, b for BU75 and BU90, respectively.
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(1) Experimental (=) FEA
(a) Stub (BU75-850-1300)

(1) Experzmeanal (i) FEA (1) Experimental (1) FEA
(b) Short column (BU75-5100-L500) (c) Intermediate column (BU735-8225- L1000)

Fig. 10 Built-up sections at failure

6 Conclusions

This paper has presented the results of 60 non-linear FEA analyses on CFS built-
up columns, connected back-to-back, subjected to axial load. Finite element model
includes explicit modelling of web fasteners, material non-linearity and geometric
imperfections. Failure loads and buckling modes for different lengths of built-up
columns are discussed. FEA models were validated against the experimental test
results which showed good agreement.
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The validated FEA models were used to check the accuracy of current design

guidelines. The column strengths from the FEA were compared against the AISI
and AS/NZS strengths. AISI and AS/NZS strengths were safe by around 15%, when
compared to the FEA results for 0.5, 1 and 2 m columns; however, for 0.3 m columns
AISI and AS/NZS, they were un-conservative by around 10%.

The first author is currently investigating the effect of different cross sections and

arrangement of screws for CFS built-up columns under eccentric load to develop
better design methods that will incorporate more accurate estimations of column
cross sections and screw spacing for different end conditions.
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