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Abstract

The practical application of cold-formed high strength steel is becoming increasingly popular in structural engineering due to
its great efficiency and cost effectiveness. However, cold-formed steel sections are usually associated with high slenderness,
hence are susceptible to buckling failure. Consequently, the buckling resistance of steel struts made of cold-formed high
strength steel must be determined with carefulness, particularly for complex compound sections. To this end, the present
paper aims at investigating the behaviour of back-to-back channel sections made of S700 steel with a characteristic yield
strength of 700 MPa. Compressive tests on such members are conducted for the purpose of validating the finite element
models. Subsequently, a numerical parametric analysis is carried out on the buckling resistance of axially loaded cold-formed
steel back-to-back channel sections, using the previously validated numerical modelling approach. In particular, the effects of
stiffeners and number of bolts on the buckling resistance are investigated. Furthermore, the results of the parametric analysis
are also compared with the codified buckling resistance determined based on the effective width method adopted in Eurocode
3 Part 1-3, in order to evaluate the reliability of the standardised design method for buckling resistance.

Keywords Finite element modelling - Cold-formed steel - Compound section - Number of bolts - Standardised design
method - Temporary works
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1 Introduction

The application of cold-formed steel (CFS) is attracting
increasing attention in the field of structural engineer-
ing, such as temporary works, steel decks, etc. The major
advantages of CFS sections are that they are lightweight,
hence are easy to handle on site, and that they have high
strength-to-weight ratio, in particular when high strength
steel is utilised, hence can lead to great structural effi-
ciency and material optimization, which in turns, is in line
with sustainable material utilization and green economy.
However, the light weight of CFS sections also means that
they tend to be thin-walled structures, which brings about
the major challenge of designing CFS sections, as they
are very susceptible to various types of buckling failure.
Potential buckling modes of CFS sections include local
buckling, distortional buckling, flexural buckling, torsional
buckling and torsional-flexural buckling. The last three
modes are also referred to as the global buckling modes.
Different buckling modes can occur simultaneously and
interact between each other. Thus, it is essential to prop-
erly account for the complicated response of CFS sections
in order to obtain a safe design of their buckling resistance.

Among the typical profiles used for CFS sections, chan-
nel sections are one of the most widely used profiles in
the steel manufacturing industry. In the past few decades,
numerous previous work has been conducted investigat-
ing the behaviour of single channel sections subjected
to buckling failure. Some representative studies include
Rasmussen and Hancock (1994) and Young and Rasmus-
sen (1998a) on the behaviour of plain channel sections, as
well as Young and Rasmussen (1998b) and Becque and
Rasmussen (2009) on lipped channel sections. Moreover,
many other research has been performed on more complex
channel sections, such as Kesti and Davies (1999), Yan
and Young (2002), Yang and Hancock (2004), Kwon et al.
(2009), etc.

More recently, however, the focus of research has
switched from single channel sections to more complex
compound sections. Compound sections can usually be
more advantageous than single sections as they tend to
have symmetric shapes, and consequently have no eccen-
tricities between shear and gravity centres, hence exhibit
higher member stability (Craveiro et al., 2016). The behav-
iour of compound channel sections have been investigated
in many previous studies. Some of the studies, such as
Zhang and Young (2012), Ghannam (2017), Roy et al.
(2018a, b) and Ting et al. (2018) on the back-to-back
compound channel sections, have focused on the open
compound sections. On the other hand, there are also a
few studies performed on the closed compound sections,
including Shu et al. (2013), Roy et al., (2019a, b) and
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Rahnavard et al. (2021). Moreover, some other studies
have also been carried out concerning the influence of web
openings, such as Lian et al., (2016a, 2016b) and Chen
et al. (2019).

Along with the rapid development of CFS members,
their associated standardised design procedures have also
been provided, which can be categorised into two different
methods, namely the Effective Width Method and the Direct
Strength Method. The former method is adopted worldwide,
including in the European Standard EN 1993-1-1 (CEN,
2005) and EN 1993-1-3 (CEN, 2006), whilst the latter is
currently adopted in the American Standard AIST 100-16
(AISI, 2016) and the Australian/New Zealand code AS/NZS
4600 (SA, 2018). The Direct Strength Method, proposed by
Schafer and Peko6z (1998) and Hancock et al. (2001), is con-
sidered an advanced alternative to the conventional Effect
Width Method, which is aimed at determining the resistance
of CFS members with increasingly complex profiles.

Despite large amount of effort has been put into the
research of CFS members, it is worth highlighting that the
majority of previous research only involved CFS members
made of steel with yielding strength up to 500 MPa. How-
ever, the number of studies concerning high-strength CFS
members, which usually have yield strength over 700 MPa,
are very limited. Since nowadays the manufacturing of high-
strength steel is becoming more and more mature, the appli-
cation of high-strength CFS members is attracting growing
attention from the industry, and issues concerning the use
of high-strength steel should be addressed. Firstly, there is
inadequate experimental test performed to investigate the
buckling resistance of high-strength CFS members with
complex profiles. Besides, the accuracy of current stand-
ardised design procedures requires evaluation, as there is
also a lack of studies assessing the capability of codified
methods to estimate the resistance of high-strength CFS
members in literature. Despite a few studies have conducted
evaluations of the current European design approach, such
as Haidarali and Nethercot (2012), Chan et al. (2015) and
Ye et al. (2018), they were not dealing with the application
of high-strength steel in compound sections. Therefore, it
is of interest to fill the gap by conducting experimental and
numerical investigation of the behaviour of high-strength
CFS members, and evaluate the reliability of codified design
methods in this regard.

The present paper is aimed at investigating the buckling
resistance of back-to-back channel sections made of S700
steel (i.e. yield strength equal to 700 MPa) under compres-
sive loading through numerical parametric analysis, and
conducting preliminary evaluation of the reliability of the
current European design method. Experimental tests were
performed initially for the purpose of calibrating and vali-
dating the finite element (FE) models. Subsequently, the
parametric analysis was carried out, which involved a wide
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range of member slenderness. The objectives of the para-
metric analysis are firstly to investigate the effects of spac-
ings between bolts and on the buckling resistance of the
compound sections, and secondly to compare the numerical
results with the design buckling resistance, thus the reliabil-
ity of codified design methods can be evaluated.

2 Comparisons Between the European
and American Standardised Design
Methods

A brief comparison between the European and American
Codified design methods is present herein. The European
codified design method refers to the Effective Width Method
summarised in EN 1993 (CEN, 2006) while the American
design method refers to the Direct Strength Method pro-
vided in AISI 100-16 (AISI, 2016). The two methods are
respectively referred to as the EC3 and AISI method in the
rest part of this paper. It should be noted that for conveni-
ence, the notations used in the analytical formulae have been
adapted to be consistent between the two design methods,
hence are not necessarily the same as the notations used in
each of the standards.

Both of the EC3 and AISI methods deal with the global
buckling modes, i.e. flexural buckling, torsional buckling
and torsional-flexural buckling, in a similar manner, as
demonstrated by the formulae summarised in Table 1. As
shown in Eq. (1), both methods adopt the concept of mem-
ber slenderness and apply a reduction factor to the resist-
ance of cross-section under compression (also referred to as
the squash load P, in the AISI method). One of the major
differences between the two design methods is that in the
EC3 method, the slenderness (denoted as E) depends on the

effective area of cross-section, whilst in the AISI method
the slenderness (denoted as 4.) depends on the gross cross-
section, as illustrated by Eq. (2). Correspondingly, the two
methods utilise different relations between the reduction
factor and the slenderness of members. For example, EC3
describes the reduction factor y as a function of the slender-
ness A via five different buckling curves, as shown in Fig. 1,
which are derived for different shapes of cross-sections.
In particular, when 7 is smaller than 0.2, no reduction is
adopted as global buckling is not considered likely to occur.
On the other hand, the AISI method provides explicit for-
mulae to describe the relation between the global buckling
load (P,,) and the squash load (Py), as shown in Eq. (1).
Nevertheless, it is worth mentioning that both methods
adopt equivalent analytical formulae to determine the criti-
cal buckling load (F,) associated with each global buckling
mode, as summarised in Egs. (3) to (5), which are essential
in the calculation of the member slenderness.

Other major differences between the EC3 and the AISI
methods are related to the ways of accounting for the effects
of local and distortional buckling, as demonstrated in
Table 2. In principle, the EC3 method utilises the effective

> 0

Reduction factor x

e
o

1 L L 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Dimensionless slenderness A

o

Fig. 1 Design buckling curves adopted in the EC3
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Table 2 Comparisons between the EC3 and AISI method of designing for local and distortional buckling

EC3 AISI
Local buckling Effective width of cross-sectional components For 4, £0.776: (6)
P nl = P ne
For 4; > 0.776:
0.4 0.4
Pu=[1-0as(3)"| (1)
where A, = 4/P,, /P,
Distortional buckling For 4 4 <065 For 4, £0.561: (@)
X, =10 Py=P,

For 0.65 < 4, < 1.38:
24 = 1.47 07232,
For Ed > 1.38:

Ay = \/fyb/ Ocrs

For A, > 0.561:
Pud 06 crd 06
Pu=|1-025(5) | (5) A,

where A; = /P[Py

width method to reduce the width of cross-sectional com-
ponents, as well as a distortional slenderness Id to reduce
the thickness of edge and intermediate stiffeners. Thus, an
effective area of the gross cross-section can be obtained and
used in the general formula in Table 1. On the other hand,
the AISI method deals with the local and distortional buck-
ling in a similar manner to the global buckling, where two
additional slenderness A, and A, are utilised, leading to the
local buckling load (P,;) and the distortional buckling load
(P,z)- The minimum of the buckling load associated with
local, distortional and global buckling will then be adopted
as the buckling load of the cross-section. It should be men-
tioned that in the present study, the critical local (P,,;) and
distortional (P,,;) buckling loads defined in the AISI method
are determined through elastic buckling analysis rather than
the analytical approach provided in the AISI standard.

Fig.2 The back-to-back CFS
channel section investigated in
the present study (unit: mm)
and its buckling load-half-
wavelength curve obtained from
CUFSM (Schafer, 2020)

88
() ——

128

LI =

@ Springer

4
Z
&

= = EE

o~ < Q
—

1 12662.64

3 Description of the CFS Channel

The CFS channel section involved in the present study is
a back-to-back compound channel section, whose buckling
behaviour under axial compressive loading was investigated.
The compound section is made of S700 steel with a char-
acteristic yield stress of 700 MPa. Detailed dimensions of
the open compound section are presented in Fig. 2, which
consists of two channel sections with edge and intermediate
stiffeners. The compound section has an overall dimension
of 88 x 128 mm, and has an uniform thickness of 4 mm.
The channel sections are connected to each other via two
rows of M6 bolts, as indicated by the dash lines across the
section webs in Fig. 2. It should also be mentioned that the
compound section was purposely designed to be not suscep-
tible to local and distortional buckling according to the EC3
design approach, i.e. the effective area of such cross-section
is approximately equal to1880 mm?, which is slightly less
than the gross cross-sectional area of 1907 mm?, mainly due

Local

Distortional

Flexural -

\V 4043.74 \

10! 10% 10%

Half-wavelength (mm)
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to the reduction in the thickness of stiffeners to account for
the limited effects of distortional buckling.

Figure 2 also shows the curve of buckling load against
half-wavelength for the compound section obtained from
CUFSM (Schafer, 2020). It is shown that the elastic critical
local and distortional buckling loads of this compound sec-
tion are determined to be around 12,662.64 and 4043.74 kN,
corresponding to a critical half-wavelength of around 50 and
300 mm, respectively. The results shown in the curve will
then be adopted in the implementation of the AISI design
approach in the following part of this study. Notably, based
on the critical buckling loads, the associated slenderness 4,
and A, were found to be respectively smaller than 0.776 and
0.561, hence no reduction was required to account for the
effects of local and distortional buckling, which was consist-
ent with the aforementioned design targets.

4 Experimental Tests and Validation
of Numerical Models
4.1 Test Specimens and Setup
Axial compressive tests were conducted on the 1:2 scaled

specimens of the channel sections introduced in Sect. 3 for
the purpose of model validation. Considering the capacity
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Fig. 3 Dimension of the 1:2 scaled channel sections tested in the lab-
oratory

Load cell

Top platen
Top bearing plates

Laser device Laser device holder

Test specimen

Bottom bearing plates

Bottom platen

Fig.4 Setup of the compressive test of the CFS channels

of the available test machine in the laboratory, the model
validation had to be done implicitly, based on single channel
channels with and without stiffeners, as well as an unstift-
ened compound section for the calibration of the effects of
bolt connections. The profiles of the strut members tested in
the lab are presented in Fig. 3, which are referred to as test
profile “A”, “B” and “C”. As can be seen in Fig. 3, the single
channel sections had a centreline dimension of 62 X 20 mm
and the cross-sectional thickness was 2 mm, while the uns-
tiffened compound section was the back-to-back built-up
section of the single unstiffened channel section. Table 3
contains a list of the test specimens, where a total of six CFS
channels were tested in the lab. It is worth mentioning that
in the case of the scaled back-to-back unstiffened channel
sections, two rows of M3 bolts were used to connect the
two channels together at a spacing of 38 mm along the web
and 50 mm along the member length. It is also worth noting
that, the single channel specimens (Profile A and B) also had
holes of 6 mm in diameter in their webs, which were cut in
order to accommodate the bolts.

The specimens were loaded by an Universal Testing
Machine system with a capacity of 250 kN, as shown in

Table 3 List of test specimens

. ; Specimen Profile L (mm) ¢(mm) Buckling mode* Buckling load Error (%)

and comparisons of their Label

estimated and measured Num Exp Pron(kKN) P, (KN)

buckling load
1 A 250 2 L L 122.12 116.60 4.73
2 B 250 2 DT DT 156.58 167.63 - 6.59
3 B 500 2 DT DT 143.71 140.51 2.28
4 B 750 2 DT+FL DT+FL 119.37 121.03 -1.37
5 B 1000 2 FL FL 88.33 95.08 - 7.05
6 C 1000 2 FL 188.84 (A) 197.10 —-4.18

FL 186.96 (B) -5.14

*L local buckling; DT distortional buckling; FL flexural buckling
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Fig. 4, in accordance with the requirements in the inter-
national testing standard ASTM E9 (ASTM International,
2019). Each specimen was carefully placed on the flat platen
at the bottom with its centroid in alignment with the centre
of the loading cell. The transverse movement of the ends of
the specimens were restrained by the high pressure, hence
high frictional forces between the end cross-sections and
platens, which, prior to the occurrence of buckling, is close
to a fixed boundary condition. It is noteworthy that, as high-
lighted in Fig. 4, a laser device was also utilised during the
test to measure the end shortening of the specimens, which
was in reality equal to the sum of the axial deformation
of the test specimens and the slight penetration of the test
specimens into the bearing plates at the top and the bottom.

It should be noted that due to limitation of available test
equipment, it was not feasible to measure the true profile
of imperfection of the specimens prior to the compressive
tests. In addition, as the main purpose of the experiments
was for the calibration of numerical model, a simple testing
scheme was adopted where each specimen was tested once
subjected to monotonic loading until failure occurred. The
monotonic compressive load was applied to the specimens
through displacement control at a strain rate equal to 0.5%
per minute, and loading was terminated when a significant
drop in load was observed. At the end of tests, the axial
load—displacement curve of each specimen was extracted
from the test machine and the laser device.

4.2 Numerical Modelling of the CFS Channels

Nonlinear finite element (FE) models of the CFS channels
were developed in the commercial software ABAQUS (Das-
sault Systemes, 2014). Centreline dimensions were adopted
to build the models of the channel sections, while two meth-
ods were utilised to simulate the influence of bolts.

Fig.5 Modelling of the channel
sections in ABAQUS
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Specimen 1
Specimen 2
Specimen 3
Specimen 4

<> Specimen 5

= ———Specimen 6 (Type A)
8 3 Specimen 6 (Type B)
=

€3]

R 1.5 2
Mesh size (1/mm)

Fig.6 Sensitivity analysis on the mesh size

4.2.1 Material Properties

The specimens were manufactured using S700 high strength
steel, which has a nominal yield stress of 700 MPa. However,
due to lack of material tests, the properties of the S700 steel
were defined based on the findings by Shakil et al. (2020).
As aresult, the Young’s modulus of steel was assumed to be
216 GPa and the Poisson’s ratio was 0.3. Besides, the yield
and ultimate stress of the S700 steel was assumed to be 764
and 839 MPa, respectively, with a 11.2% elongation at the
ultimate stress.

4.2.2 Elements and Mesh

The CFS channel members were modelled using the S4R
shell element, which is a four-node general-purpose shell
element with reduced integration point and is able to account
for finite membrane strains and arbitrarily large rotation.
Examples of the FE models are presented in Fig. 5. It is
worth mentioning that axial connectors were added to the
ends of each CFS members to account for the elastic defor-
mation of the bearing plates used in the compressive test, as
demonstrated in Fig. 5, where the two axial connectors were
in series with the CFS member (Fig. 6). The stiffness of the

RP: Reference Point
e--- Axial connector between two RPs

Constrained DOF at RPs:
RP-1: X, Y,RX, RY,RZ
RP-2: X, Y,RX, RY,RZ
RP-3: X, Y,RX, RY,RZ
RP-4: X,Y,Z,RX,RY,RZ
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Fig.7 Illustration of the
simplified modelling approach
of bolts: a the MPC and beam
connector approach (Type A); b
the mesh-independent fastener
approach (Type B)

Beam
connector

—

(a)

axial connector was calibrated to be approximately EA/h,,,
where h,, is the height of the bearing plate. However, it
should also be noted that the axial connectors were only
included in the FE models for validation purpose, and were
not included in the successive numerical parametric analysis.

A preliminary sensitivity analysis on the mesh size was
conducted on each channel members tested in this study,
which investigated the impact of mesh size on the critical
buckling load determined by elastic buckling analysis. The
result of the sensitivity analysis was presented in Fig. 7,
where the error was defined as the difference between the
critical buckling estimated by each mesh size considered and
that predicted with mesh size equal to 0.5 mm (1 mm in the
case of specimen 6). As can be seen in Fig. 7, with a mesh
size equal to 2 mm all FE models were able to reduce the
error to be within 1%, therefore, a mesh size of 2 mm was
adopted for all the analysis in this section.

4.2.3 Modelling of Bolts

In the present study, two methods were adopted to simulate
the effects of bolts, as shown in Fig. 7, which are referred
to as Type A and Type B approach, respectively. Type A
approach simulated the bolts through beam connectors and

Fig. 8 Representative buck-
ling mode shapes of the test
specimens

Local buckling

Flexural buckling

MPC (area covered

by the bolt) Radius of influence

Beam
connector

Fastener
point

(b)

Multi-point Constraints (MPCs), as illustrated in Fig. 7a,
which included physically a hole in the model. Each MPC
covered an area of 6 mm in radius, which was equal to the
area covered by the bolt head and nut (approximately twice
the size of the hole). On the other hand, Type B approach
adopted the mesh-independent fastener generated by Abaqus
with beam connectors, as shown in Fig. 7b, which was con-
sidered a simplified way of modelling bolts compared to the
Type A approach. The holes were not necessary to be built
in the Type B approach. It is noteworthy that bolts were not
damaged or loosened during the test, hence rigid behaviour
was assumed for the bolts in this study.

4.2.4 Boundary Conditions, Constraints and Contacts

Boundary conditions were applied to all the four reference
points in each FE model. As indicated in Fig. 5, RP-1, RP-2
and RP-3 was only able to move in the axial direction of the
member, while the fixed boundary condition was applied to
RP-2. In the meantime, the end sections of each member was
constrained by RP-2 and RP-3 through the ‘Beam’ MPCs.
In addition, surface-to-surface contact with ‘Hard’ normal
behaviour was also defined in the models of the compound

Distortional buckling Distortional + Flexural buckling

Local buckling

Flexural buckling
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channel sections to model the interaction between the web
of each channel.

4.2.5 Geometric Imperfection

The amplitudes of geometric imperfection of the tested
CFS members were not measured, consequently, the ampli-
tudes recommended in literature was adopted. The shape
of geometric imperfection were assumed to be based on
the combination of global and local buckling modes. Some
representative buckling modes of the tested CFS members
were presented in Fig. 8, covering the local, distortional and
flexural buckling modes of the test specimens. It is worth
mentioning that the stiffened channel members involved in
the test all had a combined distortional and flexural buckling
mode as their first buckling mode, hence the distortional
buckling mode was not explicitly included in the defini-
tion of geometric imperfection. The amplitude of global
imperfection was assumed to be equal to L/1100 accord-
ing to Dabaon et al., (2015a, 2015b) while the amplitude of
local imperfection was assumed to be equal to 0.5% of the

200

150

Axial load (kN)
3

4

Numerical simulation
Test result

0 1 2 3 4
Displacement (mm)

Fig.9 Failure mode and force—displacement curve of Specimen 3:
comparison of the damage mode and the axial load—displacement
curve

Fig. 10 Failure mode and force—
displacement curve of Specimen
6: comparison of the damage
mode and the axial load—dis-
placement curve

U S
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thickness of the cross-section, based on the study by Ello-
body and Young (2005).

4.2.6 Analysis Procedure

For each model, a linear buckling analysis was firstly per-
formed to extract the buckling mode shapes, which was
aimed at defining the initial geometric imperfection of the
CFS members, using the aforementioned approach. Succes-
sively, the buckling behaviour of each test specimen was
numerically simulated based on the Riks method, where the
results were compared with the experimental measurements
for the purpose of model validation.

4.2.7 Analysis Procedure

For each model, a linear buckling analysis was firstly per-
formed to extract the buckling mode shapes, which was
aimed at defining the initial geometric imperfection of the
CFS members, using the aforementioned approach. Succes-
sively, the buckling behaviour of each test specimen was
numerically simulated based on the Riks method, where the
results were compared with the experimental measurements
for the purpose of model validation.

4.3 Comparison Between the Numerical Simulation
and Test Results

The measured and estimated buckling load of each test spec-
imen was summarised in Table 3. It can be seen that the esti-
mation of buckling load is in good agreement with the meas-
ured values, with the differences being generally smaller
than 10%. Besides, the estimated critical buckling modes
based on elastic buckling analysis, which were adopted to
define the imperfection of the FE models, were also sum-
marised in Table 3, along with the observed buckling modes

3
1
XA,
150 /S
4
£
4
4
4
4
100 /7
4
4
4 4
4
/
Combressive test
——FE model (Type A)
- = = FE model (Type B)
0

Axial load (kN)

g
\

Type
A

Type
B

2

3

Displacement (mm)

4
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during the tests. It can be seen that good agreement was also
achieved in terms of the buckling modes. Additionally, it is
also indicated in Table 3 that the two approaches of model-
ling bolts yielded very similar estimates of the buckling load
of Specimen 6.

Aside from the buckling load, comparisons were also
made between the estimated and observed failure mode. Two
examples of the FE model validation are presented herein to
demonstrate the comparisons. Figure 9 shows the validation
of the FE model of Specimen 3. It can be seen that the FE
model obtained a similar failure mode to that observed dur-
ing the test, where failure was primarily due to the combina-
tion of distortional buckling and flexural buckling, causing
massive yielding in the middle of the specimen. Besides,
the force—displacement curves also demonstrates that good
agreement was achieved between the elastic axial stiffness
of the strut.

Another example is provided in Fig. 10, which shows
the behaviour of Specimen 6. It is shown that the FE model
of the back-to-back channel section was able to capture
correctly the response of the specimen. As can be seen in
Fig. 10, flexural buckling and local buckling were noticed
on the specimen, which was consistent with the damage pre-
dicted by the FE model, as yielding was mainly found at
the middle of the specimen and at the compressive flanges
near both ends. Moreover, as also shown in Fig. 10, the two
modelling approaches of bolts yielded two similar response
curves of the specimen, except that the stiffness estimated
by Type B approach was slightly lower than that estimated
by Type A approach. However, as previously mentioned, the
two types of the modelling approaches provided close pre-
dictions of the buckling load, and since Type B approach is
more simplified and easier to be implemented, it can be used
in the following parametric analysis of the present study.

Table 4 Buckling load of the

Label EC3 AISI P ypionkKN) P,(kN)

back-to-back compound channel 8

sections (fixed ends) 2 A EC3 AIST S§=100 mm §=200 mm §=400 mm
F800 0.33 0.33 1281.69 1274.83 1366.14 1305.84 1298.75
F1200 0.49 0.50 1191.08 1203.77 1350.96 1319.67 1272.44
F1600 0.66 0.67 1081.12 1110.88 1265.35 1249.86 1191.27
F2000 0.82 0.83 949.00 1001.91 1123.32 1106.20 1030.61
F2400 0.99 1.00 805.78 883.14 930.38 923.17 858.22
F2800 1.15 1.16 670.58 760.79 763.90 698.31 697.00
F3200 1.32 1.33 555.50 640.52 591.57 582.21 566.87
F3600 1.48 1.50 462.51 527.03 478.98 469.83 469.58
F4000 1.64 1.66 388.68 427.08 413.82 400.49 391.62

Table 5 Buckling load of the Label EC3 AISI P gesin(kN) P, (kN)

back-to-back compound channel

sections (pinned ends) 2 A EC3 AISI S=50 mm §=100 mm §=200 mm
P400 0.33 0.33 1281.69 1274.83 1395.62 1392.28 1378.26
P600 0.49 0.50 1191.08 1203.77 1365.65 1369.56 1355.53
P800 0.66 0.67 1081.12 1110.88 1264.63 1278.78 1245.85
P1000 0.82 0.83 949.00 1001.91 1059.37 1043.88 1090.27
P1200 0.99 1.00 805.78 883.14 944.04 856.14 929.11
P1400 1.15 1.16 670.58 760.79 717.58 766.64 748.95
P1600 1.32 1.33 555.50 640.52 610.75 607.61 599.04
P1800 1.48 1.50 462.51 527.03 504.71 499.39 492.54
P2000 1.64 1.66 388.68 427.08 409.29 413.93 409.37

P: Pinned Spacing of bolts
F: Fixed
L~ p <]><m- 100

Member length

Fig. 11 Labelling of the strut member (example of the 1000-mm long member with pinned ends and spacing of bolt equal to 100 mm)

@ Springer



International Journal of Steel Structures

5 Numerical Parametric Analysis

To investigate the behaviour of the back-to-back compound
section, numerical parametric analysis was conducted on
the full-scale cross-section described in Sect. 3, using the
modelling approach validated in the previous section. The
parametric analysis was aimed at investigating the buckling
resistance of the back-to-back compound sections and evalu-
ating the reliability of current codified design procedures.
The CFS strut members involved in the parametric analy-
sis was summarised in Table 4 and 5 for fixed and pinned
boundary conditions, respectively. For convenience, the
rules shown in Fig. 11 was adopted to label each strut mem-
ber included in the parametric analysis. The lengths of the
strut members with fixed ends ranged from 800 to 4000 mm,
which were twice the lengths of the pinned-end members.

1400

——S=50mm
1200 ——S=100mm
S$=200 mm
2 1000
=
= 800
]
]
— 600
]
Z 400
200
0
0
Axial deformation (mm)
S =100 mm:
1400
——S=100mm
1200 ——S$=200mm
S=400 mm
= 1000
&
= 800
g P=400kN
— 600
&
L 400 b D S— -
200
0

0 5 10 15 20 25
Axial deformation (mm)

Correspondingly the fixed-end members and the pinned-end
members were associated with the same range of slender-
ness, which was between 0.33 and 1.64 in terms of the EC3
non-dimensional slenderness, or between 0.33 and 0.64 in
terms of the AISI slenderness. Besides, as also shown in
Table 4 and 5, for the fixed-end members, bolt spacings
equal to 100, 200 and 400 mm were considered in this study,
while for the pinned-end members, the adopted bolt spacings
were 50, 100 and 200 mm. Notably, a sensitivity analysis on
the size of mesh, similar to the one introduced in Sect. 4.2,
was also conducted prior to the numerical parametric analy-
sis. It was found that a mesh size of 4 mm was sufficient to
achieve relatively accurate results and at the same time able
to reduce the computational demand.

Cross-section at
failure

Cross-section at

(b) failure

Fig. 12 Representative failure mechanisms of strut members: a the P1000 members; b the F1200 members
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Fig. 13 Comparisons of mem-
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5.1 Behaviour of the CFS Members

The behaviour of the CFS members was presented and dis-
cussed in this section, with attention also paid to the effects
of spacing of bolts. Figure 12 shows the representative fail-
ure mechanisms of the strut members analysed in this study,
where the black dots in the members represent the loca-
tions of bolts. Figure 12a presents the shape of the P1000
members when the residual loads were equal to 250 kN,
approximately 25% of the peak load. The predominant buck-
ling modes of this group of members were flexural buckling
about the weak axis with slight effects from distortional
buckling. It can be seen that the increasing spacing of bolts

did affect the stress distribution in the web of the failure area,
however, either the predominant buckling mode or the size
of the failure area were in general not affected. Neverthe-
less, some high stress concentrations were observed around
the bolts in the P1000-200 members, suggesting potential
local damage around the bolts or failure of the bolts. Such
stress concentrations were not found in the other two P1000
members. Figure 12b shows the failure modes of the F1200
members, whose behaviour was predominantly controlled by
combined flexural and distortional buckling. It can be seen
that despite all three F1200 members have similar shape at
failure, the small bolt spacing seemed to have restrained the
area of the member that underwent inelastic deformation. In

Fig. 14 Comparisons of the 1.2 1.2
numerical buckling resistance —BC3 method o —EC3 method
ith the EC3 design bucklin 1 —e—S=100mm 1 3 —6—S=50mm
wit € €s1gn buc g ;Y —&—S5=200mm > o —=—S=100mm
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Fig.15 Comparisons of the 1.2 : 1.2 .
numerical buckling resistance iISSDI method AIST method
wit'h the AISI design buckling — l— . LRFD - 1
resistance P T NN LSD =
208 —e—S=100mm 208
& —=—S5=200mm 8
g 0.6 + S=400mm g 0.6 -
B B
_g 0.4 _g 0.4
Q Q
~ ~
0.2} 0.21h
0 ' ' ‘ 0 . . :
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Slenderness \. Slenderness \.
(a) (b)
1.2
R )
-t ol g
. g~ ’ _ _"j’, —ﬂ
Qo
© 0.8 A
& T ASD
» |LRFD |
306 LSD \
S T Y
A o Fix $=100 mm Pin S=100 mm
0.4 = Fix S=200 mm Pin S=200 mm
Fix S=400 mm - - - mean value
o Pin S=50 mm
0.2 - -
0 0.5 1 1.5 2
Slenderness A,
(©)

addition, high stress concentration was also noticed around
the bolts in the F1200-200 and F1200-400 members, similar
to the case of P1000-400 member shown in Fig. 12a.

Figure 13 shows the variation of member buckling load
due to increased spacing of bolts. In general, it can be seen
that the increase of bolt spacing did not significantly change
the member buckling load, as the variations were all within
10% for both the fixed-end and pinned-end members. The
limited variation could be explained by the different local
buckling modes due to different spacings of bolts, which had
some effects on the imperfection of the FE models in this
study. However, as the change of bolt spacing did not alter
the predominant buckling mode, the variation in buckling
loads were not significant. As shown in Fig. 13a, for fixed-
end members, increasing the spacing of bolt from 100 to 200
and 400 mm on average led to a 3 and 6% reduction in the
buckling load, respectively. On the other hand, as indicated
in Fig. 13b, the variation of buckling load of the pinned-end
members were considered negligible, hence the use of more
bolts was not necessarily beneficial to the member buckling
resistance in this study.

5.2 Assessment of Standardised Design Procedure
A preliminary assessment of the EC3 and the AISI design

procedures was carried out in this study by comparing the
design buckling loads with the numerical results. The results

@ Springer

are presented in Figs. 14 and 15. The design buckling load
was determined based on the methods introduced in Sect. 2.
It should be mentioned during the assessment of the EC3
design method, as shown in Fig. 14, the design load was pre-
sented in terms of the reduction factor y, hence the numeri-
cal results were normalised by the compressive capacity of
each member, as demonstrated by Eq. (8). In a similar man-
ner, as illustrated in Fig. 15, the buckling resistance obtained
by the AISI method could also be expressed as a design
buckling curve based on Eq. (1) in Table 1, as it has been
mentioned in Sect. 3 that the effects of local and distortional
buckling can be ignored for the compound section investi-
gated in the present study. Correspondingly, the numerical
results were normalised according to Eq. (9) in this case. It is
essential to mention that the yield stress adopted in the codi-
fied design (denoted as f,) was the characteristic value equal
to 700 MPa, hence was different from the yield stress imple-
mented in the FE models, which took the mean value based
on previous experiments equal to 764 MPa, as mentioned in
Sect. 4.2. Moreover, the implementation of the EC3 method
utilised the buckling curve b (See in Fig. 1) to calculate the
design buckling load, which was based on the general shape
of the back-to-back compound channel section.

X = Pnum/Aeﬁf;J (8)
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Pnum/Py = Pnum/Agfy (9)

The comparisons between the buckling loads obtained
numerically and using EC3 method are presented in Fig. 14.
As can bee seen, the EC3 design approach provided safe
design values for all the strut members involved in the
numerical analysis. Figure 14c also shows the margin of
safety through the use of safety factors, which were defined
as the ratio between the numerical buckling load and the
design buckling load. The mean value of safety factors
shows that the EC3 method tended to yield more conserva-
tive design values for members with slenderness A in the
range between 0.5 and 1.0, where the mean safety factor is
around 1.13. For stocky members with slenderness A smaller
than 0.5, the safety factor dropped towards 1.0 as the effects
of buckling became limited. Additionally, for more slender
members (1> 1.0), the corresponding mean safety factor was
gradually reduced to approximately 1.05. Considering that
the partial factor y,,, used in the EC3 method to reduce the
design value for redundancy, as shown in Eq. (1), is equal to
1.0, the EC3 method can be unsafe for some of strut mem-
bers in this study, especially those with fixed ends and 400-
mm spacing of bolt.

The assessment of the AISI method is presented in
Fig. 15. It was found that when considering the unfac-
tored buckling loads, the bucking loads estimated by the
AISI method were on average around 10% higher than
the numerical results for the strut members with slender-
ness 4, less than 1.0, with the highest safety factor found
to be around 1.12 for the P800-100 member. However,
for members with A, larger than 1.0, the AISI method
overestimated the buckling loads by an average of around
5%, with the lowest one being around 0.88 for the F3200-
400 member. Nevertheless, this does not mean that AISI
method is not safe in this case. The AISI method also
requires the use of factored resistance based on different
requirements, as shown in Eq. (10) including the Allow-
able Strength Design (ASD), Load and Resistance Factor
Design (LRFD) and Limit States Design (LSD) Require-
ments. It can be seen in Fig. 15 that the AISI method even-
tually led to safe buckling design for the strut members
considered in this study.

P:Pn/QC:(ﬁCPn
where P, = min{Pne,Pnza Pnd}

Q. = 1.80 for ASD
¢. = 0.85 for LRFD (10)
¢, = 0.80 for LSD

6 Conclusions

This paper presented a numerical parametric study on a
back-to-back CFS compound channel section made of S700
steel, aiming at evaluating the reliability of codified design
methods. FE models were established and validated against
experimental test results, which were then adapted in the
parametric analysis.

The following conclusions can be drawn based on the
results of the numerical parametric analysis:

e The spacings of bolts was able to influence the high stress
concentration in the failure area of the members

e The spacings of bolts exhibited limited impact on the
buckling loads of the members in this study, mainly due
to the change in initial imperfection

e The EC3 method provided safe design for all the mem-
bers considered, and was more conservative for members
with slenderness between 0.5 and 1.0

e The AISI method overestimated the buckling loads of the
members with slenderness over 1.0 when no factors were
used, however, it yielded safe design for all the members
when factored buckling loads were considered.

Additional experimental and numerical simulations are,
however, needed to enhance the reliability of current design
practice and existing building codes for the efficient use of
CFS channel sections for ordinary and temporary construc-
tion structural systems.
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