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a b s t r a c t

This paper presents a comprehensive experimental and numerical investigation on the cyclic response of
cold-formed steel columns with hollow rectangular sections. The present study examined the columns'
post-buckling strength and rigidity degradation, deformation and failure modes, ductility, and energy
dissipation capacity. The cold-formed steel members exhibited stable hysteretic performance up to the
point of local buckling with considerable degradation in strength and ductility. The energy dissipation
mechanisms from the in-plane plastic behavior and out-of-plane elastic buckling deformation were
identified. The influence of the height-to-width ratio and axial-compression ratio on energy-dissipation
and failure mode was also investigated.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

It is well-known that cold-formed thin-walled steel members
with large width-to-thickness ratio are susceptible to local buck-
ling with a post-buckling strength reserve. Over the past decades,
extensive analytical, numerical, and experimental investigations
on the performance of cold-formed thin-walled steel members
have been reported in the literature. A summary of major research
developments in cold-formed steel structures was given in Han-
cock [1,2]. Magnucka reviewed progresses in the field of cold-
formed beams, focusing particularly on the progresses on buckling
and optimal design [3]. Ellobody summarized the research works
on the stability of cold-formed steel columns at ambient and fire
conditions [4]. These investigations were on the static properties
of cold-formed steel members, including the buckling strength,
the interaction between different buckling modes, and the post-
buckling load-carrying capacity of the member [5–7].

Lightweight steel structures are now increasingly being used in
seismically active regions. Cold-formed steel members with
hollow rectangular section may be used for critical members and
components, and they are expected to undergo inelastic cyclic
deformations without suffering from significant loss of strength.
For thin-walled steel members, local buckling may significantly

reduce the load-carrying capacity and/or ductility property of the
section. On the other hand the post-buckling strength reserve may
be utilized to provide the ultimate load resistance. A thorough
understanding of the cyclic elastic–plastic behavior of the thin-
walled steel members is fundamental to their seismic design.

During the last few decades, extensive studies have been
undertaken to examine the inelastic cyclic behavior of hot-rolled
steel columns, which were on the hysteretic properties under axial
tension and compression load [8–10], under a combined constant
axial load and cyclic bending load [11–14], or under a combined
variable axial load and cyclic bending load [15]. For the hysteretic
behavior of cold-formed steel members, the relevant research
works focused on the bracing members, which experience the
cyclic axial forces. Elchalakani described a series of tests to the
failure of fix-ended cold-formed circular tubular braces under
cyclic axial loading, and examined the effects of section and
member slenderness on the strength, ductility, and energy absorp-
tion capacity [16]. Goggins performed quasi-static cyclic tests on
bracing specimens made with cold-formed hollow steel, under
idealized seismic loading conditions [17].

This paper presents a comprehensive experimental and numerical
investigation on the cyclic response of cold-formed steel columns with
hollow rectangular sections to assess the energy dissipation mechan-
ism due to the coupling effect of plasticity and local buckling. More-
over, the effects of different geometric parameters on the hysteretic
performances and energy-dissipation mechanism are evaluated using
finite element (FE) model.
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2. Description of experimental program

2.1. Details of test specimens

A total of six cold-formed steel columns with rectangular
hollow section (RHS) were tested in the present study. All speci-
mens were made of grade Q235 steel with a nominal yield stress Fy
of 235MPa. Three cross-sectional geometries were considered,
namely 160�80�2.49RHS, 120�80�2.49RHS, 120� 60�2.49RHS.
Two specimen lengths (L) were considered in the cyclic tests –

1800 mm and 2300mm. Geometric information and load control
parameters of the six specimens were listed in Tables 1 and 2. Four
groups of specimens were examined. Group I was comprised of R1, R2
and R3, covering different ratio of axial compression. Group II includes
R3 and R5, representing different width-to-thickness ratio of web.
Group III was comprised of R4 and R5, for different width-to-thickness
ratio of flange. Group IV includes R4 and R9, to investigate the effect of
different slenderness ratio.

The actual material characteristics of the specimens were
determined from tensile coupons (dimension: 20�350�3 mm3)
taken from the webs of the specimens. Table 2 summarizes the
material properties. Note that the cold-forming process caused
more significant increase in the yield strength for the members
with larger cross-section (e.g., R1, 160�80�3) than those with
a smaller section (e.g., R4, 120�60�3).

2.2. Test setup and loading scheme

The test setup and schematic diagram are shown in Fig. 1(a)
and (b), respectively. At the ends of the member, stiffening plates
were provided with adequate welding to transfer the loads. The
dimension of the plates at the top and bottom ends of the
specimen were 340�250�10 mm3 and 340�250�20 mm3,
respectively. Two actuators placed vertically and horizontally at
the top end provide combined compression and bending to the
specimen. A special device called “loading head” and a horizontal
beam are fixed at the top end to protect the columns from
torsional deformation and out-of-plane buckling.

The ECCS loading procedure [18] is adopted as shown in Fig. 2.
The load step is 0.5δy when δoδy, in which δy is the estimated
yielding displacement evaluated from the monotonic tensile tests.
The load step is switched to δy when the cyclic loading displace-
ment reached δy, this procedure was repeated three times and the
control displacement was increased until collapse of the specimen.

Twelve strain gauges ðSGi; i¼ 1;2; ::;12Þ and four LVDT displa-
cement transducers (DTi, i¼1,…,4) were used to measure the
strain and monitor the development of plasticity in the members.
The arrangement of the strain gauges and displacement transdu-
cers were shown in Fig. 3. The four displacement transducers were
placed: (1) on the steel plate welded at the bottom of columns to
measure the relative displacement between the plate and the
support (DT1), and to observe if the bottom is slipping; (2) on the
web at the bottom of the members to monitor the local buckling
(DT4); (3) at the center of the columns to record the out-of-plane

Table 1
Design dimensions for six tests.

Specimen R1 R2 R3 R4 R5 R6

Height of section – H (mm) 160 160 160 120 120 120
Width of section – b (mm) 80 80 80 60 80 60
Thickness- t (mm) 2.49 2.49 2.49 2.49 2.49 2.49
Length – L (mm) 1800 1800 1800 1800 1800 2300
Slenderness ratio λ 61 61 61 82 82 105
Ratio of axial compression n 0.1 0.2 0.3 0.3 0.3 0.3

Table 2
Loading control and material parameters for six tests.

Specimen R1 R2 R3 R4 R5 R6

Axial force N (kN) 33 66 99 73.6 82.1 73.6
Yielding displacement Δy (cm) 20 20 20 20 20 32
Elasticity modulus E (GPa) 240 240 240 210 189 210
Yielding stress fy (MPa) 330 330 330 330 310 330
Ultimate stress ft (MPa) 400 400 400 385 375 385
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Fig. 1. Test setup (a) gernaral view of thin-walled steel members test and
(b) schematic diagram of test setup.
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Fig. 2. ECCS loading procedures in the quasi-static test [18].
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