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Abstract

In recent years, the application of advanced high strength steels for fabricating cold-formed steel (CFS) mem-
bers has been increasingly focused. The knowledge of the load-bearing capacity of CFS members made of
these materials at elevated temperatures (in fire conditions) is limited. This research study focuses on the com-
pression capacity of short CFS lipped channel members made of MS1200 martensitic advanced high strength
steel sheets (with a nominal yield strength of 1200 MPa) and failing by local buckling at elevated temperatures.
Firstly, finite element (FE) models of these CFS members were developed. These FE models were then used to
conduct a parametric study, in which the effects of increasing temperatures on the capacity reduction of short
CFS lipped channel members made of MS1200 steel sheets were focused. The difference between the capacity
reductions due to elevated temperatures of CFS lipped channel members made of G550 high strength steel
sheets (with a nominal yield strength of 550 MPa) and MS1200 steel sheets was also discussed. Finally, the
direct strength method (DSM) based design rules for CFS compression members at elevated temperatures in the
current CFS design standard in Australia and New Zealand (AS/NZS 4600) were assessed using the obtained
FE analysis results.
Keywords: cold-formed steel; advanced high strength steel; lipped channel; elevated temperatures; local buck-
ling.
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1. Introduction
Cold-formed steel (CFS) lipped channels have been popularly used for compression members,

such as columns, wall studs, bracings and roof or floor truss members, in many low-rise and several
mid-rise residential building structures in North America, Australia and New Zealand. The com-
mon use of G550 high strength steel material (nominal yield strength of 550 MPa [1]) significantly
improves the compression capacity of CFS lipped channel members, which has contributed to the
increasing application of these members for building structures. Recently, many engineers have ex-
pected to apply CFS lipped channel members for compression members with higher capacity and
slenderness in many mid-rise buildings. An obstacle is that although G550 steel sheets are used, the
commonly used CFS lipped channel members still have limited compression capacities due to their
sensitivity to sectional buckling (local and distortional buckling) and low torsional and flexural stiff-
ness. A solution considered in recent years is using advanced high strength steel materials with a
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nominal yield strength of up to 1200 MPa for fabricating CFS lipped channel members to upgrade
their compression capacities further. It is noted that advanced high strength steel materials have been
widely applied in the automotive industry. Different to high strength steel materials, advanced high
strength steel materials have a multiphase microstructure containing one or more phases other than
ferrite, pearlite, or cementite. This results in higher strength and durability [2–4].

Many research studies [2–9] have been conducted on the mechanical properties of advanced high
strength steel sheets and their applications for CFS compression members in recent years. In detail,
Yan et al. [2] investigated the deterioration of the mechanical properties, such as yield strength and
elastic modulus, of advanced high strength steel materials with nominal yield strengths from 340
MPa to 1200 MPa at elevated temperatures. Their investigations included two types of advanced high
strength steel materials: dual-phase (high strength and plasticity) and martensitic (high strength but
lower plasticity) steels. Xia et al. [3] proposed stress-strain models for these advanced high strength
steel materials at elevated temperatures and after being exposed to fire. Li et al. [4] investigated
the mechanical properties of DP500 dual-phase advanced high strength steel with a nominal yield
strength of 500 MPa and a nominal ultimate strength of 780 MPa. Besides, some other research
studies [5–9] investigated the compression capacities of CFS members and CFS stud walls made of
different advanced high strength steel materials at ambient temperatures. No research studies have
focused on the behaviour of CFS members made of the mentioned materials at elevated temperatures
and fire conditions. Thus, further studies in this field are needed to enable the safe applications of
these materials for CFS members.

This research study focuses on the local buckling capacity of short CFS lipped channel mem-
bers made of MS1200 martensitic advanced high strength steel sheets with increasing temperatures.
Firstly, suitable finite element (FE) models were developed using a stress-strain model of MS1200
steel sheets developed by Xia et al. [3]. The FE models were then validated using test results of short
CFS channel members made of G550 high strength steel sheets at elevated temperatures, which were
tested by Gunalan et al. [10]. Based on the developed FE models, a parametric study was conducted
to investigate the effects of high temperatures on the local buckling capacities of typical CFS lipped
channel members made of MS1200 steel sheets. Finally, the direct strength method (DSM) based
design rules in the CFS design standard in Australia and New Zealand (AS/NZS 4600 [1]) for CFS
members at elevated temperatures were summarised and assessed based on the FE analysis results
obtained in the parametric study.

2. Finite element modelling
2.1. Details of finite element models

Fig. 1(a) shows a general view of a FE model developed in this study. It included the accurate
geometry of a short CFS lipped channel member. All elements of the modelled channel member were
simulated via S4R elements, which are 4-node, quadrilateral, stress/displacement shell elements with
reduced integration and a large-strain formulation. Meanwhile, 5 mm × 5 mm meshing (Fig. 1(b)) was
applied [11, 12]. To simplify the FE model, the corner radius in the channel member was assumed
negligibly small and thus ignored [6, 10, 12]. The ratio of member length to section depth was
about 3 to ensure that local buckling was the dominant buckling mode and that the local buckling
stress was not affected by end boundary conditions [13]. Fixed-ended boundary conditions were
applied. Through multi-point constraints (MPC) typed “tie”, both ends of this channel member were
constrained to two reference points (RP-1 and RP-2), which were located at the centroids of its ends.
All axial and lateral movements and rotations of RP-1 were restrained while the set-up for RP-2 was
mostly similar except that the axial movement was not restrained. The compression load was applied

2

Unc
orr

ec
ted

Proo
f



Vy, S. T. / Journal of Science and Technology in Civil Engineering

on the modelled CFS channel member by setting the axial movement of RP-2. The end boundary and
loading conditions are presented in Fig. 1(c). In this study, all the FE models were developed using a
commercial FE software ABAQUS [14].

(a) A typical FE model (b) FE mesh (c) End boundary and loading conditions

Figure 1. Overall views of a typical FE model, FE mesh and end boundary and loading conditions

The mechanical properties, including the yield strength ( fy,T ), elastic modulus (ET ) and engineer-
ing stress-strain (σT − εT ) curves, at elevated temperature (T ) of 1 mm thick MS1200 steel sheets
were provided in the previous studies [2, 3]. The values of fy,T and ET are summarised in Table 1,
while the engineering stress-strain curves at elevated temperatures are shown in Fig. 2. It should be
noted that these curves were based on a simplified stress-strain model proposed by Xia et al. [3] for
1 mm thick MS1200 steel sheets while these curves agreed well with the test results in [2]. All the
engineering stress-strain curves (σT − εT ) were converted to true stress-strain curves (σT,true− εT,true)
based on Eqs. (1) and (2) before being incorporated into the FE models.

σT,true = σT (1 + εT ) (1)

εT,true = ln (1 + εT ) (2)

Figure 2. Engineering stress-strain (σT − εT ) curves of MS1200
steel sheets

Figure 3. The first local buckling mode of
a CFS lipped channel member

As the CFS lipped channel members investigated were sensitive to local buckling mode, local
geometric imperfections were incorporated in the FE models. Here, each FE model included two
analysis steps. In the first step, eigenvalue buckling analysis was applied to obtain local buckling
modes of CFS lipped channel members. In the second step, nonlinear analysis was used to obtain
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the compression behaviour, ultimate loads, failure shapes and load-shortening curves of the modelled
CFS members. It should be noted that local geometric imperfections based on the first local buckling
mode (Fig. 3) given by the first step were incorporated into the nonlinear analysis. The magnitude of
the local geometric imperfections was 0.47 × sectional thickness of CFS members [15]. The residual
stresses and higher yield strengths at corners of CFS lipped channel sections were ignored based
on the proposal of Schafer and Pekoz [16]. In the nonlinear analysis, the General Static solver was
applied with a damping factor of 0.0005 and a stabilization factor of 0.005 utilised [11, 12].

Table 1. Mechanical properties of MS1200 steel sheets at elevated temperatures

Mechanical properties
Temperature T (°C)

20 200 300 400 500 600 700

fy,T 1387.0 1220.6 887.7 513.2 221.9 83.2 27.7
ET 208609 177318 152285 112649 66755 37550 18775

2.2. Validation of the developed finite element models
The FE models developed in this study were validated against test results of short CFS lipped

channel members made of 0.95 mm thick G550 high strength steel sheets and failing by local buckling
[10]. The simplified stress-strain (σT − εT ) curves of 0.95 mm thick G550 steel sheets at elevated
temperatures are shown in Fig. 4, which were based on test results of Kankanamge and Mahendran
[17] and a stress-strain model proposed by Ranawaka and Mahendran [18] for G550 steel sheets.
Figs. 2 and 4 show that except for some differences in terms of the ultimate strains as well as yield
and ultimate strengths, the stress-strain curves of MS1200 and G550 steel sheets are highly similar.
Therefore, it is reasonable to consider that the compression test results of CFS members made of
G550 steel sheets could be used for validating FE models of CFS members made of MS1200 steel
sheets.

Figure 4. Engineering stress-strain (σT − εT ) curves of G550 steel sheets

Table 2 summarises some details of specimens in Gunalan et al. [10], including their lengths
(L), section depths (h), flange widths (b), lip widths (d), thicknesses (t), temperatures (T ) and the
ultimate capacities given by tests and the FE models developed in Section 2.1 (Nc,T−Test and Nc,T−FEA,
respectively). The general dimensions and failures of a typical test specimen are shown in Fig. 5. The
corner radius in the test specimens was negligibly small [10]. Fig. 6 includes typical load-shortening
curves. The high similarities between the test results and the predictions of FE models developed in
this study in terms of the ultimate loads, failure shapes and load-shortening curves are presented in
Table 2 and Figs. 5 and 6. Therefore, it is concluded that the FE models developed in this study are
reliable.
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Table 2. Summary of dimensions and capacities of the test specimens in [10]

Specimen
T

(°C)
h

(mm)
b

(mm)
d

(mm)
t

(mm)
L

(mm)
Nc,T−Test

(kN)
Nc,T−FEA/

Nc,T−Test

G550-0.95-20-A 20 62.95 27.65 9.62 0.95 190 53.95 1.04
G550-0.95-200-A 200 63.4 27.75 9.65 0.95 190 52.12 1.02
G550-0.95-300-A 300 63.27 27.7 9.6 0.95 190 47.83 1.02
G550-0.95-400-A 400 63.32 27.61 9.67 0.95 190 36.43 1.00
G550-0.95-500-A 500 63.5 27.75 9.65 0.95 190 21.36 1.02
G550-0.95-600-A 600 63.07 27.72 9.67 0.95 190 6.55 1.07
G550-0.95-700-A 700 63.55 27.55 9.65 0.95 190 4.00 1.10

Average 1.04

COV 0.03

(a) Dimensions of specimens (b) Failures of specimen
G550-0.95-700-A in tests

(c) Failures of that specimen given by
FE models

Figure 5. Details of dimensions of specimens, failures of specimen G550-0.95-700-A in tests, failures
of that specimen given by FE models

Figure 6. Load-shortening curves of some specimens given by test results and finite element analyses (FEA)

3. Effect of elevated temperatures on the local buckling capacity of CFS compression members
made of MS1200 steel sheets

3.1. General
The developed FE models were utilised to investigate the compression capacities of 35 CFS lipped

channel members made of MS1200 steel sheets. Their section depths were either 63 mm or 90 mm. In
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this Section, the cross-sections of the investigated CFS members were labelled by their dimensions.
For example, “C63×28×10×0.75” means that the section depth (h) is 63 mm, flange width (b) is
28 mm, lip width (d) is 10 mm, and thickness (t) is 0.75 mm. The elevated-temperature mechanical
properties, including the yield strength ( fy,T ), elastic modulus (ET ) and stress-strain (σT −εT ) curves,
were assumed as unchanged although the thicknesses were varied. They are presented in Fig. 2 and
Table 1. The compression capacities of the investigated CFS members predicted by FE analyses
(Nc,T−FEA) are presented in Table 3. Note that all these CFS members failed by local buckling. Fig. 7
shows the capacity reductions (Nc,T−FEA/Nc,20−FEA) of these CFS members and those made G550
steel sheets in [10].

Table 3. Compression capacities of the investigated CFS members

Cross-section
L

(mm)
T

(°C)
ET

(MPa)
fy,T

(MPa)
Nc,T−FEA

(kN)
Nc,T−FEA/

Nc,T−DS M

C63×28×10×0.75 190 20 208 609 1387.0 60.99 1.14
C63×28×10×0.75 190 200 177 318 1220.6 53.75 1.16
C63×28×10×0.75 190 300 152 285 887.7 40.63 1.13
C63×28×10×0.75 190 400 112 649 513.2 25.32 1.10
C63×28×10×0.75 190 500 66 755 221.9 12.85 1.15
C63×28×10×0.75 190 600 37 550 83.2 5.36 1.10
C63×28×10×0.75 190 700 18 775 27.7 2.10 1.12
C63×28×10×0.95 190 20 208 609 1387.0 97.69 1.21
C63×28×10×0.95 190 200 177 318 1220.6 81.56 1.17
C63×28×10×0.95 190 300 152 285 887.7 63.29 1.17
C63×28×10×0.95 190 400 112 649 513.2 40.62 1.18
C63×28×10×0.95 190 500 66 755 221.9 19.93 1.19
C63×28×10×0.95 190 600 37 550 83.2 7.59 1.05
C63×28×10×0.95 190 700 18 775 27.7 2.90 1.04
C90×40×15×0.75 270 20 208 609 1387.0 68.77 1.16
C90×40×15×0.75 270 200 177 318 1220.6 58.48 1.14
C90×40×15×0.75 270 300 152 285 887.7 45.68 1.14
C90×40×15×0.75 270 400 112 649 513.2 28.56 1.12
C90×40×15×0.75 270 500 66 755 221.9 14.02 1.13
C90×40×15×0.75 270 600 37 550 83.2 5.52 1.02
C90×40×15×0.75 270 700 18 775 27.7 2.35 1.12
C90×40×15×0.95 270 20 208 609 1387.0 102.95 1.15
C90×40×15×0.95 270 200 177 318 1220.6 95.69 1.23
C90×40×15×0.95 270 300 152 285 887.7 68.54 1.14
C90×40×15×0.95 270 400 112 649 513.2 42.17 1.10
C90×40×15×0.95 270 500 66 755 221.9 20.91 1.12
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Cross-section
L

(mm)
T

(°C)
ET

(MPa)
fy,T

(MPa)
Nc,T−FEA

(kN)
Nc,T−FEA/

Nc,T−DS M

C90×40×15×0.95 270 600 37 550 83.2 8.40 1.03
C90×40×15×0.95 270 700 18 775 27.7 3.45 1.09
C90×40×15×1.20 270 20 208 609 1387.0 154.77 1.16
C90×40×15×1.20 270 200 177 318 1220.6 135.02 1.16
C90×40×15×1.20 270 300 152 285 887.7 102.27 1.13
C90×40×15×1.20 270 400 112 649 513.2 64.59 1.13
C90×40×15×1.20 270 500 66 755 221.9 31.87 1.14
C90×40×15×1.20 270 600 37 550 83.2 13.23 1.09
C90×40×15×1.20 270 700 18 775 27.7 5.11 1.09

Maximum 1.23
Minimum 1.02
Average 1.13

COV 0.04

Figure 7. Capacity reductions of CFS members made of MS1200 and G550 steel sheets at elevated
temperatures

3.2. Discussions
Fig. 7 and Table 3 highlight that with increasing temperatures, the compression capacities of CFS

lipped channel members made of MS1200 steel sheets and failing by local buckling were reduced.
At 200 ◦C, their capacities slightly decreased by around 15%. From 200 ◦C to 600 ◦C, their capaci-
ties significantly reduced from around 85% to about 10% of their capacities at ambient temperature
(20 ◦C). It is interesting that in this period, the capacity reduction versus temperature relationship was
nearly linear. From 600 ◦C to 700 ◦C, their compression capacities were gradually reduced to about
5% of their capacities at ambient temperature (20 ◦C).

At ambient temperature (20 ◦C), the compression capacity of specimens G550-0.95-20-A made
of G550 steel sheets (Table 2) was lower than that of specimen C63×28×10×0.95 made of MS1200
steel sheets (Table 3) by about 80% although these specimens had the same cross-sections and lengths
and both failed by local buckling. This meant that using MS1200 could increase the local buckling
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capacity of CFS members. As shown in Fig. 7, the compression capacity reduction of CFS lipped
channel members made of MS1200 steel sheets was considerably faster than those made of G550 high
strength steel sheets, especially during the period from 200 ◦C to 600 ◦C. In conclusion, although
the use of MS1200 steel could result in the higher compression capacity of CFS lipped channel
members failing by local buckling, their performance at elevated temperatures could be worse than
the corresponding CFS members made of G550 steel sheets.

4. Design rules
4.1. Direct strength method for the local buckling capacity of CFS compression members at elevated

temperatures

Following the direct strength method (DSM) in AS/NZS 4600 [1] and AISI S100 [13], the com-
pression capacity of a CFS member at ambient temperatures is determined as the minimum of the
global, local and distortional buckling capacities (Nce, Ncl and Ncd, respectively). Nce is determined
by Eqs. (3) to (5) while Ncl and Ncd are defined by Eqs. (6) to (11). Ny and Noc are the yield ca-
pacity and the minimum of the elastic compression member buckling loads in flexural, torsional, and
flexural-torsional buckling. These values can be calculated using appropriate numerical equations in
AS/NZS 4600 [1] and AISI S100 [13]. Besides, Nod and Nol are the elastic buckling loads in distor-
tional and local buckling modes, respectively, which can be determined using finite strip programs
such as CUFSM [19]. To calculate the compression capacity (Nc,T−DS M) of a CFS lipped channel
member at elevated temperatures (T ), the same equations and finite strip analyses are applied but
with the deteriorated mechanical properties (ET and fy,T ) at elevated temperatures. In this study,
since the investigated CFS members failed by local buckling, only Eqs. (3) to (8) were assessed.

For λc ≤ 1.5, Nce =
(
0.658λ

2
c
)

Ny (3)

For λc > 1.5, Nce =

(
0.877
λ2

c

)
Ny (4)

λc =

√
Ny

Noc
(5)

If λl ≤ 0.776, Ncl = Nce (6)

If λl > 0.776, Ncl =

1 − 0.15
(

Nol

Nce

)0.4 ( Nol

Nce

)0.4

Nce (7)

λl =

√
Nce

Nol
(8)

If λd ≤ 0.561, Ncd = Ny (9)

If λd > 0.561, Ncd =

1 − 0.25
(

Nod

Ny

)0.6 (Nod

Ny

)0.6

Ny (10)

λd =

√
Ny

Nod
(11)

4.2. Discussions

Table 3 shows that the compression capacities of CFS lipped channel members made of MS1200
steel sheets and failing by local buckling at elevated temperatures given by FE analyses (Nc,T−FEA)
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were higher than those predicted by the DSM design rules in AS/NZS 4600 [1] (Nc,T−DS M) by about
2% to 23%. This proved that the DSM design rules in AS/NZS 4600 [1] were conservative for pre-
dicting the compression capacities of the mentioned CFS members. Therefore, these design rules are
recommended for designing the mentioned CFS members subjected to uniformly high temperatures
in fire conditions, such as those used as CFS columns in fire conditions or those used as CFS studs in
CFS stud walls exposed to fire on both sides [20].

5. Conclusions
In this study, the local buckling capacities of CFS lipped channel compression members made of

MS1200 steel sheets at elevated temperatures were assessed using many FE analysis results. The FE
analyses were validated using suitable test results in an earlier study [10]. The FE analysis results
unveiled that although using MS1200 steel sheets for fabricating CFS lipped channel members can
significantly improve their local buckling capacity, their performance at elevated temperatures can
deteriorate. Further, the DSM design rules in AS/NZS 4600 [1] were proven as could conservatively
predict the local buckling capacities of the investigated CFS members.

The FE models developed in this study were validated based on tests of CFS members made of
G550 high strength steel sheets and reasonable assumptions. For safer design of CFS members made
of MS1200 steel sheets, future experimental studies on these members are recommended.
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