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Post-fire residual strength
and DSM-based predictions
of cold-formed steel columns
undergoing distortional collapse
Abstract

This article aims to investigate the residual structural behavior, strength and 
Direct Strength Method (DSM) design of cold-formed steel (CFS) columns that 
fail in distortional modes after exposure to elevated temperatures from fire (post-fire 
conditions). It specifically examines the influence of temperature-dependent material 
properties of cold-formed steel on the residual strength of fixed-end lipped-channel (LC) 
columns after exposure to seven temperatures (T=20-300-400-500-600-700-800 ºC) 
and subsequent cooling, as reported in literature. Residual failure load data for 
the columns, obtained through ANSYS shell finite element analysis (SFEA), are 
employed to evaluate the impact of temperature-dependent steel constitutive models 
on the predictive accuracy of existing DSM distortional strength curves. The findings 
demonstrate that the current DSM distortional design curve for room temperature 
effectively addresses distortional failures in post-fire scenarios.

Keywords: cold-formed steel columns; distortional post-buckling behavior; 
post-fire residual strength; ANSYS shell finite element investigation; Direct Strength 
Method (DSM) design.
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Figure 1 - Reduction factors proposed by researchers for post-fire CFS structures 
(concerning flat specimens) after air-cooling: (a) k

y
, (b) k

u
, and (c) k

E
. The legend acronyms correspond 

to the following authors: Gunalan and Mahendran – GM; Lu et al. – Lu; Kesawan and Mahendran – KM; Li and Young – LY; 
Singh and Singh – SS; Yu et al. – Yu; Cai and Young – CY; Chen et al. – Ch; Ren et al. – Re; Pandey and Young – PY; Shi et al. – Sh.

The utilization of cold-formed steel 
(CFS) members has experienced sub-
stantial growth in recent years, driven 
by the construction sector's demand for 
cost-efficient production methods and 
fabrication flexibility. Among these, 
CFS frame walls have gained prominence 
in both residential and industrial 
applications, offering an adaptable and 
economical design solution. However, 
similar to all structural systems, these 
members are susceptible to accidental fire 
incidents. Furthermore, CFS members 
are inherently prone to various instability 
phenomena, which frequently govern 
their structural capacity and safety. 
Under fire conditions, these instability 
issues become even more pronounced, 
underscoring the limited body of 
research on the residual strength of such 
elements after being exposed to elevated 
temperatures. This knowledge gap 
poses significant challenges in reliably 
assessing the potential for reuse of these 
structural systems following exposure to 
elevated temperatures.

Outinen and Mäkeläinen (2004) 
were among the first to investigate the 
mechanical properties of structural steel 
at elevated temperatures and subsequent 
cooling. While no specific expressions 
for calculating these properties were 
proposed, their research marked a 
foundational contribution to the study 
of post-fire behavior. In recent years, a 
significant increase in research address-
ing the performance of cold-formed steel 
members following fire exposure has 
been observed. The normative expres-
sions based on the Direct Strength Method 
(DSM) (e.g., Schafer, 2008), found in the 

current versions of the North American 
(AISI, 2020), Australian/New Zealand 
(AS/NZS, 2018), and Brazilian (ABNT, 
2010) specifications for CFS structures, 
lack guidance on evaluating the residual 
strength or designing for the reuse of 
structures exposed to fire. British Standard 
5950, Part 8, Appendix B (BS, 1990), 
provides limited guidance on the reuse 
of structural steel after fire, stating that 
reuse is allowed if distortions remain 
within tolerances for straightness and 
shape. Additionally, Appendix J of the 
Chinese Standard CECS 252:2009 
(CECS, 2009) provides yield strength 
reduction factors for hot-rolled struc-
tural steels under fire conditions and 
after cooling. These reduction factors, 
however, may not be applicable to other 
types of steel, such as CFS.

In recent years, several researchers 
(e.g., Gunalan and Mahendran, 2014 a,b; 
Lu et al., 2016; Kesawan and Mahendran, 
2017; Li and Young, 2018; Singh and 
Singh, 2018; Yu et al., 2019; Cai and 
Young, 2019; Chen et al., 2019; Ren et 
al., 2020; Pandey and Young, 2021; Shi 
et al., 2022) have conducted experimental 
studies on CFS samples to evaluate their 
behavior and residual capacities after 
exposure to elevated temperatures. 
Based on the results, these authors have 
proposed expressions for the reduc-
tion factors of mechanical properties. 
Figure 1 illustrates the variation of these 
reduction factors with temperature. It is 
noteworthy that there is considerable 
dispersion in the values, which reflects 
the variability in post-fire behaviors 
observed across different studies. 
Despite these efforts, the only (post-fire) 

numerical study available in literature is that 
of Gunalan and Mahendran (2014 a,b). In 
fact, investigating the residual strength 
of cold-formed steel members that fail 
by distortional buckling is crucial for 
evaluating their post-fire structural 
performance, given the sensitivity of this 
failure mode to high temperatures. As 
current design standards lack specific 
guidance for post-fire scenarios, such 
studies support the development of 
more accurate design methods, enable 
safe reuse of structural elements, and 
enhance sustainability and safety in 
fire-affected buildings. Therefore, the 
objective of the present research is to 
expand upon the study of Gunalan and 
Mahendran (2014 a,b) by: (i) utilizing the 
validated model to perform a series of 
SFE analyses conducted using ANSYS 
to investigate the distortional buckling 
behavior of CFS compression members 
subjected to post-fire conditions; and (ii) 
finally, evaluating whether the current 
DSM design equation can accurately 
and safely predict the residual strength 
of CFS columns under distortional 
buckling or failure modes. This article 
specifically focuses on lipped channel 
(LC) columns with fixed-end support 
conditions subjected to seven temperatures 
(T=20-300-400-500-600-700-800 ºC). 
Indeed, the reduction factors reported by 
eleven previous studies (see Figure 1) are 
integrated into the numerical model 
to analyze the distortional buckling 
behavior of CFS columns post-fire, 
contributing to a long-term assess-
ment and potential benefits for reuse 
of CFS under varying fire scenarios 
and load conditions.

1. Introduction

(a) (b) (c)
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The post-buckling behavior of the 
columns under distortion was analyzed us-
ing ANSYS software (SAS, 2009). A previ-
ously validated shell finite element model 
developed by Landesmann and Camotim 
(2011) was used to discretize the columns into 
high-resolution meshes made up of Shell181 
elements. These elements are 4-node thin-
shell elements that include shear deformation 
capabilities, providing six degrees of freedom 
per node and utilizing full integration. Con-
vergence studies indicated that a mesh size 
of 5 mm by 5 mm produced accurate results 
while maintaining computational efficiency. 
The analyses were carried out employing an 
incremental-iterative method that integrates 
the Newton-Raphson approach with an arc-
length control strategy. This methodology 
accurately models the behavior of columns 
subjected to a uniform temperature distribu-
tion (steady test), simulating conditions where 
the columns are exposed to both flames and 
ambient air temperature (Landesmann and 
Camotim, 2011). Indeed, while the steady 
state is more easily controlled in experimen-
tal tests, directly providing the stress-strain 
curve, the transient state is more represen-
tative of a real fire situation, because the 
temperatures increase over time and the load 
is usually stable. Moreover, in the transient 
state, the results lead to temperature curves 

varying in function of deformation and it is 
necessary to convert these results to obtain 
the usual stress-strain curve – more complex 
and imprecise methodology. Therefore, only 
steady-state tests are considered herein. 
Following the temperature application, the 
columns were subjected to axial compres-
sion until failure occurred. The outcomes of 
these steady-state analyses provided critical 
insights into the failure loads. For model-
ling the fixed (F) end support conditions, 
the following assumptions were made: (i) at 
the fixed support, the column’s end section 
was rigidly connected to a plate, preventing 
any local or global displacements, rotations, 
and warping; (ii) to allow the application 
of axial loads, axial translation was left 
unconstrained at both end sections. Axial 
compression was applied through concen-
trated forces at the centroid of the end sec-
tion, corresponding to the rigid plate. These 
forces were incrementally increased in small 
steps, using the automatic load-stepping 
feature available in ANSYS (SAS, 2009). 
This methodology ensured the precise and 
reliable simulation of post-buckling behavior 
under the applied loading conditions. Each 
of the columns analyzed included initial 
geometric imperfections with a critical (dis-
tortional) shape and small amplitude (10% 
of the wall thickness, t). These imperfections, 

characterized by inward flange-stiffener 
motions, were based on the distortional 
post-buckling asymmetry studies by Prola 
and Camotim (2002 a,b) and Silvestre and 
Camotim (2006), which have demonstrated 
that such imperfections result in reduced 
post-buckling strength. The critical buckling 
mode shape for each column was determined 
through an initial ANSYS buckling analysis, 
using the same shell finite element mesh 
employed in the subsequent nonlinear 
(post-buckling) analysis. This approach 
enables easy conversion of the buckling 
analysis output into input for the nonlinear 
analysis. Additionally, it is important to note 
that residual stresses and corner strength 
effects were excluded from this study, as 
previous research (e.g., Ellobody and Young, 
2005) suggests their combined effect on 
column strength is negligible.

To evaluate the consistency of the 
distortional buckling behavior and ultimate 
load capacities of the model developed in 
this research, these values were compared 
with the study by Gunalan and Mahendran 
(2014 a,b). In this study, the researchers 
proposed a series of 27 compression tests of 
fire-exposed, short-lipped channel columns 
made of varying steel grades (G300, G500 
and G550) and thicknesses (0.95, 1.00 
and 1.15 mm). The ultimate failure loads 

Figure 2 - (a) C200 cross-section dimensions, (b) variation of P
cr.T

 with L and T low 
grade (LG) and high grade (HG) steels (Gunalan and Mahendran, 2014 a,b); (c) distortional critical buckling mode shape.

(a) (b) (c)

3. FE-modelling of CFS columns

The initial step of this study focused 
on selecting the appropriate cross-sectional 
dimensions and length for the lipped 
channel cold-formed steel columns to be 
analyzed, assuming a fixed-end condi-
tion that restrains global (major and 
minor-axis) and local rotations, warping 
and torsional displacements. The col-
umn geometry selection process involved 
performing buckling analyses using two 
methods: (i) the GBTul code, derived 

from Generalized Beam Theory (GBT) by 
Bebiano et al. (2008 a,b), and (ii) ANSYS 
shell finite element analysis (SAS, 2009). 
As a result, the C200 cross-section was 
proposed (see dimensions in Figure 2a) 
and a distortional buckling length (L

D
) of  

110 cm. The curves in Figure 2(b) illustrate 
the variation of elastic critical buckling 
loads, P

cr.T
, with column length L (loga-

rithmic scale) for the selected C200x200 
column. These curves are derived from 

seven temperature levels (T=20-300-400-
500-600-700-800 ºC), employing the 
constitutive model proposed by Gunalan 
and Mahendran (2014 a,b), as detailed in 
Section 3.1. The critical (distortional) buck-
ling modes of the column are depicted in 
Figure 2(c). Each buckling curve represents 
a 'vertical shift' of the reference curve, with 
the extent of the displacement solely depen-
dent on the reduction in Young’s modulus 
due to the increase in temperature.

2. Selection of column geometry and buckling response
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where,

The distortional post-buckling residual 
behavior of the CFS C200 column is simulat-
ed in the ANSYS software (SAS, 2009) using 
a series of plastic strain/yield stress points to 
represent the fire-affected steel constitutive 
law. The constitutive law for the post-fire 
residual strength of steel adopted in this study 
is based on analytical expressions proposed by 
Gunalan and Mahendran (2014 a,b), which 
extend earlier works by Mander (1983), 
Boeraeve (1993), and Wang (2012). Gunalan 
and Mahendran (2014 a,b) suggest that, under 
post-fire conditions, the residual stress-strain 
curves for high-strength steels can be 
approximated as elastic-perfectly plastic when 
the maximum exposure temperature does not 
exceed 500 °C. For high-grade steels exposed 
to temperatures above 550 °C and low-grade 

steels exposed to temperatures up to 800 °C, 
the stress-strain response features a clear yield 
plateau followed by strain hardening. As a re-
sult, the residual stress-strain behavior is char-
acterized by four distinct regions, as shown 
in Figure 3 and defined by Eq. (1) (Mander, 
1983; Boeraeve, 1993; Wang, 2012).

The stress-strain curve begins with 
(i) a linear-elastic region with a slope equal 
to E

T
 (E

20
 = 205 GPa), up to the residual yield 

stress (σ
yT
). This is followed by (ii) a yield 

plateau, during which the material deforms 
plastically until the onset of strain hardening 
(ε

pT
). Subsequently, (iii) a strain-hardening 

phase occurs, where the material reaches its 
ultimate strength (σ

uT
) and ultimate strain (ε

uT
). 

Finally, (iv) the curve concludes with necking 
and material failure. Throughout these stages, 

the Prandtl-Reuss plasticity model, incorpo-
rating the von Mises yield criterion and an 
associated flow rule, is utilized to describe 
the material behavior. Eq. (2) describes the set 
of ratios for reduction factors to be applied to 
the CFS mechanical properties after exposure 
to high temperatures. Other relevant contri-
butions include expressions for these critical 
mechanical properties: (i) yield strength − k

y
, 

(ii) ultimate strength − k
u
, and (iii) elastic 

modulus − k
E
, proposed by Gunalan and Ma-

hendran (2014 a,b), Lu et al. (2016), Kesawan 
and Mahendran (2017), Li and Young (2018), 
Singh and Singh (2018), Yu et al. (2019), Cai 
and Young (2019), Chen et al. (2019), Ren et 
al. (2020), Pandey and Young (2021), and Shi 
et al. (2022) − refer to Tables 1, 2, and 3 for 
detailed values.

(1)

(2)
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E
T
ε

σ
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σ
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3.1 Fire-affected steel constitutive law

E
T
 is the residual elastic modulus; σ

yT
and σ

uT
 are the residual yield and ultimate 

strengths, respectively; ε
yT
 is the yield strain (σ

yT
 / E

T
).

were recorded during the tests and used 
for comparison with the values obtained 
from appropriate finite element models via 
ABAQUS Standard Version 6.7 (ABAQUS, 
2007). These numerical results of residual 
strength were compared with the results 
obtained from the model developed in 
this research using ANSYS software (SAS, 
2009). The examination of these results 

yields the following observations: (i) 13 
columns exhibited inward buckling, while 
12 showed outward buckling; (ii) the aver-
age ultimate load values from this study, 
compared with those from Gunalan and 
Mahendran (2014 a,b), were 1.006 (in-
ward) and 0.963 (outward), with standard 
deviations of 0.070 (inward) and 0.067 
(outward) and a coefficient of variation of 

0.069 for both cases (inward/outward); 
(iii) overall, the numerical model effectively 
captured distortional buckling behavior 
and ultimate load capacity in cold-formed 
steel columns. This model can also be 
applied, with necessary adjustments to 
mechanical properties of material, to 
investigate steel columns with different 
yield strengths.

Figure 3 - Typical Stress-Strain model.
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Table 1 - Parameters and analytical expressions for ky proposed by researchers for CFS.

Author σy (MPa) k
y

GM < 500
1.005 - 0.00024 T
2.02 - 0.0018 T

20 oC ≤ T ≤ 650 oC
650 oC ≤ T ≤ 800 oC

≥ 500

1.0
- 3.5 × 10-6 T2 + 2.15 × 10-3 T + 0.67
3.8 × 10-5 T2 - 4.63 × 10-2 T + 14.52
0.63 - 0.00035 T

20 oC ≤ T ≤ 300 oC
300 oC < T ≤ 500 oC
500 oC < T ≤ 600 oC
600 oC < T ≤ 800 oC

Lu 235 1.004 - 5.76 × 10-5 T - 3.72 × 10-7 T2 20 oC ≤ T ≤ 800 oC

KM 350 and 450
1
- 0.0008 T + 1.22

20 oC ≤ T ≤ 300 oC
300 oC < T ≤ 800 oC

LY 700 and 900

20 oC < T ≤ 500 oC 

500 oC < T ≤ 750 oC 

750 oC < T ≤ 1000 oC 

SS
1
- 0.0000003 × T2 - 0.0006 × T + 1.2033

20 oC ≤ T ≤ 300 oC
300 oC < T ≤ 802 oC 

Yu

< 500
1
1 - 8.55 × 10-4 (T -300)

20 oC < T ≤ 300 oC
300 oC < T≤ 1000 oC 

≥ 500

20 oC < T≤ 400 oC 

400 oC < T ≤ 600 oC 

600 oC < T ≤ 1000 oC

CY 450, 500 and 550

20 oC < T ≤ 300 oC

300 oC < T ≤ 550 oC

550 oC < T ≤ 900 oC 

Ch

345

1.0
- 3.300 × 10-3 - 3.203 × 10-6 T + 0.156
- 4.482 × 10-4 T + 1.204
- 3.840 × 10-3 T + 4.256

20 oC < T ≤ 500 oC 
500 oC < T ≤ 700 oC 
700 oC < T ≤ 900 oC 
900 oC < T ≤ 1000 oC

550

1.0
4.480 × 10-3 - 5.220 × 10-6 T + 0.038
6.482 × 10-2 - 6.374 × 10-5 T - 15.508
- 3.327 × 10-4 T + 0.628

20 oC < T ≤ 400 oC 
400 oC < T ≤ 500 oC 
500 oC < T ≤ 600 oC 
600 oC < T ≤ 800 oC 

Re 235
0.97
0.78 + 9.50 × 10-4 T
1.35

20 oC ≤ T ≤ 200 oC 
200 oC < T ≤ 600 oC 
600 oC < T ≤ 800 oC 

PY 690 to 1070

28 oC < T ≤ 300 oC 

300 oC < T ≤ 700 oC 

700 oC < T ≤ 1200 oC 

Sh 345

20 oC < T ≤ 500 oC 

500 oC < T ≤ 1000 oC

T - 20
30000

1 - 

(T - 500)2.5

1600000
0.984 - 

T - 750

100000
0.366 - 

1 

0.629 (T - 400)

200
1 - 

0.371

1 -  
(T - 20)1

3.500 × 103

(T - 300)6

5.813 × 1014
0.92 - 

(T - 550)0.3

3.220 × 101
0.50 - 

1

T 

500
0.8441 (           )-1

4 T 

500
- 0.5259 (           )-1

3 T 

500
- 0.4818 (           )-1

2
+ 1

1 -  
(T - 28)

5000

(T - 300)2.8

3 × 107
0.9456 - 

0.3020
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1

T 

500
- 0.3431 (           )-1

4 T 

500
- 1.187 (           )-1

3 T 

500
- 0.91(           )-1

2
+ 1

Author σ
y
 (MPa) k

u

GM

< 500
1.002 - 0.000104 T
1.114 - 0.00033 T

20 oC ≤ T ≤ 500 oC 
500 oC ≤ T ≤ 800 oC

≥ 500

1.0
- 2.5 × 10-6 T2  + 1.45 × 10-3 T + 0.79
3.8 × 10-5 T2 - 4.57 × 10-2 T + 14.24
0.56 - 0.0001 T

20 oC ≤ T ≤ 300 oC 
300 oC < T ≤ 500 oC 
500 oC < T ≤ 600 oC
600 oC < T ≤ 800 oC

Lu 235 0.992 + 3.97 × 10-4 T - 1.76 × 10-6 T2 + 1.37 × 10-9 T3 20 oC ≤ T ≤ 1000 oC 

KM 350 and 450
1
-0.0006 T + 1.18

20 oC ≤ T ≤ 300 oC 
300 oC < T ≤ 800 oC 

LY 700 and 900

20 oC < T ≤ 750 oC 

750 oC <T ≤ 1000 oC 

SS
1
- 0.0006 × T + 1.1753

20 oC ≤ T ≤ 300 oC 

300 oC < T ≤ 802 oC 

Yu

< 500
1
1 - 6.283 × 10-4 (T-300)

20 oC < T ≤ 300 oC
300 oC < T ≤ 1000 oC

≥ 500

20 oC < T ≤ 400 oC

400 oC < T ≤ 600 oC

600 oC < T ≤ 1000 oC

CY 450, 500 and 550

20 oC < T ≤ 300 oC

300 oC < T ≤ 550 oC

550 oC < T ≤ 900 oC

Ch

345

- 4.186 × 10-6 T2 - 1.163 × 10-7 T + 1.00
4.980 × 10-3 - 4.782 × 10-6 T - 0.334
6.070 × 10-3 T2 - 3.704 × 10-6 T -1.631
- 0.003 × T + 3.285

20 oC < T ≤ 500 oC
500 oC < T ≤ 700 oC
700 oC < T ≤ 900 oC
900 oC < T ≤ 1000 oC

550
9.577 × 10-5 T2 - 4.420 × 10-7 T + 0.999
4.697 × 10-2 T2 - 4.643 × 10-5 T - 10.943
- 2.383 × 10-4 T2 + 0.658

20 oC < T ≤ 500 oC
500 oC < T ≤ 600 oC
600 oC < T ≤ 800 oC

Re 235 1 20 oC ≤ T ≤ 800 oC

PY 690 to 1070

28 oC < T ≤ 300 oC 

300 oC < T ≤ 700 oC 

700 oC < T ≤ 1200 oC 

Sh 345

20 oC < T ≤ 500 oC 

500 oC < T ≤ 1000 oC 

Table 2 - Parameters and analytical expressions for ku proposed by researchers for CFS.

(T - 20)2.5

29000000
1 - 

(T - 750)

12000
0.504 - 

1 
0.518 (T - 400)

200
1 - 

0.482

1 -  
(T - 20)1

2.800 × 103

(T - 300)6

6.425 × 1014
0.90 - 

(T - 550)0.3

8.280 × 101
0.52 - 

1

(T - 300)2.45

3.6 × 106
1 - 

0.3412
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Author σy (MPa) k
E

GM

< 500
1
1.28 - 0.0004 T

20 oC ≤ T ≤ 700 oC 
700 oC ≤ T ≤ 800 oC 

≥ 500
1.0
1.15 - 0.000375 T

20 oC ≤ T ≤ 400 oC 
400 oC < T ≤ 800 oC 

Lu 235 1.001 - 5.02 × 10-5 T + 4.90 × 10-8 T2 20 oC ≤ T ≤ 800 oC 

KM 350 and 450
1
- 63 × 10-5 T + 1.317

20 oC ≤ T ≤ 500 oC 
500 oC < T ≤ 800 oC 

LY 700 and 900
1
2 × 10-9 T3 - 6 × 10-6 T2 + 0.0019 T + 0.916

20 oC < T ≤ 300 oC 
500 oC < T ≤ 750 oC 

SS
- 0.00053 × T + 1.0121
0.85

20 oC ≤ T ≤ 300 oC 
300 oC < T ≤ 802 oC 

CY 450, 500 and 550

20 oC < T ≤ 550 oC 

550 oC < T ≤ 750 oC 

750 oC < T ≤ 900 oC 

Ch
345

1.0
6.080 × 10-3 T2 - 3.968 × 10-6 T - 1.339

20 oC < T ≤ 800 oC 
800 oC < T ≤1000 oC 

550 1.0 20 oC < T ≤ 800 oC 

PY 690 to 1070

28 oC < T ≤ 650 oC 

650 oC < T ≤ 1200 oC 

Sh 345 1 20 oC < T ≤ 1000 oC 

Table 3 - Parameters and analytical expressions for k
E
 proposed by researchers for CFS.

1 -  
(T - 20)5

5.227 × 1014

(T - 550)3

8.889 × 107
0.92 - 

0.83

1 -  
(T - 28)

8000

(T - 650)1.5

55000
0.9223 - 

4. Results and Discussion

4.1 Post-buckling response of CFS LC columns

This section presents a parametric 
numerical study conducted to evaluate 
the influence of post-fire conditions − 
namely, elevated temperatures followed 
by air cooling − on the constitutive behavior 
of a CFS C200 column. The study en-
compassed a total of 770 cases, derived 

from the combination of 7 temperatures, 
10 yield stresses, and 11 different sets 
of expressions for the reduction factors 
proposed in the literature (already listed 
in Tables 1, 2, and 3).

The reduction factors obtained 
from these studies were integrated 

into the numerical model implemented 
in ANSYS (SAS, 2009). This analysis 
provides a comprehensive assessment 
of the impact of post-fire conditions on 
the mechanical properties of CFS, with 
the results thoroughly examined in the 
subsequent sections.

This section examines the dis-
tortional elastic-plastic post-buckling 
behavior of lipped channel columns, with 
particular emphasis on the influence of 
elevated temperatures resulting from 
post-fire conditions. As detailed in 
Section 3.1, the post-fire CFS constitutive 
model used in this analysis is based on 
the analytical formulations proposed by 
Gunalan and Mahendran (2014 a,b). 

Figure 4(a) depicts the nonlinear 
equilibrium paths (P / P

cr.D.20 versus |δ|/t) 
for columns concerning λ

D.20 = 1.875 
and exposed to post-fire temperatures 
(T=20-300-400-500-600-700-800 ºC). 
The white markers identify the normalized 
failure loads (P

u.T
) relative to the criti-

cal buckling loads at room temperature 
(P

cr.D.20). The plots also include elastic 
response curves for moderate temperatures, 
provided for comparative analysis, along 
with elastic-plastic response curves for 
elevated temperatures. At this stage of the 
research, special emphasis is placed on 
analyzing the deformed configurations and 
von Mises stress distributions, as shown 
in Figure 4(b). These responses were 
captured precisely at the collapse stage, 
when P = P

u.T
, for columns subjected to 

temperatures of 300-600-800 ºC, serving 
as examples and providing critical insights 
into the observed phenomena. Following 
a thorough analysis of the results, the 
subsequent observations can be drawn:

(i)	 As anticipated, the equilibrium 
paths of the columns display a gradual 
downward shift as the temperature 
increases, reflecting a concomitant 
reduction in the failure loads.

(ii)	Considering that the effects of 
thermal actions are negligible – due to 
the uniform temperature distribution and 
the lack of restraint against deformation, 
the distortional failure modes remain 
largely independent of the temperature. 
As a result, these modes display highly 
similar configurations across all analyzed 
columns, as depicted in Fig. 4(b). 

(iii) The above remark also applies 
to the associated von Mises stress distribu-
tions, which exhibit both qualitative and, to 
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a reasonable extent, quantitative similarities 
across the various temperature conditions, 
akin to those observed at room tempera-
ture. Naturally, the stress magnitudes 
progressively decrease as the temperature 
rises, reflecting the continuous degradation 
of the material properties of the steel. 

(iv) Furthermore, the spread of 

plasticity in the flange, related to the for-
mation of the 'distortional plastic hinge', 
progressively reduces with increasing 
temperature. This behavior is attributed to 
the temperature-dependent nature of the 
stress-strain relationship, where the yield 
stress reduction factors are more signifi-
cant at lower temperatures and diminish 

as the temperature increases.
(v) Finally, note that all P

u.T
 / P

cr.D.20 
lie above the point where this ratio 
equals one. This indicates a slight in-
crease in residual strength when the 
columns, after being subjected to post-fire 
elevated temperatures, are analyzed at 
room temperature.

Figure 4 - Nonlinear distortional response of CFS LC columns: (a) equilibrium paths for λ
D.20 = 1.875 (T=20-300-400-500-600-700-800 ºC) 

and (b) deformed configuration and von Mises stress distributions at collapse, for λ
D.20 = 1.875 (T= 300-600-800 ºC).

4.2 Distortional failure load data

(3)

This section presents the results 
of a parametric study conducted to 
generate failure load data, which will 
form the foundation for developing 
and assessing the effectiveness of 

DSM design approaches specifically 
aimed at addressing column distor-
tional failures under post-fire con-
ditions. According to the currently 
codified DSM distortional design 

curve (considering room temperature) 
(AISI, 2020), the nominal ultimate 
load of CFS columns governed by 
distortional modes is determined by 
the following equation:

where (i) P
cr.D.20 and P

y.20 are the column distortional critical buckling and yield loads, respectively, and (ii) λ
D.20 = (P

y.20 / P
cr.D.20)

0.5 
is the column distortional slenderness.

A total of 770 columns are analyzed, 
corresponding to the following combina-
tion: (i) a single geometry, as illustrated 
in Figure 1; (ii) fixed (F) end support con-
dition; (iii) 7 uniform temperatures   
(T=20-300-400-500-600-700-800 ºC), 
(iv) 10 room temperature yield stresses, 
covering a broad range of distortional 
slenderness values (λ

D.T
 varies from 0.20 

to 3.61) and (v) 11 different sets of equa-
tions (refer to Tables 1, 2, and 3) for the 
mechanical property reduction factors. 
Figure 5 plots the failure load ratios  
P

u.T
 / P

y.T
 against λ

D.T
 for each tempera-

ture value, alongside the correspond-
ing DSM strength curve for compari-
son. The analysis of these plots leads 
to the following conclusions:

(i) The P
u.T

 / P
y.T

 versus λ
D.T

 data, 
regardless of temperature, closely 
align with the typical pattern of 
'Winter-type' strength curves, exhibit-
ing little variation across the full range 
of slenderness considered.

(ii) Based on the findings discussed 
in the above sections of this work, it is 
evident that the existing DSM strength 
curves effectively predict the post-fire 
distortional failure loads of columns 
with slenderness ratios ranging from low 
to high (0.20 ≤ λ ≤ 3.61). Consequently, 
there is no need to modify or reduce the 
current DSM design curve to improve the 
accuracy of failure load predictions.

(iii) However, due to the limita-
tions of the current study, further data 

is required to enhance the robustness of 
the findings. This includes exploring a 
wider range of cross-sectional dimen-
sions and shapes, evaluating different 
support conditions, and considering 
various cooling parameters. Addition-
ally, factors such as loading conditions, 
material variability, and potential in-
teractions between fire exposure and 
long-term service conditions should be 
incorporated into future analyses. Only 
with a more comprehensive dataset, 
encompassing a broader spectrum of 
variables and scenarios, can a more 
generalized and reliable conclusion be 
drawn regarding the post-fire distor-
tional failure behavior of cold-formed 
steel columns.

P
cr
 . D . 20P

n
 . D . 20 =

P
y
 . 20

0.6 P
cr
 . D . 20

P
y
 . 20

0.6

P
y
 . 20

P
y
 . 20 1 - 0.25

λ
D . 20 ≤ 0.561

λ
D . 20 ≥ 0.561

(a) (b)
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Figure 5 - P
u
 / P

y
 vs. λ

D.T
 for temperatures (T=20-300-400-500-600-700-800 ºC) 

 data obtained in this study, compared with the DSM codified strength curve.

5. Concluding remarks

This article reported the most recent 
numerical (ANSYS SFEA) results of an 
ongoing investigation on the post-buckling 
behavior, ultimate strength and DSM 
design of CFS columns failing in distor-
tional modes under post-fire conditions. 

These results cover a total of 770 columns 
characterized by: (i) a lipped channel cross-
sectional geometry with a length selected 
to ensure pure distortional buckling and 
failure modes, (ii) fixed-end support condi-
tions, (iii) sets of temperature-dependent  

post-fire steel properties from various 
sources (Gunalan and Mahendran, 2014 a,b; 
Lu et al., 2016; Kesawan and Mahendran,  
2017; Li and Young, 2018; Singh and Singh, 
2018; Yu et al., 2019; Cai and Young, 2019; 
Chen et al., 2019; Ren et al., 2020; Pandey 
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