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Highlights  Abstract  

▪ Enhancing fire resistance in cold-formed steel 

columns for structural safety. 

▪ Utilizing ABAQUS to study steel thickness, 

grade, and cross-sectional shapes. 

▪ Thicker steel (1.95 mm) delays failure to 73.49 

min, improving fire resistance. 

▪ Grade 450 steel lasts 61.46 min, outperforming 

Grade 550 steel at 40.94 min. 

▪ Effective design and materials crucial for better 

fire safety in CFS structures. 

 Cold-formed steel (CFS) columns play a crucial role in modern 

construction due to their lightweight, prefabricated, and recyclable 

characteristics, contributing significantly to structural safety and 

reliability. However, unprotected CFS columns lose their load-bearing 

capacity within 10-15 minutes under fire conditions. This study reviews 

recent advancements aimed at improving the fire resistance of CFS 

columns, focusing on factors such as steel thickness, grade, cross-

sectional shape, and fire protection materials. Using ABAQUS software, 

validated against experimental data, parametric studies reveal that 

thicker sections and higher-grade steels enhance fire resistance, delaying 

structural failure. Fire protection strategies, such as plasterboard 

encasement, further bolster safety. The Complex cross-sectional shape 

demonstrated the highest load capacity (178.51 kN), while G450 steel 

outperformed other grades in both load capacity and fire resistance. 

Columns with 1.95 mm thickness provided the longest failure time 

(73.49 minutes). 
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1. Introduction 

CFS columns serve as the main load-bearing elements in both 

single-story and multi-story CFS constructions; they play  

a critical role in ensuring building safety and reliability. CFS has 

several benefits, such as being lightweight, highly prefabricated, 

and recyclable. CFS constructions are widely used in several 

structures because of the material's exceptional strength-to-

weight ratio, flexibility, and longevity. On the other hand, 

unplanned acts such as fire frequently result in severe property 

loss and, in the worst case, human casualties in buildings [1-3]. 

Thus, structural fire safety design and regular maintenance have 

drawn more attention during the past few decades. Previous fire 

studies conducted on unprotected CFS columns have 

demonstrated their extreme vulnerability to elevated 

temperatures. These columns rapidly lose their ability to support 

loads within a short time frame of 10 to 15 minutes when 

exposed to fire [4-7]. Accordingly, investigations about fire 

loading in CFS columns are significant for ensuring their long-

term reliability and safety. Then, Yin et al. in 2024, examined 

the performance of built-up columns made of CFS that are 

resistant to fire in mid-rise structures. According to this study, 

lowering the load ratio decreased the member's critical 

temperatures of the column, which in turn decreased fire 

resistance. Low heating rates and creep deformation 

significantly affected the resistance to fire. For non-uniform 
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specimens, temperature distribution patterns somewhat raised 

the members' critical temperatures [8]. For determining the 

critical buckling stress of CFS built-up columns with discrete 

fasteners, this research proposed a computational methodology 

by Yang et al. in 2023. The spline finite strip framework 

incorporates the fasteners' influence, represented as three-

dimensional beam elements. The framework investigated how 

fasteners affect built-up sections' local, distortional, and global 

buckling modes. In comparison to unsheathed wall studs, the 

study demonstrates that encased wall panels prevent global 

buckling deformations [9-11]. Yang et al. in 2023, studied CFS 

built-up columns' fire resistance through tests and simulations. 

Screw spacing influences critical temperature and deformation 

modes, with composite action effectiveness shown at spacing < 

300 mm [12]. Sam et al. 2023 examined the performance of two 

different CFS configurations, B-B and T-T, at different 

temperatures. Observations were made on the yield deformation 

and axial resistance. The CFS portions were simulated using 

ABAQUS [23] software, and the ultimate load of both the 

experiment and finite element model were compared, 

highlighting disparities in terms of percentage and ratio [13]. 

Pires et al. in 2021, examined ten fire resistance exams on steel 

columns made from CFS profiles, using load levels, thermal 

expansion restraint, and fire protection material. A numeric 

model simulates column behavior, showing that plasterboard 

hollow encasement significantly increases fire resistance, 

suggesting it is an alternative to built-up columns [14]. Through 

an experimental program that was done by Chen et al. in 2021, 

the residual material properties of CFS elliptical hollow sections 

(CFSEHS) were exposed to fire. Test specimens were subjected 

to a range of temperatures, heated in a gas furnace, and allowed 

to occur naturally. Stress-strain curves following the fire were 

used to assess residual material variables and characteristics 

[15]. Yang et al. in 2020, examined the box built-up columns 

made of CFS, resistant to fire in mid-rise structures. According 

to this study, lowering the load ratio decreased the member 

critical temperatures of the column, which decreased fire 

resistance. Low heating rates and creep deformation 

significantly affected the resistance to fire. For non-uniform 

specimens, temperature distribution patterns somewhat raised 

the members' critical temperatures [16]. Yang et al. in 2020, 

examined the fire resistance of CFS columns with built-up box-

shape sections using coupon tensile tests, load-bearing capacity 

tests, and parametric analyses. Results revealed global and local 

flexural buckling as the main failure mode [17]. Muftah et al. in 

2018, investigated a CFS as a widely used material that offered 

benefits such as efficient manufacturing and straightforward 

assembly. Nevertheless, it encountered problems with buckling, 

particularly in elevated temperatures. This study discussed the 

fire resistance testing conducted on constructed box-shaped 

CFS columns [18]. Craveiro et al, in 2016, conducted an 

experimental study on compressed CFS columns with closed 

cross-sections and restrained thermal elongation, demonstrating 

that higher non-dimensional axial restraint ratio and column 

load levels resulted in lower critical temperatures. This 

suggested that the critical temperature limit specified in the EN 

1993-1-3:2005 [19] code for fire design might be excessively 

cautious [20]. In 2015, Rodrigues conducted an investigational 

study on the fire behavior of compressed CFS columns, 

examining the effect of boundary conditions, loading level, and 

structural limitations. The study demonstrated that decreasing 

critical temperatures was achieved by increasing the column 

load levels and axial restraint ratio [21]. Abreu et al. in 2014, 

conducted experimental research on compressed CFS columns 

with closed cross-sections and restrained thermal elongation, 

revealing that increasing non-dimensional axial restraint ratio 

and column load levels decreased critical temperatures, and that 

the EN 1993-1-3:2005 [19] critical temperature limit might be 

too conservative for fire design [22]. Craveiro et al. in 2013, 

provided an overview of the most advanced research on fire-

resistant CFS columns and compared the findings with the 

current body of literature. The experimental setup at the 

University of Coimbra was designed to evaluate the mechanical 

characteristics, and failure patterns, streamline calculation 

techniques, and generate data for future research [23]. 

Previous studies have primarily focused on built-up columns 

without batten plates, which lack the additional lateral support 

provided by battens. In this paper, we specifically investigate 

built-up columns with batten plates under fire loading 

conditions, aiming to evaluate how the inclusion of batten plates 

influences their fire resistance and structural behavior. This 

study provides a more comprehensive understanding of the 

performance of battened columns, which had not been 

extensively explored in earlier research. This research integrates 
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numerical simulations to provide a comprehensive 

understanding of the fire performance of the battened built-up 

CFS columns. This multi-faceted approach ensures that the 

findings are robust and applicable to real-world scenarios, 

ultimately enhancing the safety, reliability, and maintenance 

practices associated with these structures. The objective of this 

research is to examine the response of the battened built-up steel 

column under non-uniform fire loading conditions. It examines 

how factors such as non-uniform temperature distribution, steel 

grade, thickness, and cross-section shape impact the Fire 

Resistance Rating (FRR) of the columns. The thermal analysis 

will provide time-temperature profiles, while the structural 

analysis will assess the relationship between load ratio, failure 

time, and critical temperature under fire conditions. 

Additionally, the study focuses on comparing cross-sectional 

shapes, including Complex, Sigma, and Inclined, and evaluates 

how variations in steel grade and thickness affect fire resistance. 

By addressing these factors, the study aims to offer insights for 

designing safer, fire-resistant CFS structures. 

2. Numerical modeling 

2.1. General  

The finite element software ABAQUS 22.1 [24] was utilized to 

model and simulate the behavior of built-up CFS battened 

columns. The simulation framework included a detailed 

representation of the column geometry and the nonlinear 

material characteristics of the cross-section [25,26]. Conducting 

FEA for buckling involves two primary analysis types: 

Eigenvalue analysis, load-displacement and nonlinear analysis. 

The finite element (FE) thermal models employed two distinct 

surface conditions to simulate fire exposure: a film condition 

and radiation to ambient. These conditions represented heat 

transfer through convection and radiation, respectively.  

A quadrilateral element (DC2D4) with four nodes was used, 

facilitating linear heat conduction or mass dispersion. 

Conversely, the 3D model utilized solid brick elements (DC3D4) 

with eight nodes, each with a single degree of freedom. In the 

2D thermal analysis, the convective heat transfer coefficient 

was set at 16 W/m²°C for the fire exposure curves, and 25 

W/m²°C for the ISO 834 [27] fire curve. Radiative heat flux was 

computed using a steel emissivity of 0.24 for furnace conditions, 

and 0.7 for other surfaces. In the 3D thermal analysis, a radiative 

property factor of 0.9 was applied to both sides of the 

plasterboard, regardless of fire exposure. The surface film 

coefficients were designated as 25 W/m²°C for fire-exposed 

surfaces and 10 W/m²°C for surfaces under normal conditions. 

The Stefan-Boltzmann constant was set at 5.67×10⁻⁸ W/m² °C. 

The thermal properties of steel were derived from EN 1993-1-2 

[19], while those for plasterboard were sourced from research 

by Dias et al. [28]. The structural analysis process began with 

an Eigenvalue analysis to identify potential buckling modes of 

the columns. This analysis step involved applying the load and 

evaluating multiple buckling modes, with the most relevant 

mode predicted by the Eigenvalue analysis selected for further 

examination. This step is crucial as it determines the critical 

buckling modes under the given loading conditions, thus 

providing the basis for the subsequent detailed analysis. 

Following the Eigenvalue analysis, a load-displacement 

nonlinear analysis with static general step was performed at 

ambient temperature to obtain the ultimate compression 

capacity of the battened column, The validation process 

revealed that the static general method provided greater 

accuracy than the experimental data, leading to a better 

convergence of the numerical model, Subsequently, a nonlinear 

analysis of the column subjected to fire loading was conducted, 

considering a specific load ratio. This advanced analysis 

accounted for initial geometric imperfections and material 

nonlinearities, which are essential for realistic simulation. The 

outcomes of this analysis included the determination of ultimate 

load capacities, failure modes, failure time under fire conditions, 

and axial shortenings. This step identifies the primary buckling 

mode, which is the mode most likely to occur under the applied 

load. The identified mode then informs the nonlinear analysis, 

ensuring a realistic simulation of the column's structural 

behavior. The load-displacement nonlinear analysis goes 

beyond the linear assumptions of the Eigenvalue analysis by 

incorporating actual material and geometric nonlinearities, 

including initial imperfections. This comprehensive analysis 

provides a more accurate prediction of the column’s response 

under fire condition. It determines the ultimate load-carrying 

capacity, failure times and specific failure modes, offering  

a detailed insight into the column's performance. These insights 

are essential for the engineering design and evaluation of such 

columns, ensuring their safety, reliability, and effective 



Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 27, No. 2, 2025 

 

application in structural engineering practices. 

2.2. Mesh size and element type 

In the model, CFS channels and batten plates were defined using 

the S4R shell element from the ABAQUS element library [23]. 

This shell element, which provides six degrees of freedom per 

node, was selected due to its ability to deliver accurate solutions 

across a wide range of applications. To achieve a balance 

between accuracy and computational efficiency in modeling the 

CFS built-up section the columns, convergence studies were 

performed. These studies determined that a fine mesh size of 5 

× 5 mm (length × width) was optimal, providing a reasonable 

level of accuracy, as illustrated in Fig. 1.

 

(a) 

 

(b) 

Fig. 1. Numerical model of built-up battened column. 

2.3. Material modelling  

The measured stress-strain curves for the flat portions of the 

channels [29] were integrated into the finite element models. 

The elastic-plastic material model provided in ABAQUS, [25] 

enabling the use of a nonlinear stress-strain curve. The initial 

portion of this curve characterizes the elastic response, up to the 

proportional limit stress, defined by the measured Young's 
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modulus (𝐸0). Within the elastic region, the Poisson's ratio was 

set at 0.3. Given that post-buckling analysis involves significant 

inelastic strains, the nominal (engineering) static stress-strain 

curve was converted into a true stress and logarithmic plastic 

strain curve. The true stress (𝜎𝑡𝑟𝑢𝑒) and plastic true strain (𝜎𝑙𝑛
𝑝𝑙

) 

required by ABAQUS [23] were computed using Eqs. (1) and 

(2).  

σtrue =  σnom(1 +  εnorm)    1(a) 

εln
pl

=  ln(1 +  εnom) − 
σtrue 

E
   1(b) 

2.4. Boundary condition  

The built-up CFS section battened columns examined in this 

study were designed as pin-ended columns. Boundary 

conditions were applied to the independent node of the rigid 

Multi-Point Constraint (MPC) at both the lower and upper ends 

of the model, with dependent nodes connected to these 

independent nodes via beam elements, as depicted in Fig. 1(b). 

To replicate simply supported end conditions, constraints were 

imposed on movements along the Y, X, and Z axes at the lower 

sections of the studs. Similarly, the upper part of the stud was 

restricted in translations along the Y and X axes. DOF (degree 

of freedom) 1, 2, and 3 correspond to the x, y, and z axes in 

ABAQUS [25]. Loading was applied incrementally to the 

reference point (RP) at the upper end of the column using the 

modified STATIC GENERAL method available in the 

ABAQUS [25] library. This method accounts for geometric and 

material nonlinearities, providing a more accurate simulation of 

the column's behavior under load. The STATIC GENERAL 

method is particularly effective in tracing the post-buckling 

response, capturing both pre- and post-buckling behaviors of the 

columns. To impose the fire load, a transient state method was 

employed. Initially, a fraction of the ultimate compressive load 

at room temperature was applied to the column. Subsequently, 

the time-temperature curve derived from thermal analysis was 

applied, continuing until column failure occurred. The batten 

plates were constrained to the CFS channels using a "Tie" 

constraint to ensure consistent displacements and rotations 

throughout the loading process. Tie constraint in ABAQUS [23] 

facilitates the automatic coupling of three-dimensional shell 

meshes, ensuring a unified displacement and rotation response 

under loading. 

2.5. Initial imperfection  

Both initial local and overall geometric imperfections are 

typically present in columns due to fabrication and 

transportation processes. Accurate FEA therefore necessitates 

the superposition of local and overall buckling modes, each 

scaled by their measured magnitudes. Local buckling modes 

reflect the inherent imperfections in the column’s sections, 

while global buckling modes capture the imperfections along 

the entire column length. To accurately capture these effects, 

buckling modes should be derived from an Eigenvalue analysis 

of the column with varying thicknesses: a very small thickness 

to provoke local buckling, and a very large thickness to induce 

global buckling. For the columns tested in this study, the 

average measured global imperfections were approximately 

1/1100 of the specimen length [30-32]. Local imperfections 

were taken as 0.5% of the channel thickness, consistent with 

recommendations in [33]. By incorporating these measured 

imperfection magnitudes into the buckling modes, the FEA can 

more precisely simulate the column's actual behavior under load, 

providing critical insights into its structural performance. This 

methodology underscores the importance of accurately 

modeling imperfections for reliable FEA results, particularly for 

predicting buckling and post-buckling responses in built-up 

CFS columns under fire condition. 

3. Validation of numerical results 

To validate the structural and thermal models, this study 

leveraged previous research by Craveiro et al. (2014) [24] and 

the numerical model developed by Senthilkumar et al. (2021) 

[34]. The validation focused on CFS columns subjected to fire 

conditions, as tested at the University of Coimbra in Portugal. 

The experiments specifically investigated lipped channel 

columns constrained against thermal expansion, with an axial 

stiffness of 3 kN/m (Fig.2). The column cross-section details are 

shown in Fig. 2(a), with C-shaped columns featuring a cross-

section of 150 mm in height, 43 mm in width, and 2.5 mm in 

thickness, and an overall length of 2950 mm. In the 

experimental setup (Fig. 2(b)), the service load was regulated 

via a load cell placed between the upper beams of the restraining 

structure and a hydraulic jack, maintaining a constant initial 

load throughout the test. A vertical modular electric furnace, 

designed to follow the standard fire curve ISO 834 (1999), was 



Eksploatacja i Niezawodność – Maintenance and Reliability Vol. 27, No. 2, 2025 

 

utilized to apply thermal effects. As the CFS column was heated, 

thermal expansion led to elongation, but due to the column's 

restraint, additional axial forces developed. This comprehensive 

experimental setup is depicted in Fig. 2. The validation process 

for the thermal and structural finite element models involved 

several steps. Initially, the thermal model's credibility was 

established by comparing the results of a 2D thermal analysis 

with the time-temperature profiles obtained from empirical and 

numerical studies conducted by Craveiro et al. [29]. The strong 

correlation observed, as shown in Fig. 3, substantiates the 

thermal model's accuracy in replicating the experimental 

thermal behavior. Subsequently, the structural model was 

validated under both ambient and elevated temperatures. The 

model's performance under axial compression until collapse at 

room temperature was compared with existing experimental and 

computational data. This comparison, illustrated in Fig. 4, 

demonstrated the alignment of axial compressive forces with 

the column's axial response, confirming the structural model's 

accuracy at ambient conditions. Furthermore, Fig. 5 compares 

the experimental results with finite element method (FEM) 

outputs in terms of axial force versus axial displacement, axial 

displacement versus temperature, and the ratio of axial force to 

initial load (R/Pi) versus temperature. The close agreement 

between the FEM predictions and the empirical and numerical 

results further verifies the structural model's precision across 

various conditions. This includes the model's ability to capture 

complex interactions between thermal expansion and 

mechanical restraint under fire exposure. Overall, this thorough 

validation process ensures the reliability of both the thermal and 

structural finite element models. The models are demonstrated 

to be robust in predicting the behavior of CFS columns under 

different loading and thermal scenarios, enhancing confidence 

in their application for assessing the structural integrity and fire 

performance of such columns. Fig. 6 compares the buckling 

modes of the column after fire loading with the failure modes 

observed in the experimental results. This comparison 

strengthens the credibility of the numerical analysis in 

accurately simulating the behavior of CFS columns under fire 

conditions, accounting for the restraint due to thermal 

elongation. Both the experimental findings and finite element 

simulations successfully identified flexural instability around 

the minor axis of the CFS columns, as well as the presence of 

local and distortional buckling patterns.

 

 

(a) (b) 

Fig. 2. Experimental set up: (a) overall view of column (b) column cross section shape in mm [29]. 
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(a) 

   

(b) 

Fig. 3. Verification of heat transfer analysis. 

 

Fig. 4. Verification structural model at ambient temperature. 
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(a) (b) 

 

(c) 

Fig. 5. Comparison between the experimental and finite element method outputs. 

 

Fig. 6. comparison between failure modes of the column under fire. 
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4. Parametric Study 

In this study, a comprehensive parametric analysis was 

conducted to evaluate the performance of built-up (battened) 

CFS columns under fire conditions. The analysis considered 

variations in column cross-section shapes (Inclined, Complex, 

C-shaped, and Sigma), steel grades (G250, G450, and G550), 

and steel thicknesses (0.6 mm, 0.95 mm, 1.55 mm, and 1.95 

mm). This shape provides enhanced stability against lateral 

torsional buckling but might be more complex in terms of 

fabrication. The cross-section shape of CFS columns is a critical 

factor influencing their structural performance. Different shapes 

exhibit varying degrees of susceptibility to buckling, load-

bearing capacity, and thermal response.  Complex shapes can 

optimize strength and stiffness, often used in specialized 

applications where both axial and lateral loads are significant. 

A common cross-section in CFS design, C-shaped columns 

balance ease of manufacturing with reasonable structural 

performance. Sigma shapes offer improved resistance to local 

buckling and can be advantageous in high-load scenarios due to 

their inherent geometric stability. Understanding the 

performance variations among these cross-sections under fire 

conditions helps in selecting the most effective design for 

specific applications, ensuring safety and reliability. The steel 

grade defines the material’s strength and ductility. Analyzing 

different steel grades under fire conditions is crucial to 

understanding how material strength and ductility impact the 

column's structural integrity and failure behavior during fire 

exposure. Steel thickness affects the column's overall stiffness, 

load capacity, and thermal resistance. Evaluating varying 

thicknesses allows for an assessment of how structural and 

thermal performance evolves with changes in material 

dimensions, informing optimal design choices for fire-resistant 

structures. The key outputs from the parametric study were: 

Load-Axial Shortening at Ambient Temperature: This output 

captures the relationship between applied loads and the 

resulting axial shortening of the columns at room temperature. 

It provides insights into the elastic and plastic deformation 

characteristics of the columns, crucial for understanding their 

performance under normal service conditions. Load-Failure 

Time at Elevated Temperature: This output measures the time 

until failure when the columns are exposed to elevated 

temperatures while under a load. It reflects the fire resistance of 

the columns, including their ability to sustain structural integrity 

under fire exposure. By systematically varying the cross-section 

shape, steel grade, and thickness, the study elucidates how each 

parameter influences the structural and thermal performance of 

built-up CFS columns. These insights are essential for designing 

columns that meet specific performance criteria under both 

ambient and fire conditions, ultimately contributing to safer and 

more efficient structural designs in fire-prone environments. To 

generate a strain-stress curve at elevated temperatures, we 

applied the reduction factors for modulus of elasticity and yield 

strength as recommended by Kankanage and Mahendran [35] 

for CFS grades t1.9-G450, t1.5-G450, t1.95-G250, and t1.55-

G250. For the CFS grades t0.95-G550, t0.6-G550, t0.95-G250, 

and t0.6-G250, we utilized the reduction factors derived from 

the research conducted by Ranawaka and Mahendran [36].  

4.1. Thermal analysis results 

Fig. 7 presents a comprehensive analysis of how variations in 

steel thickness influence the temperature distribution across 

different cross-sectional shapes of columns. Specifically, it 

reveals that increasing the thickness of steel significantly 

decreases the temperature of the hot flange. At the 40-minute 

mark, the maximum reduction in hot flange temperature is 

observed to be 210°C for complex sections, 245°C for inclined 

sections, 192°C for C sections, and 244°C for sigma sections. 

Examining Fig.7, the most substantial decrease in cold flange 

temperature is recorded at 118 minutes with an increase in 

thickness from 0.6 mm to 1.95 mm. The cold flange temperature 

increases for complex, inclined, C, and sigma columns at this 

time point is 42°C, 101°C, 62°C, and 67°C, respectively. This 

data underscores the significant impact of steel thickness on the 

thermal behavior of the cold flange, especially over extended 

exposure periods. In the web section, the temperature response 

mirrors that of the hot flange, where an increase in thickness 

correlates with a decrease in web temperature across various 

cross-sectional shapes. However, the temperature variations in 

the web are less pronounced than those observed in the hot and 

cold flanges. At 50 minutes, the maximum temperature 

reduction in the web is 106°C for complex sections, 100°C for 

inclined sections, 96°C for C sections, and 97°C for sigma-

shaped sections. These findings suggest that while steel 
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thickness is a crucial factor, the effect on web temperature is 

somewhat moderated compared to the flanges. Fig. 7 further 

illustrates the temperature changes in the web of the steel 

columns, highlighting that for different cross-sectional shapes 

and steel thicknesses, the temperature variation is nearly linear. 

This consistency suggests that the cross-sectional shape exerts 

a negligible influence on the temperature distribution within the 

web section, maintaining a uniform profile over time. Overall, 

the data indicates that increasing the thickness of steel 

significantly impacts the thermal performance of column 

sections, primarily by reducing temperatures in the hot flange 

and web. Although different cross-sectional shapes are 

considered, their effect on the temperature distribution is 

minimal, with temperature-time profiles for the web, hot, and 

cold flanges showing considerable uniformity across various 

shapes.

      

(a) (b)  

       

      (c)                                                                                                          (d)  

Fig. 7. Heat transfer analysis results. 

4.2. Nonlinear analysis results 

4.2.1. Nonlinear evaluation results at room temperature 

The results of the structural analysis at ambient temperature are 

presented as axial load versus axial displacement diagrams. 

Initially, the effects of column section dimensions, steel 

thickness, and steel type on the ultimate capacity of the 

composite column at room temperature were examined. 

Subsequently, the failure time of the column under fire 

conditions was analyzed. Fig. 8 shows the axial load-axial 

shortening of columns at ambient temperature. 
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(d) 

Fig. 8. Nonlinear analysis results at ambient temperature. 

4.2.1.1. Effect of Column Cross-Section Shape on Ultimate 

Load 

Table 1 presents a summary of the analysis of ultimate load 

variations for different column cross-section shapes. As 

illustrated in Fig. 9, the C-shaped column exhibits the lowest 

average ultimate load at 74.31 kN, indicating a comparatively 

lower load-bearing capacity. In contrast, the Complex shape 

demonstrates a significantly higher average ultimate load of 

178.51 kN, representing a 140.23% increase over the C shape, 

highlighting its superior load-bearing performance. The 

Inclined shape, with an average ultimate load of 97.03 kN, 

shows a 45.64% reduction compared to the Complex shape, 

indicating that while it performs better than the C shape, it is 

less effective than the Complex shape. The Sigma-shaped 

column, with an average ultimate load of 119.77 kN, displays a 

23.44% increase compared to the Inclined shape, demonstrating 

improved load-bearing capacity. Additionally, an outlier value 

of 237.68 kN was observed for the Inclined shape, though it is 

based on a single data point and requires further validation. 

Overall, the cross-sectional shape has a pronounced effect on 

the ultimate load capacity, with the Complex shape offering the 

best performance, followed by the Sigma, Inclined, and C 

shapes. These findings underscore the importance of cross-

sectional design in optimizing the structural performance of 

columns. 

 

Table 1. Ultimate load variations for different column cross-

section shapes. 

Shape Mean std Count pct_difference 

C 74.31 48.83 8  

Complex 178.51 61.5 8 140.23 

Inclined 97.03 49.41 7 -45.64 

Sigma 119.77 67.2 8 23.44 

Inclined 237.68  1 98.45 

Mean: The average load-bearing capacity (in kN or other 

relevant units) measured during the tests for each shape. 

Std.: The standard deviation of the load-bearing capacity, 

indicating the variability of the test results for each shape. 

Count: The number of samples tested for each shape. 

pct_difference: The percentage difference in load-bearing 

capacity compared to the baseline shape (C-shape), reflecting 

the performance increase or decrease of each shape. 

 

 

Fig. 9. Ultimate load variations for different column cross-

section shapes.  
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4.2.1.2. Effect of Steel Grade on Ultimate Load 

Fig. 10 and Table 2 show the effect of steel grade on the ultimate 

load of column at ambient temperature.  

Table 2. Ultimate load variations for different steel grades. 

 

Fig. 10. Effect of Steel Grade on Ultimate Load. 

G250 Steel Grade exhibits an average ultimate load of 99.55 

kN. This serves as the baseline for comparison with other grades. 

G450 Steel Grade shows a significantly higher average ultimate 

load of 195.01 kN, representing a 95.89% increase compared to 

G250. This substantial improvement indicates that the G450 

steel grade provides a much better load-bearing capacity. The 

average ultimate load for G550 Steel Grade decreases to 93.09 

kN, which is a 52.27% reduction from the G450 grade. Despite 

being a higher grade, G550 demonstrates lower ultimate load 

capacity, possibly due to factors such as increased brittleness. 

The steel grade has a significant impact on the ultimate load 

capacity of columns. The G450 grade offers the best 

performance among the grades analyzed, significantly 

outperforming both G250 and G550. These results highlight the 

importance of selecting an appropriate steel grade for optimal 

load-bearing performance in structural applications.  

4.2.1.3. Effect of Steel thickness on Ultimate Load 

Fig. 11 and table 3 indicate the average ultimate load for each 

steel thickness. 0.60 mm thickness steel exhibits an average 

ultimate load of 76.57 kN, serving as the baseline for 

comparison. 0.95 mm thickness steel shows a slight increase in 

average ultimate load to 81.23 kN, representing a 6.09% 

increase compared to 0.60 mm. This indicates a minor 

improvement in load-bearing capacity. For 1.55 mm thickness 

steel the average ultimate load increases significantly to 149.27 

kN, an 83.75% increase from 0.95 mm. This substantial 

improvement highlights the positive impact of increased 

thickness on load-bearing capacity. 1.90 mm Thickness steel 

exhibits the highest average ultimate load at 209.15 kN, which 

is a 40.12% increase compared to 1.55 mm. This indicates that 

increasing the thickness further enhances the load-bearing 

capacity significantly. 1.95 mm thickness steel shows a slight 

decrease in average ultimate load to 151.11 kN, a 27.75% 

reduction compared to 1.90 mm. This suggests that beyond  

a certain point, further increase in thickness may not contribute 

to an increase in load capacity and might even reduce it. The 

steel thickness has a significant impact on the ultimate load 

capacity of columns. The load-bearing capacity generally 

increases with increasing thickness, reaching a peak at 1.90 mm. 

However, the slight decrease at 1.95 mm indicates that there 

might be an optimal thickness for maximum load capacity. 

Table 4 shows the ultimate load that were obtained from 

nonlinear analysis of column at ambient temperature.  

 

Fig. 1. Effect of Steel thickness on Ultimate Load. 

Table 3. ultimate load variations for different steel thicknesses. 

Thickness_mm Mean std Count pct_difference 

0.6 76.57 77.19 8  

0.95 81.23 33.5 8 6.09 

1.55 149.27 54.04 8 83.75 

1.9 209.15 57.17 4 40.12 

1.95 151.11 23.22 4 -27.75 
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Table 4. Ultimate load of column at ambient temperature. 

Column Ultimate Load (kN) Shape Grade Thickness (mm) 

battened 

C-G250-0.6 
21.2873 C G250 0.6 

battened 

C-G250-0.95 
41.198 C G250 0.95 

battened 

C-G250-1.55 
88.5308 C G250 1.55 

battened 

C-G250-1.95 
121.51 C G250 1.95 

battened 

C-G450-1.9 
152.292 C G450 1.9 

battened 

C-G450-1.55 
102.762 C G450 1.55 

battened 

C-G550-0.6 
25.6073 C G550 0.6 

battened 

C-G550-0.95 
41.2858 C G550 0.95 

battened Complex-G250-0.6 155.534 Complex G250 0.6 

battened Complex-G250-0.95 83.6347 Complex G250 0.95 

battened Complex-G250-1.55 141.6 Complex G250 1.55 

battened Complex-G250-1.95 176.892 Complex G250 1.95 

battened Complex-G450-1.9 275.064 Complex G450 1.9 

battened Complex-G450-1.55 218.485 Complex G450 1.55 

battened Complex-G550-0.6 235.672 Complex G550 0.6 

battened Complex-G550-0.95 141.209 Complex G550 0.95 

Battened Inclined-G250-0.6 36.9558 Inclined G250 0.6 

Battened Inclined-G250-0.95 67.6244 Inclined G250 0.95 

Battened Inclined-G250-1.55 118.785 Inclined G250 1.55 

Battened Inclined-G250-1.95 147.165 Inclined G250 1.95 

battened inclined-G450-1.9 237.684 inclined G450 1.9 

Battened Inclined-G450-1.55 164.575 Inclined G450 1.55 

Battened Inclined-G550-0.6 45.795 Inclined G550 0.6 

Battened Inclined-G550-0.95 98.3113 Inclined G550 0.95 

battened Sigma-G250-0.6 38.6528 Sigma G250 0.6 

battened Sigma-G250-0.95 72.8477 Sigma G250 0.95 

battened Sigma-G250-1.55 121.713 Sigma G250 1.55 

battened Sigma-G250-1.95 158.883 Sigma G250 1.95 

battened Sigma-G450-1.55 237.684 Sigma G450 1.55 

battened Sigma-G450-1.9 171.563 Sigma G450 1.9 

battened Sigma-G550-0.6 53.073 Sigma G550 0.6 

battened Sigma-G550-0.95 103.755 Sigma G550 0.95 

 

4.2.2. Nonlinear evaluation results at elevated 

temperature 

The nonlinear analysis results of columns at elevated 

temperature are in form of load-failure time. Fig. 12 shows the 

failure time of column at elevated temperature. In the next step, 

using the failure time obtained from these charts, the impact of 

various parameters, including the cross-sectional shape of the 

column, the grade, and the thickness of the steel, have been 

examined.
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            (a)                                                                                                           (b)  

     

                (c)                                                                                                        (d)  

Fig. 12. Nonlinear numerical results at elevated temperature 

4.2.2.1. Effect of Column Cross-Section Shape  

Table 5 below presents the statistical analysis of failure times 

for different column cross-section shapes under fire conditions.  

 

Fig. 13. Effect of Column Cross-Section Shape on ultimate 

load under fire condition. 

 

Table 5. failure times for different column cross-section shapes 

under fire conditions. 

Cross-Section Shape mean std percentage_diff 

C 49.51 9.33 7.89 

Complex 45.89 8.13 0 

Inclined 53.40 29.04 16.36 

Sigma 55.95 26.36 21.94 

inclined 54.12  17.93 

As can be seen in Fig. 13 the columns with a Sigma cross-

section shape have the highest average failure time of 55.96 

minutes, indicating better performance under fire conditions. 

This is 21.94% higher than the Complex shape, which has the 

lowest mean failure time. Inclined shapes show considerable 

variation in failure times, with an average of 53.40 minutes and 

a high standard deviation, reflecting inconsistent performance. 

The percentage difference from the Complex shape is 16.37%. 

Columns with a C cross-section have a mean failure time of 

49.52 minutes. This represents a 7.90% increase over the 

Complex shape. Complex shaped has the lowest average failure 
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time of 45.89 minutes, serving as the baseline for percentage 

difference calculations. The lowercase "inclined" category also 

shows a high mean failure time of 54.12 minutes, with a 17.93% 

increase over the Complex shape. These results indicate that the 

choice of cross-section shape significantly impacts the fire 

resistance of columns, with Sigma and Inclined shapes offering 

better performance compared to Complex shapes. 

4.2.2.2. Effect of Column Steel Grade  

Table 6 presents the effect of steel grade on average failure time 

of column under fire condition. Steel Grade 450 exhibits the 

highest average failure time of 61.46 minutes, indicating the 

best performance under fire conditions. This is 50.14% higher 

than Steel Grade 550, which has the lowest mean failure time. 

Steel Grade 250 shows a moderate average failure time of 51.23 

minutes, with a 25.15% increase over Steel Grade 550. Steel 

Grade 550 has the lowest average failure time of 40.94 minutes, 

serving as the baseline for percentage difference calculations.  

Table 6. failure times of column for different steel grades under 

fire conditions. 

Steel_Grade mean std percentage_diff median 

250 51.23 19.52 25.14 47.48 

450 61.45 23.34 50.13 54.14 

550 40.93 6.03 0 39.21 

Fig. 14 visually represents the effect of different steel grades 

on the average failure time of columns under fire conditions. 

Steel Grade 450 exhibits the highest average failure time, 

indicating the best performance under fire conditions. Steel 

Grade 250 demonstrates a moderate increase in failure time 

compared to Steel Grade 550 and Steel Grade 550 Serves as the 

baseline with the lowest average failure time. The results 

suggest that columns made from Steel Grade 450 have 

significantly higher fire resistance compared to those made 

from Steel Grades 250 and 550. The higher failure time for Steel 

Grade 450 indicates better performance, making it a preferable 

choice for fire-resistant column designs.

 

Fig. 14. Effect of Column Steel Grade on ultimate load under fire condition. 

4.2.2.3. Effect of Column Steel Grade 

Table 7 and Fig.15 presents the statistical analysis of failure 

times for different steel thicknesses under fire conditions, 

column with 1.95 mm Steel Thickness exhibits the highest 

average failure time of 73.49 minutes, indicating the best 

performance under fire conditions. This is 92.10% higher than 

the 0.60 mm thickness, which has the lowest mean failure time. 

Column with 1.55 mm Steel Thickness Shows a considerable 

average failure time of 57.28 minutes, with a 49.72% increase 

over the 0.60 mm thickness. 1.90 mm steel thickness column 

demonstrates a similar increase in failure time compared to the 

1.55 mm thickness, with a mean of 56.73 minutes and a 48.28% 

increase over the 0.60 mm thickness. Column with 0.95 mm 

Steel Thickness has a moderate average failure time of 44.22 

minutes, with a 15.58% increase over the 0.60 mm thickness. 

Steel Thickness 0.60 mm serves as the baseline with the lowest 

average failure time of 38.26 minutes. 
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Table 7. failure times for different steel thicknesses under fire 

conditions. 

Steel_Thickness mean std percentage_diff 

0.6 38.25 3.12 0 

0.95 44.21 6.48 15.57 

1.55 57.27 24.66 49.72 

1.9 56.72 3.07 48.27 

1.95 73.48 29.93 92.09 

 

Fig. 15. Effect of Column Steel Grade on ultimate load under 

fire condition. 

To analyze the interaction effects between the parameters on 

the ultimate load capacity of steel columns, a regression model 

will be used. An interaction term will be included in the 

regression model to determine how the combination of different 

parameters affects the failure time. This approach will capture 

the synergistic effects between variables such as column cross-

section shape, steel grade, and steel thickness. By employing 

this model, the joint contributions of these parameters to the 

load-bearing capacity and failure characteristics of steel 

columns will be quantified, providing a more nuanced 

understanding of their combined impacts on structural 

performance. 

A regression model will be used to analyze the interaction 

effects between the parameters. Specifically, an interaction term 

in the regression model will be employed to examine how the 

combination of parameters affects the failure time. Fig 16 shows 

the interaction between steel thickness, steel grade, and failure 

time, with different colors representing different cross-section 

shapes. Fig. 16 presents that:  

1. Steel Thickness: Generally, increasing steel thickness 

tends to increase the failure time, but the effect is 

influenced by the cross-section shape and steel grade. 

2. Cross-Section Shape: Different shapes interact with 

steel thickness and grade differently, impacting the 

failure time. 

3. Steel Grade: The interaction between steel grade and 

thickness shows that higher grades combined with 

greater thicknesses tend to increase failure time, 

though the effect varies by shape. 

 

Fig. 16. Statistical Interaction Analysis. 

The 3D surface plots shown in Fig. 17 provide  

a comprehensive view of the interaction between steel thickness, 

steel grade, and failure time for each cross-section shape. Here 

are some key observations: 

1. C Shape: 

o The failure time increases with both steel 

thickness and grade. 

o Higher steel grades and thicknesses lead to 

significantly higher failure times. 

2. Complex Shape: 

o Similar trend to C shape, with failure time 

increasing with thickness and grade. 

o The interaction between grade and thickness 

has a noticeable impact on failure time. 

3. Inclined Shape: 

o Shows a substantial increase in failure time 

with higher steel thickness, especially for 

higher grades. 

o The effect of steel grade is more pronounced 

at higher thicknesses. 

4. Sigma Shape: 

o Demonstrates a consistent increase in failure 

time with both steel thickness and grade. 
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o The overall pattern is similar to the other 

shapes, but with some variability in the 

increase rate. 

5. inclined Shape: 

o Exhibits the highest variability among the 

shapes. 

o Failure time increases with thickness and 

grade, but the rate of increase is less 

consistent compared to other shapes.

 

 

Fig. 17. interaction between steel thickness, steel grade, and failure time for each cross-section shape. 

4.2.3. Failure modes 

Fig. 18 shows the failure modes of cold-formed columns with 

different cross-section shapes, steel grades, and thicknesses 

under fire conditions. The failure modes of CFS columns under 

fire conditions are influenced by cross-sectional shape, steel 

grade, and thickness. Sigma-shaped columns tend to exhibit 

local buckling in their web and flange areas, exacerbated by 

thermal gradients causing uneven deformation. Inclined 

columns experience combined bending and buckling, with fire 

conditions intensifying these modes due to the inclination 

causing twisting. Complex-shaped columns show significant 

local and distortional buckling, with the intricate geometry 

leading to asymmetric heat distribution and uneven failure. In 

contrast, C-shaped columns primarily undergo flexural and 

local buckling, where the open section design leads to rapid heat 

transfer and flange deformation. Steel grade plays a crucial role: 

lower grade G250 steel softens more quickly under heat, leading 

to pronounced buckling and early failure, while higher grade 

G550 steel, although initially more resistant, eventually loses 

strength, causing delayed but potentially more sudden failure 

due to higher residual stresses. The thickness of the steel also 

affects performance; thinner sections (0.6 mm) heat up faster 

and lose strength quickly, resulting in early local buckling, 

while thicker sections (1.95 mm) heat more slowly, offering 

better initial resistance but succumbing to buckling under 

extended fire exposure. This analysis reveals that while thicker, 

higher-grade steel columns offer better initial resistance to fire, 

complex cross-sectional shapes and thin sections are more 

vulnerable to rapid failure due to uneven heating and rapid 

strength degradation.

Cross-Section Shape: C Cross-Section Shape: Complex Cross-Section Shape: Inclined

Cross-Section Shape: Sigma Cross-Section Shape: Inclined

Cross-Section Shape: C Cross-Section Shape: Complex Cross-Section Shape: Inclined

Cross-Section Shape: Sigma Cross-Section Shape: Inclined
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C-G550-0.6 I-G250-1.95 

Fig. 18. Failure modes of columns. 

5. Conclusion  

This study offers a comprehensive examination of the ultimate 

load capacity of steel columns by analyzing the effects of 

column cross-section shape, steel grade, and steel thickness. 

The findings provide crucial insights into optimizing structural 

design for enhanced load-bearing performance. The results at 

ambient temperature shows that:  

• Cross-Section Shape: The Complex shape exhibited 

the highest load capacity (178.51 kN), outperforming 

other configurations, with the Inclined shape showing 

notable variability and reaching up to 237.68 kN. The 

Sigma and Inclined shapes provided intermediate load 

capacities, highlighting the significant role of 

geometric configuration in maximizing column 

strength. 

• Steel Grade: G450 steel demonstrated superior 

performance with an average load capacity of 195.01 

kN, nearly double that of G250 (99.55 kN), while 

G550 showed reduced load capacity (93.09 kN), likely 

due to brittleness. This indicates G450 as the optimal 

grade for balancing strength and ductility. 

• Steel Thickness: Increasing thickness generally 

enhanced load capacity, with an optimal point at 1.90 

mm (209.15 kN), after which performance declined. 

This suggests that further increases in thickness may 

not proportionally enhance capacity. 

At Elevated Temperatures: 

• Steel Thickness: Thicker columns improved fire 

resistance, with 1.95 mm steel providing the highest 

failure time (73.49 minutes), significantly 

outperforming thinner steel (0.60 mm at 38.26 

minutes). 

• Steel Grade: G450 steel offered the highest fire 

resistance, with a failure time of 61.46 minutes, 

outperforming G250 and G550 by 25.15% and 50.14%, 

respectively. 

• Cross-Section Shape: Sigma and Inclined shapes 

showed the highest fire resistance, with failure times 

of 55.96 and 53.40 minutes, respectively, compared to 

the Complex shape at 45.89 minutes. 

• Interaction Effects: Complex interactions between 

thickness, grade, and shape significantly influenced 

performance, as confirmed by the ANOVA test (p-

value = 0.014). Thicker and higher-grade steels 

generally improved fire resistance, but the extent 
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varied by cross-sectional shape. 

These findings provide valuable guidelines for optimizing 

the design of steel columns to improve structural efficiency and 

fire resistance, contributing to safer and more cost-effective 

construction practices. 

Based on the findings of this study, it is recommended that 

future fire design codes incorporate specific provisions for 

built-up cold-formed steel (CFS) columns, with attention given 

to the role of batten plates, the optimization of cross-sectional 

shapes such as Complex and Sigma, and the selection of 

appropriate steel grades and thicknesses for enhanced fire 

resistance. Additionally, it is suggested that standardized fire 

resistance testing be expanded to include built-up columns with 

varied geometries, and that non-uniform temperature 

distribution during fire exposure be accounted for to improve 

the accuracy of fire performance predictions. These 

recommendations are intended to enhance the structural safety 

and fire resilience of CFS columns in building designs.
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Acronyms  

CFS Cold-formed steel 

CFSEHS Cold-formed steel elliptical hollow sections 

C Lipped channel section 
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2D Two dimensional 

3D Three dimensional 

FEA Finite element analysis 

FEM Finite element method 

FRR Fire resistance rating 

ISO International organization for standardization 

MPC Multiple point constraint 

Pi Axial applied force 

R Axial restraining force 

RP Reference point 

𝜎𝑡𝑟𝑢𝑒  True stress 

𝜎𝑛𝑜𝑚 Nominal stress 

𝜀𝑛𝑜𝑚 Nominal strain 

𝜀𝑙𝑛
𝑝𝑙

 Plastic strain 

𝐸 Elastic modulus 

 


