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A B S T R A C T   

Innovative concrete-filled cold-formed steel (CF-CFS) built-up column sections subjected to axial 
compression and elevated temperatures were previously investigated, assessing their structural 
fire performance. However, the analytical fire resistance methodology presented in the EN1994- 
1-2 requires advanced heat transfer analysis to compute the temperature evolution of the steel 
and concrete components of the composite cross-section. This paper presents a set of empirical 
formulations to predict equivalent temperature for steel and concrete components of CF-CFS 
built-up column sections. The finite element modeling technique to predict temperature evolu-
tion through the CF-CFS built-up column sections was calibrated using a 2-D heat transfer analysis 
(part A of this study). As a simplification, the concrete infill was divided into two areas, namely 
inner and outer core areas. The equivalent temperature of the steel section and the steel 
embedded area were also considered. The results showed good accuracy of the proposed 
empirical formulas.  

Notation 

H Height of the cross-section 
B Width of the cross-section 
L Distance of the embedded steel surface to the section surface subjected to radiation 
T Standard temperature (◦C) 
T0 Initial temperature (◦C) 
C, R, and M Constant parameters 
Ain,con core Area of inner concrete core (mm2) 
Atotal,con core The total area of the concrete (mm2) 
Atotal,comp The total area of the composite cross-section (mm2) 
hu Height of the U-shaped profile (mm) 
bu Flange width of the U-shaped profile (mm) 
hc Height of the C-shaped profile (mm) 
bc Flange width of the C-shaped profile (mm) 
cc Lip length of the C-shaped profile (mm) 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: rahnavard@uc.pt, rahnavard1990@gmail.com (R. Rahnavard), heldercraveiro.eng@uc.pt (H.D. Craveiro).  

Contents lists available at ScienceDirect 

Case Studies in Thermal Engineering 

journal homepage: www.elsevier.com/locate/csite 

https://doi.org/10.1016/j.csite.2022.102111 
Received 13 April 2022; Received in revised form 6 May 2022; Accepted 7 May 2022   

mailto:rahnavard@uc.pt
mailto:rahnavard1990@gmail.com
mailto:heldercraveiro.eng@uc.pt
www.sciencedirect.com/science/journal/2214157X
https://www.elsevier.com/locate/csite
https://doi.org/10.1016/j.csite.2022.102111
https://doi.org/10.1016/j.csite.2022.102111
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csite.2022.102111&domain=pdf
https://doi.org/10.1016/j.csite.2022.102111
http://creativecommons.org/licenses/by-nc-nd/4.0/


Case Studies in Thermal Engineering 35 (2022) 102111

2

ts CFS profile thickness 
ts,emb Summation of the embedded steel thicknesses (mm) 
t Time (h) 
d̃ Equivalent thickness of concrete 
t̃s equivalent thickness of steel 
cp Specific heat 
θeq Equivalent temperature 
α Cronbach’s alpha  

1. Introduction 

Due to its superior structural performance in various circumstances, concrete-filled steel tube (CFST) composite columns are widely 
used in various structures. Moreover, because the thermal conductivity and specific heat of concrete are low, it can improve the fire 
behavior of composite columns. Cold-formed steel profiles have several advantages over those hot rolled, including shorter con-
struction time, economic efficiency, and accessible transportation [1-14]. Extensive experimental, computational, and analytical 
research has been undertaken over the last decades to understand better the behavior of composite columns exposed to fire [15-26]. A 

Fig. 1. Geometry of CFS profiles and CF-CFS built-up sections.  
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simple design approach for CFST columns in a fire was provided by Ukanwa et al. [19-22]. The suggested design technique was 
provided for square, rectangular, and circular columns based on equivalent temperatures and equivalent strength for the 
cross-sectional components. Yu et al. [23-26] experimentally and numerically measured the fire resistance of a series of CFST com-
posite columns. They recommended modifying EN 1994-1-2 [27] by considering equivalent temperatures of steel and concrete 
components and applying them to the overall formulation. According to their findings, the equivalent temperatures approach for 
measuring fire resistance of CFST columns with various section profiles predicts with reasonable accuracy. 

Although experimental, numerical, and analytical studies on temperature evolution and fire resistance of concrete-filled steel tube 
composite columns were performed, no research was presented on concrete-filled built-up cold-formed steel composite sections. The 
EN1994-1-2 [27] presents two design methods, namely the general and simplified methods. Both methods require advanced heat 
transfer analysis to assess the temperature evolution in different concrete depths. Performing heat transfer analysis, especially for 
CF-CFS profiles, required a good knowledge of finite element analysis, thermal properties, and heat transfer analysis. Additionally, a 
precise definition is necessary to achieve an accurate result. The authors presented a 2D finite element approach in Part A [28] of the 
current study and calibrated it using the available experimental data presented in Ref. [16]. This paper proposes simplified empirical 
formulas to predict the equivalent concrete and steel temperature. The results were compared with ones obtained from heat transfer 
analysis. These simplified empirical formulas aim to present a methodology independent of finite element analysis. Moreover, by 
predicting an equivalent temperature of steel and concrete, common complex calculations in the EN1994-1-2 [27] can be simplified 
because the number of temperature layers is reduced dramatically. 

2. Description of the CF-CFS built-up sections 

The discussion on the application and design procedure for the CF-CFS built-up section is available in Ref. [28]. In this study, the 
cold-formed steel profiles, including C, and U-shaped, were considered for the built-up sections, as shown in Fig. 1. The thickness of the 
CFS profiles included 1.5 mm and 3 mm. The geometry of two CF-CFS cross-sections is presented in Fig. 1. The considered sections in 
this study were according to the limitation of EN1993-1-3 [29] for the cold-formed steel profiles. The geometry details of the CF-CFS 
sections are listed in Table 1. Two configurations were considered in this study, are named:  

a) Concrete-filled CFS built-up cross-section comprising two C-shaped profiles and two U-shaped profiles (2C+2U),  
b) Concrete-filled CFS built-up cross-section (partially embedded) comprising two C-shaped profiles fastened back-to-back and two U- 

shaped profiles (2C+2U-PE). 

The paper investigates 74 CF-CFS built-up composite sections, including 54 sections for 2C+2U and 18 sections for 2C+2U-PE. 

3. Numerical modeling and results 

3.1. Modeling assumptions 

All CF-CFS built-up composite sections explained in Section 2 were modeled using the finite element method software Abaqus [30]. 
The modeling techniques were calibrated against experimental results conducted by Rahnavard et al. [16] and are detailed in Part A of 
this study [28]. DC2D4 element type with a size of 0.5 was selected according to the calibration available in Ref. [28]. However, it 
should be mentioned that the mesh size doesn’t significantly affect the results. The heat conductance for the contacts between concrete 
and steel was assumed as 200 W/m2 K [16,28]]. For the case of steel to steel contacts, the value 2000 W/m2 K was considered. The 
resultant heat emissivity of 0.23 was selected to define radiation. The convective heat coefficient also was taken as 25 (W/m2 K) 
according to EN 1991-1-2 [31] to define convection. Note that thermal amplitude for radiation and convection in this parametric study 
was adopted from ISO 834 [32]. The standard temperature (T) vs. time (t) curve of ISO 834 is obtained from Eq. (1), where T0 is the 
initial temperature (◦C) and is equal to 20 ◦C. 

T =T0 × 345 log10(8t + 1) (1)  

3.2. Temperature evolution 

The temperature evolution of the different 2C+2U-PE sections is presented in Fig. 2. As can be observed, there is a minor 

Table 1 
CFs profile details.  

Section U-shaped C-shaped 

hu (mm) bu (mm) ts (mm) bu/t hc (mm) bc (mm) cc (mm) ts (mm) bc/t 
2C+2U 153 44.5 1.5 28.6 150, 200, 300 43, 60, 75 15.0 1.5 28.6, 40, 50 

159 46.0 3.0 15.3 153, 203, 303 46, 60, 75 16.5 3.0 14.3, 20, 25 
200 44.5 1.5 28.6 150, 200, 300 43, 60, 75 15.0 1.5 28.6, 40, 50 
206 46.5 3.0 15.3 153, 203, 303 46, 60, 75 16.5 3.0 14.3, 20, 25 
300 44.5 1.5 28.6 150, 200, 300 43, 60, 75 15.0 1.5 28.6, 40, 50 
306 46.5 3.0 15.3 153, 203, 303 46, 60, 75 16.5 3.0 14.3, 20, 25 

2C+2U-PE 153, 203, 
303 

44.5, 61.5, 76.5 1.5 28.6, 41, 51 150, 200, 300 43, 60, 75 15.0 1.5 28.6, 40, 50 

159, 209, 309 44.5, 61.5, 76.5 3.0 28.6, 41, 51 153, 203, 303 43, 60, 75 15.0 3.0 28.6, 40, 50  
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temperature difference between the cross-section center and half of the cross-section dimensions (H/2 and B/2). Therefore, the next 
goal is to provide an empirical formulation to predict the equivalent temperature for the concrete inner core with dimensions of B /2×
H /2 and concrete outer core. This strategy can contribute to simplifying the application of existing design formulations to conduct 
safety verification of composite columns in fire. 

4. Analytical procedure 

4.1. Introduction 

This section details the empirical formulation used for calculating the equivalent temperature as a function of time for concrete and 
steel components of CF-CFS built-up composite sections. The following section presents the formulas for two concrete areas, including 
inner and outer cores, according to the observation from Section 3.2. 

4.2. Concrete equivalent temperature 

Yu et al. [24] presented an empirical formulation using the finite element method and nonlinear regression analysis to calculate 
steel and concrete equivalent temperatures. The formula validated solid and hollow concrete-filled tubular steel composite columns 
with circular and polygonal sections. This paper adopts and modifies the empirical formula presented by Yu et al. [24] for CF-CFS 
built-up composite sections. 

The concrete section was divided into two parts, including inner and outer cores. For the concrete-filled cold-formed steel com-
posite section with no embedded steel region (2C+2U), the equivalent temperature of concrete for both inner and outer concrete cores 
is calculated using Eq. (2), where t is the fire exposure time in hours, and R is obtained from Eq. (3). In Eq. (3), the parameter d̃ is the 
equivalent thickness of concrete in meters calculated based on Eq. (4). The parameters α and β are obtained from Eqs (5) and (6), 
respectively. In Eqs (5) and (6), B and H are the section dimensions (in mm). In Eq. (2), the parameter M is obtained from Eq. (7), where 
t̃s is the equivalent thickness of steel (in meters) and can be obtained from Eq. (8). In Eq. (2), the parameter C is selected based on Eq. 
(9). 

The equivalent temperature of concrete for the inner concrete core of the CF-CFS composite section with the embedded steel area 

Fig. 2. Temperature evolution of the different 2C+2U-PE sections.  
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(2C+2U-PE) is determined using the same procedure explained for the one with no embedded steel area (2C+2U), while β is 25 and α is 
calculated according to Eq. (10). Moreover, the C parameter for the inner core is 1.65 when the minimum dimension of the cross- 
section is less than 100 mm; otherwise, it is 1.9. 

θeq = 2R

⎛

⎜
⎝1 −

1
1 +

(
t
/

M
)C

⎞

⎟
⎠+ 20 (2)  

R= 120 +
(
αe− β̃d) (3)  

d̃ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ain,con core × 10− 6/

π
√

for inner concrete core
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Atotal,con core × 10− 6/

π
√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ain,con core × 10− 6/

π
√

for outer concrete core
(4)  

α=

⎧
⎨

⎩

(
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√ )
+ 430 for inner concrete core

(
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√ )
+ 580 for outer concrete core

(5)  

β=

⎧
⎪⎨

⎪⎩

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
min(B,H)

√
for inner concrete core

90
̅̅̅̅̅̅̅̅̅̅̅̅̅
B + H

√ + 10.8 for outer concrete core
(6)  

M = 0.337 + 8.5̃ts + 30d̃
(
d̃

2
− 1.46d̃ + 0.64

)
(7)  

Fig. 3. Equivalent temperature history for concrete; a) inner core (2C+2U) b) outer core (2C+2U), c) inner core (2C+2U-PE), and d) outer core (2C+2U-PE).  
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t̃s =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Atotal,comp × 10− 6/

π
√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Atotal,con core × 10− 6/

π
√

(8)  

C=

{
2.1 for inner concrete core
1.2 for outer concrete core (9)  

α=
(

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√ )
+ 656 (10) 

A comparison between finite element 2D result and empirical formula for the equivalent temperature vs. time of the concrete inner 
and outer core is plotted in Fig. 3. Fig. 3a–b shows the results for the 2C+2U section with a dimension of 153 mm × 153 mm, as a case 
example. For the 2C+2U-PE configuration, the result of a section (dimension of 153 mm × 89 mm) is presented in Fig. 3c–d. A good 
agreement is observed between equivalent temperature obtained from 2D heat transfer analysis and the empirical formulation. 

A comparison between 2D finite element results and the empirical formulation for 74 cross-sections is presented in Fig. 4. The 
results show less than a 4% deviation in inner and outer concrete cores. This comparison shows the accuracy of the empirical formula 
for different cross-sections with various dimensions. The overall sections dimension is ranged from 89 mm × 153 mm–309 mm × 309 
mm. 

4.3. Steel equivalent temperature 

The steel equivalent temperature is obtained from Eq. (2), where R is 575, C is 1.15, and M is a constant, calculated using Eq. (11) 
for non-embedded steel and related to the steel equivalent thickness. 

M = 0.337 + 65̃ts (11) 

While for the embedded steel equivalent temperature, M is calculated from Eq. (12). L is the distance of the embedded steel surface 
to the section surface subjected to radiation (see Fig. 1), and ts,emb is the summation of all embedded steel plate thickness. 

M = 0.337+ 0.0085ts,emb + 30L
((

L × 10− 3)2
− 0.00146L+ 0.64

)
(12) 

A comparison between finite element 2D results and the empirical formula for the equivalent temperature vs. time of the steel 

Fig. 4. Temperature history comparison for concrete; a) inner core (2C+2U) b) outer core (2C+2U), c) inner core (2C+2U-PE), and d) outer core (2C+2U-PE).  
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section is presented in Fig. 5. As a case example, Fig. 5a displays the findings for the 2C+2U section with a dimension of 153 mm × 153 
mm, resulting in an excellent agreement (less than 5% differences). For the instance of 2C+2U-PE configuration, the outcome of a 
section (dimension of 153 mm × 89 mm) is illustrated in Fig. 5b–c. A good agreement is seen between the equivalent temperature 
derived from the 2D heat transfer study and the empirical formula for steel and embedded steel regions. 

A comparison between 2D finite element results and the empirical formula for 74 cross-sections is provided in Fig. 6. The findings 
present less than a 4% deviation in steel and embedded steel area. This comparison illustrates the correctness of the empirical formula 
for several cross-sections with diverse section sizes. 

4.4. Reliability analysis 

Reliability analysis was undertaken for the proposed formulas by considering Cronbach’s alpha (α), which is the most common test 
score in the reliability analysis. A Cronbach’s alpha (α) higher than 0.7 was recommended as an acceptable value [33]. In this study, 
the Cronbach’s alpha (α) values were consistently higher than 0.95, showing high similarity between the empirical formula and finite 
element methods. 

5. Restriction on the formulae’ applicability 

The suggested empirical formulation for calculating the equivalent temperature may be used to analyze concrete-filled cold-formed 
steel (CF-CFS) built-up composite sections that meet the following criteria:  

- CF-CFS composite cross-sections that individual CFS profiles are within the EN1993-1-3 [29] limitation for cold-formed profiles. 
The overall section dimension is ranged from 89 mm × 153 mm–309 mm × 309 mm. The high of the CFS profiles is ranged from 
150 mm to 303 mm for C-shaped and from 153 mm to 309 mm for U-shaped. The width of the individual profiles also varies from 
43 mm to 76.5 mm.  

- Material thermal properties according to Part A [28].  
- The heat transfer coefficient by convection is 25 W/m2 K [31]. The resultant heat emissivity is 0.23 [16,28]].  
- The fire exposure curve should be according to ISO 834 [32] and up to 2 h. 

Fig. 5. Equivalent temperature history for steel; a) 2C+2U b) 2C+2U-PE, and c) embedded steel of 2C+2U-PE.  
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6. Conclusions and future work 

A 2D finite element modeling approach was presented and calibrated in Part A [28]. In this paper (Part B), a parametric study 
covered 74 CF-CFS cross-sections. Analyzing the heat transfer results, it was seen that the temperature deviation for the concrete-filled 
component is not remarkable from section center to the half dimension of the cross-section. Accordingly, a series of empirical formulas 
were proposed to predict the equivalent temperature for inner and outer concrete core, steel sections, and embedded steel area. The 
equivalent temperature results obtained from 2D finite element and empirical formulas were compared. The empirical formulas 
presented an accurate prediction compared to the 2D finite element results. Moreover, reliability analysis was undertaken considering 
Cronbach’s alpha (α). The results represented the high reliability of the empirical formula. Further work is needed to extend the current 
formulation to cover various thermal properties and cross-section shapes. 
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Appendix 

A work example is presented to calculate the temperature for inner and outer concrete cores, steel, and embedded steel area. The 
2C+2U-PE section with a dimension of 150 mm × 84 mm is selected. The thickness of each CFS profile is 1.5 mm. 

Figure A. Section dimension and details for work example.  

For the inner concrete core, the following steps are needed: 

d̃ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ain,con core × 10− 6/

π
√

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2940 × 10− 6/

π
√

= 0.0306  

α=
(

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√ )
+ 656=

(
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1892 + 1532

√ )
+ 656= 1010  

β= 25  

t̃s =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Atotal,comp × 10− 6/

π
√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Atotal,con core × 10− 6/

π
√

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
13600 × 10− 6/

π
√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
12600 × 10− 6/

π
√

= 0.0025  

R= 120+
(
αe− β̃d)= 120+

(
1010× e− 25×0.0306)= 590  

M = 0.337+ 8.5̃ts + 30d̃
(
d̃

2
− 1.46d̃ + 0.64

)
= 0.905 

Therefore, the equivalent temperature for the inner concrete core as a function of time is: 

θeq,c = 2R

⎛

⎜
⎝1 −

1
1 +

(
t
/

M
)C

⎞

⎟
⎠+ 20= 1180

⎛

⎜
⎜
⎝1 −

1
1 +

(
t /0.905

)1.65

⎞

⎟
⎟
⎠+ 20 

Accordingly, for the outer concrete core of the mentioned example, the equivalent temperature for the as a function of time is: 

θeq,c = 1352

⎛

⎜
⎜
⎝1 −

1
1 +

(
t /0.918

)1.2

⎞

⎟
⎟
⎠+ 20 

For the steel, the equivalent temperature for the as a function of time is: 

θeq,c = 1150

⎛

⎜
⎜
⎝1 −

1
1 +

(
t /0.49

)1.2

⎞

⎟
⎟
⎠+ 20 

For the embedded steel, the equivalent temperature for the as a function of time is: 

θeq,c = 1470

⎛

⎜
⎜
⎝1 −

1
1 +

(
t /1.109

)1.15

⎞

⎟
⎟
⎠+ 20 
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