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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

This study presents an analytical and numerical investigation of ultra-high-performance concrete-filled double-skin tubular 

(UHPC-CFDST) columns with circular cross-sections under fire conditions. An automated algorithm was employed to 

develop and verify a finite element (FE) model capable of accurately simulating CFDST columns incorporating different 

concrete types (normal concrete, ultra-high-performance concrete (UHPC), and lightweight concrete) in both core and ring 

regions. The validated model was used to examine the influence of key parameters, offering deeper insight into the behavior 

of such columns under fire. Three temperature-dependent material models were developed to represent UHPC, lightweight 

concrete, and high-strength steel at elevated temperatures. Additionally, a finite difference-based thermal model was 

proposed to simulate the temperature distribution across the column cross-section and to predict fire resistance (FR) time. 

To the best of the authors’ knowledge, existing fire design standards do not provide specific models for CFDST columns 

under fire, and available research in this area is limited. This study addresses this gap by evaluating the applicability of 

Eurocode 4 (EC4) and proposing a simplified modification that improves the prediction accuracy of fire resistance for 

UHPC-CFDST columns. 
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1.  Introduction 

 

Concrete-filled double-skin tubular (CFDST) columns were first 

introduced in 1989 [1], and since then, they have gained significant attention 

from researchers and increasing popularity in the construction industry due to 

their advantages over conventional concrete-filled steel tube (CFST) columns. 

These advantages include higher strength, lighter structural weight with 

improved ductility, better fire performance, and enhanced cyclic behavior [1-8].  

A CFDST column consists of two concentric steel tubes, with the annular 

gap between them filled with concrete, while the core remains hollow. When 

the hollow core is also filled with concrete, the system is referred to as a 

concrete-filled double tube (CFDT) column. Various parameters influencing the 

behavior of CFDST and CFDT columns have been studied, including the 

nominal steel ratio (αn), the hollow ratio (χ) defined for CFDST columns as χ = 

Di/(DO-2tO), the concrete compressive strength (fc’), the yield strength of the 

outer and inner steel tubes (fsyo, and fsyi respectively), and the diameter-to-

thickness ratio (D/t) for both tubes [3, 9-11].  

The interaction between steel tubes and the concrete ring in CFDST 

columns has been investigated by Tao et al. [3] and Huang et al. [11]. At the 

initial loading stage, no interaction occurs between the outer tube and the 

concrete ring due to the difference in Poisson’s ratio between steel and concrete. 

However, as axial loading increases, the resulting lateral strain leads to contact 

and interaction between the two materials. A different behavior is observed 

between the inner tube and the concrete ring: interaction occurs early in the 

loading process due to the higher lateral strain of the steel tube compared to the 

concrete. As the concrete enters the elastic-plastic stage, this interaction 

gradually diminishes. 

When the peak load is reached, contact is formed again between concrete 

ring and inner tube as a result of larger lateral strain of concrete compared to 

steel due to cracks formation of in concrete ring [3, 11]. Huang et al. [11] found 

numerically that load axial capacity decreased by 15% and 26 % for square and 

circular columns, respectively as the hollow ratio increased from zero to 0.75. 

It was found that the effect of hollow ratio on concrete stress is more significant 

in circular columns compared to square ones. However, column ductility is not 

affected [3, 11]. 

From the FE model analysis that was proposed by Huang et al. [11] it was 

found that, the axial Load capacity of stub CFDST columns increases by about 

71% due to an increase in concrete strength from 30 MPa to 90 MPa. When the 

steel yield strength of the outer tube increased by approximately 79 %, the axial 

load capacity increased by about 30%. When the nominal steel ratio increased 

by 3 times, the axial capacity increased by 62 and 72 % for square and circular 

columns, respectively. From the research done previously [3, 10, 11], it was 

found that, inner tube yield strength, and width-to-thickness ratio have no 

significant effect on the axial capacity of stub CFDST columns because of the 

small steel area on the inner tube compared to the outer tube, the main role of 

inner tube is confining the concrete ring. The inner tube width-to-thickness ratio 

affects the failure mode of the inner tube.  

CFDT columns have many advantages that overcome the conventional 

CFST and CFDST columns. Compared to CFDST columns, filling the central 

void with concrete (CFDT columns) improves load capacity and reduces inner 

tube buckling [12]. A key advantage of CFDT columns that overcome both 

CFST and CFDT columns is their high fire resistance [2, 13, 14], as the outer 

concret ring protect the inner steel tube from temperature development during 

fire, Besides, CFDT columns provide more load capacity compred to CFST and 

CFDST columns as a result of the pressence of inner concrete core which is not 

available in CFDST columns and inner steel tube which is not availale in CFST 

columns.  

Lu et al. [15] provide some design guidelines for CFDST columns in fire. 

Increasing yield strength and/or thickness of the inner tube and decreasing the 

yield strength and/or thickness of the outer tube help in improving the fire 

resistance. A similar finding was obtained by Romero et al. [2]; drain holes in 

the outer tube are beneficial as they help to release the water vapor pressure. 

The minimum thickness of the concrete ring is 50 mm, using steel fiber in 

concrete help in increasing the fire resistance. Xiong [16] could not decide 

which has better fire performance CFST columns or CFDST columns 

Some researchers provide design models for CFDST columns in fire [17-

21]. Yao et al. [22] presented a design model based on the Rankine approach for 

columns subjected to uniform temperature, while Yao et al. [23] used the 

Rankine approach for non-uniform heating. [15] present fire design tables. 

Some researchers tried to improve the fire performance of CFDST columns. Jia-

qi et al. [13] found that using stainless steel in the outer tube increases the fire 

resistance compared with using carbon steel. Shekastehband et al. [24] used 

found that using stiffeners with the inner tube and outer tube can increase the 

fire resistance of the CFDST column significantly as the stiffener in the outer 

tube absorbs more heat, allowing the outer tube to withstand applied load for a 

longer time beside stiffeners increase the contact between steel tube and 

concrete core and reduce buckling of steel tubes this was also concluded at 

ambient temperature [9]. Zhu et al. [19], Zhu et al. [20]and Zhu et al. [21] 
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presented a design model for circular CFDT columns under axial and eccentric 

load based on Eurocode 4 [25] design procedures. 

Using HSC and UHPC is considered a modern method to improve the fire 

performance of CFDST and CFDT columns. Ultra-high performance concrete 

(UHPC) has been increasingly used nowadays due to its advantages, such as 

high strength, high fracture capacity, and high durability. Using ultra-high 

performance concrete (UHPC) in CFDST and CFDT columns has a dual benefit; 

from one side, UHPC will lead to increased CFDT column capacity; from 

another side, steel tubes will help in overcoming one of the main disadvantages 

of UHPC which is brittleness by providing more ductility to the column. Also 

steel tube will help in increasing column capacity by the confinement that will 

be provided to the concrete [26].  

Many researches have been conducted to investigate the fire behaviour of 

UHPC as it has been considered as a relatively new construction material [27-

34]. Banerji and Kodur [31] and Xiong and Liew [35] found that compressive 

strength and elastic modulus of UHPC are reduced in a higher rate compared to 

reduction occurred in normal strength concrete (NSC) at elevated temperatures. 

However, Banerji and Kodur [31] found that the presence of steel fibers helps 

in reducing the degradation in tensile strength and ductility in UHPC compared 

to conventional concrete. Many researchers find the addition of polypropylene 

fibers to UHPC reduces significantly concrete spalling [34, 36, 37], which is 

explained as a result of the melting of polypropylene at high temperatures which 

maintains internal vapor pressure and prevents explosive spalling. 

Xiong and Liew [38] found that using NSC and UHPC give similar fire 

performance for CFST columns, however using Ultra High Strength Concrete 

(UHSC) gives higher fire resistance compared with using NSC and HSC. A 

similar finding was obtained by Xiong and Liew [39]. Xiong and Liew [39] 

found that using buckling curve “d” in Eurocode simplified model and M-N 

interaction diagram give a good prediction for the fire resistance of CFST 

column. However, the M-N interaction diagram gives better predictions in cases 

of high load lever (especially > 0.65). Wang et al. [40] found that increasing the 

steel fiber and course aggregates can significantly increase the fire resistance of 

the CFST column filled with UHPC. Wang et al. [40] proposed a design model 

for CFST column filled with UHPC. 

Romero et al. [2] found that using UHPC in the core of CFDT columns may 

give lower fire resistance compared to NSC. This is because the load level was 

kept constant and, so the load value applied on the UHPC column was bigger 

than the NSC columns. In slender columns, the concrete core do not have a 

significant effect on column capacities. However, its main role is participating 

in the column stiffness and preventing inner tube buckling and reducing the 

temperature in the inner tube, also, in the same study, it was found that Eurocode 

4 gives unsafe prediction for the fire resistance of CFDT columns. 

Camargo et al. [41] and Lopes and Rodrigues [14] presented studies on 

restrained CFDT columns with HPC for circular and square columns, 

respectively. The results show that HSC do not have a significant effect in 

increasing the critical time but can increase the failure time for restrained square 

columns. Besides, the study shows that the available design codes are 

insufficient for designing these types of columns.  

Although extensive research has been conducted on the fire behavior of 

concrete-filled steel tube (CFST) columns, studies on the fire performance of 

CFDST and CFDT columns filled with high-strength concrete (HSC) or ultra-

high-performance concrete (UHPC) remain limited [2, 14, 41]. To the best of 

the authors’ knowledge, current fire design standards do not provide a design 

model for CFDST columns incorporating UHPC. This study aims to address 

this research gap through analytical and numerical investigations of ultra-high-

performance concrete-filled double-skin tubular (CFDST) columns under fire. 

Three material models were developed using existing experimental data for 

UHPC, lightweight concrete (LWC), and high-strength steel at elevated 

temperatures. An automated algorithm was employed to develop a verified 

finite element (FE) model that accurately simulates circular CFDST columns 

with different concrete types—normal concrete, LWC, and UHPC—in the core 

and ring regions. The validated FE model was then used to perform a parametric 

study to better understand the behavior of these columns under fire conditions. 

In addition, a finite difference (FD) model was developed in MATLAB to 

simulate the temperature distribution across the cross-section and predict fire 

resistance based on Eurocode 4, Part 1.2. A simplified analytical model based 

on EC4 Part 1.2 is also proposed to estimate the axial load capacity and fire 

resistance of CFDST columns under various fire exposure scenarios. 

 
2.  Material properties at elevated temperature   

 

This section is divided into two subsections. The first subsection compiles 

available experimental data on the mechanical properties of ultra-high-

performance concrete (UHPC) at elevated temperatures. The second subsection 

reviews the thermal and mechanical properties of high-strength steel under 

elevated temperature conditions.  

 

2.1. Mechanical properties of UHPC under fire 

 

In the literature, three types of material fire tests are commonly reported: 

stressed, unstressed, and residual conditions. In residual conditions, specimens 

are heated to a target temperature, maintained until a uniform temperature is 

achieved throughout the section, then cooled before being loaded to failure. In 

unstressed conditions, specimens are similarly heated and held at a constant 

temperature, but are loaded to failure without cooling. Stressed conditions are 

similar to unstressed ones, except that a predetermined load is applied during 

the heating process [31]. Residual testing is simpler to conduct and is suitable 

for evaluating material properties in the post-fire stage, whereas unstressed 

testing is more appropriate for assessing properties during fire exposure, which 

is the focus of this paper. Accordingly, the collected data for HSC and UHPC 

under fire are limited to unstressed conditions, as listed in Table 1. Previous 

studies have shown that concrete strength does not significantly influence 

thermal expansion [42]. The data set in this section will be used to propose the 

material model for UHPC at elevated temperature in section 4.2.

 

Table 1  

Details of recent fire test on HSC and UHPC at elevated temperature 

Ref. 
Specimens shape  

(mm) 

Specimens size 

(mm) 

Temperature limit 

(OC) 

fc’ 

(MPa) 

Xiong [16] and Xiong and Liew [35] Cylinder 100X200 800 166.6 

Banerji and Kodur [31] Cylinder 75X150 750 171 and 177 

Choe et al. [43] Cylinder 100X200 700 100,150 and 200 

Lee et al. [42] Cylinder 100X200 700 83, 134.8 and 184.5 

Khaliq [44] Cylinder 100X200 800 64 and 72 

Cheng et al. [45] Cylinder 100X200 800 79, 78.3, 81.4 and 85.5 

Phan and Carino [46] Cylinder 100X200 450 98.2, 81.2, and 72.3 

 

2.2. Mechanical properties of high strength steel at elevated temperatures 

 

Two main types of experiments are used to assess the mechanical behavior 

of steel coupons at elevated temperatures: steady-state tests and transient-state 

tests. In the transient test, a tensile load is applied while the temperature is 

gradually increased until failure occurs. In contrast, the steady-state test 

involves heating the coupons to a target temperature, maintaining it for a period 

to ensure uniform distribution, and then applying the tensile load until failure. 

Due to its relative simplicity, the steady-state method is more commonly 

adopted in experimental research. In this study, the most recent steady-state test 

data available for high-strength steel are compiled, as shown in Table 2. The 

data set in this section will be used to propose the material model for high 

strength steel at elevated temperature in section 4.2. 

3.  Previous experimental fire tests on CFDST Columns   

 

This section summarizes available fire resistance tests conducted on CFST 

columns filled with UHPC, as well as CFDT and CFDST columns filled with 

either UHPC or NSC. Table 3 presents the collected data, where 𝐷𝑜 and 𝐷𝑖 

are the outer and inner tube diameters, 𝑡𝑜 and 𝑡𝑖 are the corresponding wall 

thicknesses,  𝑓𝑦𝑜 and 𝑓𝑦𝑖   represent the yield strengths of the outer and inner 

tubes, and 𝑓𝑐𝑜
′  𝑎𝑛𝑑 𝑓𝑐𝑖

′  are the cylinder compressive strengths of the concrete 

ring and core, respectively. L denotes the column length, n is the load ratio, and 

FR is the fire resistance duration in minutes. This experimental database will be 

used in the parametric study and to validate the finite element (FE) model. The 

data set in table 3 shows the limitation of available test result on CFDT column 

under elevated temperature. 
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Table 2  

Collected fire test on high strength steel at elevated temperature 

Ref. Temperature limit (OC) Fy (MPa) 

Chen et al. [47] 940 789 

Lange and Wohlfeil [48] 900 431.5, 445.6 

Qiang et al. [49] 700 690 

Qiang et al. [50] 700 460 

Choi et al. [51] 900 701 

Heidarpour et al. [52] 600 1283, 1331 

Wang et al. [53] 900 965 

Li and Song [54] 800 780 

 

Table 3  

Summary of test data of CFDST and CFST (with UHPC) members under fire 

Shape Ref. 
No. of 

specimens 

𝐷𝑜/𝐷𝑖 

(mm) 
𝑡𝑜/𝑡𝑖 (mm) 

𝐿 

(mm) 

𝑓𝑐𝑜
′ /𝑓𝑐𝑖

′  

MPa 

𝑓𝑦𝑜/𝑓𝑦𝑖  

MPa 
n 

FR 

min 

 

[55] 6 280-300 / 140-225 5/5 3810 38 cu 320/320 0.32-0.65 40-240 

 

[2] 6 200/114 3-6/8-3 3180 30/150 232-407/329-512 0.2 33-104 

 

[56] 12 101-127/50-76 3-4 600 38-41 fcu 597-430/762-449 
Residual 

strength 
60-90 

 

[17] 6 325/219-159 6/6 3800 46.8 fcu 295-255/285-260 0.4-0.6 68-17 

 

[16] 6 219-200/114-100 16-12/6.3-8 3810 172-163 432-785/468-825 0.33-0.95 15-25 

  

[16] 16 200-273 16-10 3810 161-181 418-785 0.34-0.88 18-192 

 

4.  Finite element modelling 

 
4.1. General 

 

A Finite element (FE) program, ABAQUS [57] was used to develop the FE 

model for CFDST columns. The inner and the outer steel tubes were modelled 

using an S4R shell element with 4 nodes having six degrees of freedom for each 

node. The inner and outer concrete core was modelled using 8 node C3D8R 

solid element with 3 degrees of freedom for each node.  

A sequential-coupled thermal stress analysis was performed to simulate the 

fire behavior of CFDST columns. First, a thermal analysis was performed to 

simulate the temperature development within the column cross-section during 

the fire, and then the temperature development through the cross-section during 

the fire was imported into the stress analysis through a predefined field in the 

stress analysis. The meshing size in the thermal and the stress analysis was 

identical. Thermal analysis was performed as previously established by the 

authors [58]. The Finite element (FE) model is presented in Fig. 1.

 

 

Fig. 1 Finite element model 
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4.2. Material properties 

 

Eurocode 3 [59] was adopted for modeling the mechanical behavior of both 

the inner and outer steel tubes. For concrete material modeling, the Concrete 

Damage Plasticity (CDP) model was employed, with plasticity parameters and 

fracture energy defined according to the recommendations by Liu et al. [60]. 

The behavior of normal-strength concrete (NSC) in both the outer ring and inner 

core was modeled using Eurocode 2 [61] , with the tensile stress behavior 

defined by the CEB-FIB model [62].  

For ultra-high-performance concrete (UHPC), a new temperature-

dependent strength reduction model was developed based on experimental data 

reported in previous studies [25, 42, 57, 63]. The adopted stress–strain 

relationship followed the model proposed by Lie and Irwin [64]. Additionally, 

a new thermal expansion model for UHPC was proposed, derived from 

experimental results reported by Lee et al. [42]. The proposed strength reduction 

factor, thermal expansion, and modulus of elasticity reduction factor are 

illustrated in Fig. 2 (a, b, and c), and are defined by Eqs. (1–3). 

 

 

The reduction factor for compressive strength is shown in the next equation 

 

1.0 T = 20 

(1) 
−3.21𝑥10−3𝑇 + 1.0642 20 < T ≤ 100 

1.1679𝑥10−3𝑇 + 0.6263 100 < T ≤ 200 

4.157𝑥10−9 𝑇3 − 6.584𝑥10−6 𝑇2 + 2.075𝑥10−3 𝑇 + 0.675  200 < T < 1000 

 
Thermal expansion is shown in the next equation 

 

[
1

342.233−0.5044𝑇+45423.8860/𝑇
 − 0.0004]  / (𝑇 − 20)  20 < T ≤ 625 

(2) 
0.0097/(𝑇 − 20)  T > 625 

 

The reduction factor for the modulus of elasticity is shown in the next equation 

 

1 T = 20 
(3) 

1.267𝑥10−6 𝑇2 − 2.279𝑥10−3 𝑇 + 1.04 20 < T < 1000 

 

  

(a) Strength reduction factor (b) Thermal expansion 

 

(c) Modulus of elasticity reduction factor 

Fig. 2 proposed model for UHPC 
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A temperature-dependent material model was also developed for 

lightweight concrete (LWC), based on previously published experimental data 

[58, 59, 61, 65] and the compressive stress–strain relationship specified in [66]. 

The proposed model is illustrated in Fig. 3, and its mathematical formulation is 

defined by Eqs. (4–8).  

 

The reduction factor for compressive strength is shown in the next equation 

1.0 T = 20 

(4) 0.5672

1.0 + 0.0197 ∗ EXP(0.0089 ∗ T)
+ 0.434 20 < T ≤ 800 

 

The peak strain value is shown in the next equation 

0.0025 T = 20 
(5) 

0.0025 × (0.9915 + 2.653 × 10−5 × 𝑇2 − 1.598 × 10−6 × 𝑇2.5 + 2.7389 × 10−8 × 𝑇3) 20 < T ≤ 800 

 

The reduction factor for the modulus of elasticity is shown in the next equation 

1.0 T = 20 
(6) 

0.6518 + 0.0014 × 𝑇 − 0.123𝑇0.5 + 0.2907 ln (𝑇) 20 < T ≤ 800 

 

The reduction factor for tensile strength is shown in the next equation 

1.0 T = 20 
(7) 

0.8897 − 0.0019𝑇 − 2.0174 × 10−10 × 𝑇3 + 0.0333𝑇0.5 20 < T ≤ 800 

 

Thermal expansion is shown in the next equation 

9.1 × 10−6 T = 20 

(8) 

9.2676 × 10−6 −
6.1894 × 10−4

𝑇
+

0.0896

𝑇2
−

2.06981927

𝑇3
 20 < T ≤ 800 

 

  

(a) Strength reduction factor (b) Modulus of elasticity reduction factor 

  

(c) Tensile strength reduction factor (d) Thermal expansion 

Fig. 3 Proposed model for LWC 

 
Tables 4 and 5 present a comparison between the results obtained from the 

proposed model and those from existing standards, evaluated against 

experimental data for UHPC and LWC, respectively. The standards included in 

the comparison are: Eurocode 2 (EC2) [61], Eurocode 4 (EC4) [25], he Koudr 

model for ultra-high-performance concrete [31], ACI [67], AISC [68], 

Australian standards [69] and ASCE [70].  
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According to EC2, concrete is categorized into four classes: NSC, Class 1, 

Class 2, and Class 3. NSC is further divided based on the type of coarse 

aggregate, either carbonate (calcareous) or siliceous, which are referred to in 

Table 4 as Euro_Car and Euro_Sili, respectively. Both Euro_Car and Euro_Sili 

correspond to concrete with a maximum cylinder compressive strength of 50 

MPa. High-strength concrete in EC2 is divided into three categories: Class 1 

(up to 60 MPa), Class 2 (up to 80 MPa), and Class 3 (up to 90 MPa), which are 

referred to in Table 4 as Euro_Class1, Euro_Class2, and Euro_Class3, 

respectively. 

The results indicate that the proposed model provides the most accurate 

predictions when compared to the existing standards and codes. 

 
Table 4  

Evaluation for the proposed mode of UHPC 

Compressive strength 

 Test/ Euro_car Test/ Euro_sili 
Test/ Euro 

_class1 

Test/ Euro 

_class2 

Test/ Euro 

_class3 

Test/ Kodur 

[31] 
Test/ AISC 

Test/  

AS/NZ 2327 
Test/ ASCE 

Test/ Proposed 

model 

Mean 0.853 0.979 1.000 1.071 1.357 1.051 0.984 0.869 0.841 1.000 

COV 0.197 0.264 0.248 0.225 0.319 0.215 0.233 0.222 0.256 0.182 

Modulus of elasticity 

Mean 1.375 1.302 - - - 0.993 0.843 0.761 1.302 1.004 

COV 0.264 0.282 - - - 0.161 0.178 0.223 0.282 0.164 

 
Table 5  

Evaluation of the proposed model of LWC 

Compressive strength 

 Test/EC4 Test/AISC Test/AS/NZ2327 Test/ASCE Test/ACI216R-89 Test/Proposed model 

Mean 1.100 1.100 1.172 1.100 1.134 1.016 

COV 0.172 0.158 0.225 0.254 0.183 0.128 

Modulus of elasticity 

Mean - 0.819 0.944 - 0.971 1.014 

COV - 0.346 0.370 - 0.158 0.127 

Thermal expansion 

Mean - - - - 0.983 1.010 

COV - - - - 0.118 0.101 

 

A third model was proposed to describe the material behavior of high-

strength steel (HSS) at elevated temperatures. This model was developed using 

previous test results ([47-54]) and aims to provide reduction factors for strength 

and elastic modulus, following the stress–strain formulation introduced by 

Wang et al. [53]. Verification of the proposed model against experimental data 

is presented in Fig. 4, while comparisons with existing codes and standards are 

provided in Table 6. The proposed model for lightweight concrete (LWC) is 

detailed in Eqs. (9-10). 

The reduction factor for yielding proof strength is shown in the next 

equation

 
1.0 20 ≤ T ≤ 200 

(9) 

0.030 + 0.9522 × 𝐸𝑋𝑃(−9.4163 × 10−13 × 𝑇4.2949) 200 < T ≤ 1000 

 

 

  
(a) Strength reduction factor (b) Modulus of elasticity reduction factor 

Fig. 4 proposed model for HSS 
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1.0 20 ≤ T ≤ 200 

(10) 
1.0126 + 3.3205 × 10−13 × 𝑇

1.0 − 2.8338 × 10−4 × 𝑇4.4408
 200 < T ≤ 1000 
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Table 6  

Evaluation of the proposed model for HSS 

Yield strength 

 Test/EC3 Test/ASCE Test/AISC Test/AS/NZ Test/Proposed model 

Mean 0.920 1.398 0.906 1.197 1.003 

COV 0.221 0.325 0.222 0.378 0.223 

Modulus of elasticity 

Mean 1.485 1.698 1.428 2.191 1.012 

COV 0.834 0.684 0.758 1.048 0.384 

 

Based on the previous figures and tables, the proposed material models for 

UHPC, LWC, and high-strength steel demonstrate better agreement with test 

results compared to existing codes and models. 

 

4.3. Interaction between steel tubes and concrete  

 

Contact interaction was defined between the inner surface of the inner steel 

tube and the outer surface of the inner concrete core and between the outer 

surface of the inner steel tube and inner surface of the outer concrete core and 

between the inner surface of the outer steel tube and the outer surface of the 

outer concrete core. The contact interaction has a tangential behavior with a 

friction coefficient of 0.25 and a hard contact as normal behavior, which allow 

separation after contact.  

 

4.4. Initial imperfections 

 

Initial imperfection was introduced to the stress analysis through a separate 

pre-buckling analysis and using the 1st mode of buckling as an initial condition 

stress analysis with a maximum amplitude of L/1000 [71, 72]. 

 

4.5. Verification of finite element model 

 

Limited experimental studies have investigated the fire behavior of 

concrete-filled double-skin tubular (CFDST) columns incorporating ultra-high-

performance concrete (UHPC) or ultra-high-strength concrete (UHSC). In this 

study, finite element (FE) model verification was conducted using test results 

reported by Romero et al. [2]. Their experimental program involved testing 

twelve circular CFDST columns: six specimens under ambient conditions and 

six under elevated temperatures. The fire tests followed the ISO 834 standard 

fire curve [73]. All specimens were hinged, with a total column length of 3315 

mm and an effective heated length of 3036 mm.  

The specimen dimensions and material properties used in the experimental 

program are summarized in Table 7. The table also presents the fire resistance 

(FR) times obtained experimentally (FR_test) and those predicted by the 

proposed FE model (FR_FE). The average ratio of test-to-predicted fire 

resistance is 0.97, indicating good agreement between the experimental and 

numerical results. 

Fig. 5 compares the displacement–time response from the test with that of 

the FE simulation, showing close correlation. Minor discrepancies can be 

attributed to initial geometric imperfections observed in the test specimens and 

the actual furnace temperature variations, which were not explicitly reported—

only that the ISO 834 curve was followed. The verified FE model and the 

proposed temperature-dependent material models will be employed in the 

subsequent parametric study.  

 

Table 7 

Specimens details [2] 

Spec. Name Douter touter Dinner tinner Fyouter fc'outer Fyinner fc'inner N-applied FR_test  FR_FE 
FR  

Test / FE 

C200-3-30-C114-8-00 200 3 114.3 8 300 46 377 0 283 76 77.68 1.02 

C200-3-30-C114-8-30 200 3 114.3 8 332 46 403 45 325 104 105.4 1.01 

C200-3-30-C114-8-150 200 3 114.3 8 272 44 414 136 355 98 84.75 0.86 

C200-6-30-C114-3-00 200 6 114.3 3 407 43 343 0 329 48 41.08 0.86 

C200-6-30-C114-3-30 200 6 114.3 3 377 44 329 42 392 45 40.81 0.91 

C200-6-30-C114-3-150 200 6 114.3 3 386 43 343 126 415 33 38.7 1.17 

 
 

  

(a) C200-3-30-C114-8-00 (b) C200-3-30-C114-8-30 
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(C) C200-3-30-C114-8-150 (d) C200-6-30-C114-3-00 

  

(e) C200-6-30-C114-3-30 (F) C200-6-30-C114-3-150 

Fig. 5 Verification of the FE model 

 

 

Fig. 6 Automated Finite Element Modeling Workflow for CFDT Columns Using 

Python and ABAQUS 

 

4.6. Automated FE model 

 

An automated finite element (FE) modeling framework was developed 

using the Python programming language. This framework allows users to define 

all column input parameters directly within the Python environment. The model 

is then automatically generated, executed in ABAQUS, and the simulation 

results are extracted without the need for manual intervention. 

This automated approach offers significant benefits for both engineers who 

are not familiar with ABAQUS and researchers conducting extensive 

parametric studies. It streamlines the modeling process, reduces human error, 

and significantly saves time by automating model creation, execution, and post-

processing. 

Fig. 6 illustrates the workflow of the Python script. The user provides the 

input parameters through the compositePara file. ABAQUS-specific commands 

are parsed from a structured JSON file, and the model is then executed using 

the runParametric module. 

 
5.  Parametric studies 

 

This section presents the results and discussion of the parametric study. The 

control column has an outer diameter of 500 mm with a 5 mm wall thickness, 

and an inner tube diameter of 300 mm with a thickness of 3 mm. The column is 

filled with ultra-high-performance concrete (UHPC) with a compressive 

strength of 120 MPa, and the steel has a yield strength of 360 MPa. 

Fig. 7 illustrates the load distribution among the different components of 

the column during fire exposure. Fig. 7a presents the load distribution ratio of 

each component relative to the total applied load, while Fig. 7b shows the ratio 

relative to the initial applied load at the onset of fire exposure. The column 

undergoes several distinct stages before failure. Initially, the outer steel tube 

expands and carries the majority of the load. As its temperature increases, 

material degradation occurs, leading to a reduction in its load-carrying capacity. 

It eventually contracts until the loading plate contacts the outer concrete ring. 

Due to the high temperature, the outer concrete expands and begins to carry a 

significant portion of the load, more so than the inner steel tube and concrete 

core. As the outer concrete degrades, the inner steel tube and concrete core take 

on a greater share of the load. The inner steel tube, owing to its higher thermal 

expansion, carries more load than the concrete core until it also deteriorates. 

Ultimately, the inner concrete core becomes the sole load-bearing component 

until it too fails due to material degradation and excessive load.  
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a) Ratio with total applied load b) Ratio with applied load on each element at the beginning of fire condition 

Fig. 7 load participation from different element 

 

5.1. Effect of load level 

 

The load level was changed by range from 0.1 to 0.7, as expected, 

increasing the load level decreases the fire resistance (FR) time and decreases 

the expansion of the column at the 1st phase. This is clearly indicated in Fig. 8.   

 

5.2. Effect of inner width to thickness ratio 

 

Fig. 9 shows the effect of the inner tube width to thickness (Di/ti) ratio, and 

it can be seen that increasing the Di/ti ratio leads to a decrease in FR time. 

Increasing the Di/ti ratio decreases the tube thickness, which makes to more 

vulnerable to local buckling. Besides, less thickness leads to high-temperature 

development in the inner steel tube. 

 

5.3. Effect of outer width to thickness ratio 

 

In contrary to the previous section, increasing the outer tube width-to-

thickness (Do/to) ratio will lead to an increase in FR time. This is indicated in 

Fig. 10. Decreasing the Do/to ratio will increase the outer tube expansion of 

outer tube at the 1st phase. The load level was kept constant, so decreasing the 

Do/to ratio will decrease the load value. As the external tube fail in an earlier 

stage of the fire exposure, decreasing the Do/to ratio will lead to an increase in 

the FR time as a result of reducing load value. 

 

5.4. Effect of steel tube strength 

 

Fig. 11 shows the effect of steel tube strength (fY). Increasing steel tube 

strength decreases the FR time of CFDT columns. As mentioned before, in all 

columns, the load level was kept constant to a value of 0.4, so increasing fY will 

lead to an increase in the loading value on the column and as steel tubes 

(especially outer steel tubes) fail in an early stage of fire resistance this will 

increase the load on the inner and outer concrete and inner steel tube which will 

be responsible in carrying the whole applied load. 

 

5.5. Effect of steel types 

 

Four combinations were used to study the effect of steel tube types: inner 

and outer steel tube are stainless steel, inner and outer steel tubes are carbon 

steel, inner steel tube is stainless and outer is carbon and finally, inner steel tube 

is carbon and outer is stainless. In order to understand the difference in behavior 

been stainless steel and carbon steel under elevated temperatures, it’s important 

to study their thermal and mechanical material properties, as illustrated in Figs. 

12 and 13, respectively. As can be seen that stainless steel has less thermal 

conductivity and specific heat compared to carbon steel. However, carbon steel 

has a lower reduction strength factor compared to stainless steel up to nearly 

600OC. After that, the reduction factor of carbon steel began to be more than 

that of stainless steel. Fig. 14 shows that using stainless steel for the outer tube 

and carbon steel for the inner tube results in better behaviour. This is because 

steel at the outer tube provides slower temperature development through the 

column due to its material properties. While using carbon steel at the inner tube 

gains the benefit of carbon steel material properties, which has a lower reduction 

factor compared to stainless as, generally, the column fails when the inner tube 

temperature does not exceed 600 OC. 

 

 
Fig. 8 Load level 

 

 
Fig. 9 Effect of inner width to thickness ratio 

 

 

Fig. 10 Effect of outer width to thickness ratio 
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Fig. 11 Effect steel tube strength  

  
a) Specific heat b) Thermal conductivity 

Fig. 12 Thermal material properties of steel  

  
a) Yield strength   b) Elastic modulus 

Fig. 13 mechanical material properties of steel   

 
Fig. 14 Effect steel tube strength 
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5.6. Effect of inner-to-outer tube diameter ratio 

 

The effect of inner to outer tube diameter (χ=Di/(Do-2to)) is shown in Fig. 

15. Generally, it can be seen that increasing the ratio of inner to outer tube 

diameter will lead to an increase in the FR time. As mentioned before, the outer 

steel tube and outer concrete ring will carry most of the applied load at an early 

loading stage leaving the inner steel tube and inner concrete core to carry the 

load at a later stage. Increasing the inner tube diameter will increase the capacity 

of the inner steel tube and inner concrete core as a result of increasing its cross-

sectional area, which in turn will increase the fire resistance time, especially at 

later stages of fire exposure. 

 

 

Fig. 15 Effect of inner to outer tube Diameter 

 

5.7. Effect of slenderness ratio 
 

The effect of column slenderness is shown in Fig. 16. It can be seen that the 

figure can generally be divided into three groups: 1st group from slenderness 24 

to 80; in this stage, increasing column slenderness leads to an increase in FR 

time as a result of increasing flexural buckling. However, the 2nd group for 

slenderness, from 92 to 116, had a higher FR time than the slenderness group of 

80.  In the 2nd group, due to the larger column length, two actions opposite to 

each other take place. The first is flexural buckling, which tends to decrease the 

column flexural stiffens and thus the FR time. The second action is as a column 

length increases its expansion increases more, which takes a longer time to 

contract and therefore increases FR time. In the 2nd group, the second action 

overcomes the decrease in column flexural stiffness and, thus, the FR time 

increases.  

The last and 3rd groups for the slenderness of 124, 136 and 144, the column 

length become larger and thus, the decrease in column flexural stiffness 

becomes more pronounced and therefore, the FR time decreases again. 

 

 

Fig. 16 Effect of column slenderness 

 

5.8. Effect of concrete grade 
 

As expected, increasing concrete compressive strength increases FR time, 

as indicated in Fig. 17 as the concrete ring and concrete core will be responsible 

for carrying the applied load after the outer and inner steel tube fails respectively 

as mentioned before.  

 

 

Fig. 17 Effect of concrete compressive strength 

 

  

a) Compressive strength reduction factor    b) Expansion 

Fig. 18 Mechanical material properties of concrete  
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(a) LWC (b) NSC 

Fig. 19 Effect of concrete type  
 
5.9. Effect of concrete type 

 

In this section, the effect of using different types of concrete, including 

Ultra high performance concrete (UHPC) normal strength concrete (NSC) and 

lightweight concrete (LWC) is investigated. Fig. 18 shows the effect in material 

properties between different types of concrete. 

In Fig. 19a, four combinations were investigated: 1st LWC was used in the 

outer ring and in the inner core, 2nd combination UHPC was used in the outer 

ring and in the inner core, 3rd combination LWC was used in the inner concrete 

core and UHPC was used in the outer ring, while LWC was used in the outer 

ring and UHPC was used in inner core in the 4th combination. 

It can be found that using UHPC in the outer ring and inner core gives 

higher FR time compared to other combinations. This is explained due to the 

closer reduction of the compressive strength factor between LWC and UHPC as 

indicated in Fig. 18a. However, UHPC has higher expansion compared to LWC, 

which gives UHPC more time to resist the applied force before material 

degradation and column failure. 

In Fig. 19b, another four combinations were investigated using NSC: 1st 

NSC was used in the outer ring and in the inner core, 2nd combination UHPC 

was used in the outer ring and in the inner core, 3rd combination NSC was used 

in the inner concrete core and UHPC was used in the outer ring, while NSC was 

used in the outer ring and UHPC was used in inner core in the 4th combination. 

From Fig. 19b, it can be observed that using NSC at the outer ring and UHPC 

at the inner core give higher FR time. This is due to the lower reduction factor 

of NSC compared to UHPC as indicated in Fig. 18 (Unlike LWC’s reduction 

factor is close to UHPC reduction factor), which results in decreasing the 

material degradation of the outer ring as it is exposed to higher temperature 

compared to inner core. 

 

5.10. Effect of eccentricity 
 

As illustrated in Fig. 20, eccentricity has a pronounced negative influence 

on the fire resistance of CFDST columns. The fire resistance decreased sharply 

from 47 minutes under concentric loading to 10 minutes when the eccentricity 

reached 0.1 of the column diameter. This reduction is primarily attributed to the 

combined effects of increased flexural demand induced by eccentric loading and 

the degradation of material properties at elevated temperatures, which 

accelerate the loss of column strength.  

 

 

Fig. 20 Effect of Eccentricity 

 
6.  Evaluation of Eurocode 4 

 

Eurocode 4 part 1.2 [25] is required the most widely accepted method in 

designing fire resistance of CFST columns under fire. In this section, an 

evaluation for Eurocode 4 part 1.2 [25] is performed using the results obtained 

from the parametric study. The evaluation is done through the comparison of 

the fire resistance (FR) time obtained from FE and from Eurocode; details are 

presented in the following sections. 

 

6.1. Existing EC4 design approach 

 

Eurocode 4 Part 1.2 provides a design model for evaluating the fire 

resistance of CFST columns. In this section, modifications to the Eurocode 4 

model are proposed to extend its applicability to CFDT columns. The original 

EC4 Part 1.2 model is presented in Eq. 11. 

 

 
𝑁𝑅𝑑,𝑇  =  𝜒 ∗ 𝑁𝑝𝑙,𝑅𝑑,𝑇   

𝑁𝑝𝑙,𝑅𝑑,𝑇   is the cross-section capacity at elevated temperatures 

𝑁𝑝𝑙,𝑅𝑑,𝑇 = 𝐴out,st,T × 𝑓out,st,y,T + 𝐴out,c,T × 𝑓out,c,T + 𝐴in,st,T × 𝑓in,st,y,T + 𝐴in,c,T × 𝑓in,c,T  

𝜒 =
1

𝜙 + √𝜙2 − 𝜆𝑇
2

 

𝜙 =  0.5 (1 +  𝛼 (𝜆𝑇 − 0.2) + 𝜆𝑇
2 )  α =0.49 related to buckling curve “c” 

where. 

𝜆𝑇 = √𝑁𝑝𝑙,𝑅,𝑇  𝑁𝑐𝑟,𝑇   ⁄        

𝑁𝑐𝑟,𝑇  =  𝜋2 (𝐸 𝐼)𝑒𝑓𝑓,𝑇 /𝐿2 

        (11) 
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(𝐸 𝐼)𝑒𝑓𝑓,𝑇  = 𝜑𝑠,𝑇  𝐸𝑠,𝑇 𝐼𝑠  +  𝜑𝑐,𝑇 𝐸𝑐,𝑇 𝐼𝑐  +  𝜑𝑟,𝑇 𝐸𝑟,𝑇 𝐼𝑟 

 

 

Fig. 21 Cross-section layers and divisions 

 

6.2. Temperature development in CFDT columns 

 

 A finite difference (FD) model was developed using MATLAB to 

simulate the temperature distribution within CFDT columns. The formulation 

of this model is based on previous research by the authors for CFST and CFDST 

columns [58, 62]. The developed model predicts the temperature evolution at 

various locations across the cross-section, which is subsequently used to 

evaluate the temperature-dependent mechanical properties of the outer and inner 

steel tubes, as well as the outer and inner concrete regions. 

The finite difference (FD) method was adopted in this study due to its 

simplicity, reduced computational cost, and shorter model-building time 

compared with the finite element (FE) approach [58, 62, 74]. To the authors’ 

knowledge, no previous FD-based model has been developed for predicting the 

temperature distribution in CFDST columns; most available studies focus on 

CFST columns [62-64, 75], The authors have previously proposed a model for 

CFDST columns[58], and the present study extends this work by introducing an 

FD model to simulate temperature development through CFDST columns, 

thereby addressing this research gap. 

In the proposed model, the cross-section was discretized into 11 layers for 

both the outer and inner concrete regions. The first and last layers in these 

regions were assigned half the thickness of the intermediate layers. For the inner 

and outer steel tubes, three layers were used, with the middle layer having twice 

the thickness of the first and last layers. The discretization scheme is illustrated 

in Fig. 21. To minimize accumulated numerical errors, the time step was 

selected as shown in the accompanying table. 

 
Table 8  

Time intervals (∆t) calculation 

Time interval (∆t) (sec) Tube thickness (t) (mm) 

0.03  t ≤ 3 

0.1  3 < t ≥ 5 

0.25 5 < t ≥ 7 

0.5  7 < t ≥ 12 

1  t > 12 

 

The governing heat transfer equations, formulated based on [58, 62, 74], 

are presented in Equations [12-23].

 

For the outer surface of the steel tube: 

 

𝑇𝑠1_𝑜𝑢𝑡
𝑛+1 = 𝑇𝑠1_𝑜𝑢𝑡

𝑛 +
∆𝑡×ℎ𝑡𝑜𝑡𝑎𝑙

𝜌𝑠1_𝑜𝑢𝑡
𝑛 𝐶𝑠1_𝑜𝑢𝑡

𝑛 ×∆𝑥𝑠1_𝑜𝑢𝑡
−

∆𝑡

𝜌𝑠1_𝑜𝑢𝑡
𝑛 𝐶𝑠1_𝑜𝑢𝑡

𝑛 ×∆𝑥𝑠1_𝑜𝑢𝑡×(∆𝑥𝑠1_𝑜𝑢𝑡+
∆𝑥𝑠2_𝑜𝑢𝑡

2
)

× (
𝐾𝑠1_𝑜𝑢𝑡

𝑛 +𝐾𝑠2_𝑜𝑢𝑡
𝑛

2
) × (𝑇𝑠1_𝑜𝑢𝑡

𝑛 − 𝑇𝑠2_𝑜𝑢𝑡
𝑛 )  (12) 

 

where ℎ𝑡𝑜𝑡𝑎𝑙 (𝑊/𝑚2) is the total heat energy from convection and radiation. 

 

For the intermediate steel layer: 

 

𝑇𝑠2_𝑜𝑢𝑡
𝑛+1 = 𝑇𝑠2_𝑜𝑢𝑡

𝑛 +
∆𝑡

𝜌𝑠2_out
𝑛 𝐶𝑠2_out

𝑛 ×∆𝑥𝑠2_out×(∆𝑥𝑠1_out+ ∆𝑥𝑠2_out/2)
× (

𝐾𝑠1_out
𝑛 +𝐾𝑠2_out

𝑛

2
) × (𝑇𝑠1_out

𝑛 − 𝑇𝑠2_out
𝑛 ) −

∆𝑡

𝜌𝑠2_out
𝑛 𝐶𝑠2_out

𝑛 ×∆𝑥𝑠2_out×(∆𝑥𝑠3_out+ ∆𝑥𝑠2_out/2)
× (

𝐾𝑠2_out
𝑛 +𝐾𝑠3_out

𝑛

2
) × (𝑇𝑠2_out

𝑛 − 𝑇𝑠3_out
𝑛 )  

 (13) 

 

For the inner surface of the steel tube: 

 

𝑇𝑠3_out
𝑛+1 = 𝑇𝑠3_out

𝑛 +
∆𝑡

𝜌𝑠3_out
𝑛 𝐶𝑠3_out

𝑛 ×∆𝑥𝑠3_out×(∆𝑥𝑠3_out+ ∆𝑥𝑠2_out/2)
× (

𝐾𝑠2_out
𝑛 +𝐾𝑠3_out

𝑛

2
) × (𝑇𝑠2_out

𝑛 − 𝑇𝑠3_out
𝑛 ) −

∆𝑡×ℎ𝑗

𝜌𝑠3_out
𝑛 𝐶𝑠3_out

𝑛 ×∆𝑥𝑠3_out
×

(𝑇𝑠3_out
𝑛 − 𝑇𝑐1_out

𝑛 )  

(14) 

 

For the outer concrete layer: 

 

𝑇𝑐1_out
𝑛+1 = 𝑇𝑐1_out

𝑛 ∆𝑡×ℎ𝑗

𝜌𝑐1_out
𝑛 𝐶𝑐_out

𝑛 ×∆𝑥𝑐1_out
× (𝑇𝑠3_out

𝑛 − 𝑇𝑐1_out
𝑛 ) −

∆𝑡

𝜌𝑐1_out
𝑛 𝐶𝑐1_out

𝑛 ×∆𝑥𝑐1_out×(∆𝑥𝑐1_out+ ∆𝑥𝑐2_out/2)
× (

𝐾𝑐1_out
𝑛 +𝐾𝑐2_out

𝑛

2
) ×

(𝑇𝑐1_out
𝑛 − 𝑇𝑐2_out

𝑛 )  

 (15) 

 

For the intermediate concrete layer: 
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𝑇𝑐𝑚_𝑜𝑢𝑡
𝑛+1 = 𝑇𝑐𝑚_𝑜𝑢𝑡

𝑛 +
∆𝑡

𝜌𝑐𝑚_𝑜𝑢𝑡
𝑛 𝐶𝑐𝑚_𝑜𝑢𝑡

𝑛 ×∆𝑥𝑐𝑚_𝑜𝑢𝑡×(∆𝑥𝑐(𝑚−1)_out/2+ ∆𝑥𝑐𝑚_𝑜𝑢𝑡/2)
× (

𝐾𝑐(𝑚−1)_out
𝑛 +𝐾𝑐𝑚_𝑜𝑢𝑡

𝑛

2
) × (𝑇𝑐(𝑚−1)_out

𝑛 − 𝑇𝑐𝑚_𝑜𝑢𝑡
𝑛 ) −

∆𝑡

𝜌𝑐𝑚_𝑜𝑢𝑡
𝑛 𝐶𝑐𝑚_𝑜𝑢𝑡

𝑛 ×∆𝑥𝑐𝑚_𝑜𝑢𝑡×(∆𝑥𝑐𝑚_𝑜𝑢𝑡/2+ ∆𝑥𝑐(𝑚+1)_out/2)
× (

𝐾𝑐𝑚_𝑜𝑢𝑡
𝑛 +𝐾𝑐(𝑚+1)_out

𝑛

2
) × (𝑇𝑐𝑚_𝑜𝑢𝑡

𝑛 − 𝑇𝑐(𝑚+1)_out
𝑛 )  

(16) 

 

For the last concrete layer in the ring: 

 

𝑇𝑐𝑚_𝑜𝑢𝑡
𝑛+1 = 𝑇𝑐𝑚_𝑜𝑢𝑡

𝑛 +
∆𝑡

𝜌𝑐𝑚_𝑜𝑢𝑡
𝑛 𝐶𝑐𝑚_𝑜𝑢𝑡

𝑛 ×∆𝑥𝑐𝑚_𝑜𝑢𝑡×(∆𝑥𝑐𝑚_𝑜𝑢𝑡+ ∆𝑥𝑐(𝑚−1)_out)/2)
× (

𝐾𝑐𝑚_𝑜𝑢𝑡
𝑛 +𝐾𝑐(𝑚−1)_out

𝑛

2
) × (𝑇𝑐(𝑚−1)_out

𝑛 − 𝑇𝑐𝑚_𝑜𝑢𝑡
𝑛 ) −

∆𝑡×ℎ𝑗

𝜌𝑐𝑚_𝑜𝑢𝑡
𝑛 𝐶𝑐𝑚_𝑜𝑢𝑡

𝑛 ×∆𝑥𝑐𝑚_𝑜𝑢𝑡
× (𝑇𝑐𝑚_𝑜𝑢𝑡

𝑛 − 𝑇𝑠1_in
𝑛 )  

(17) 

 

For the outer steel layer of the inner tube: 

 

𝑇𝑠1_in
𝑛+1 = 𝑇𝑠1_in

𝑛 +
∆𝑡×ℎ𝑗_𝑖𝑛

𝜌𝑠1_in
𝑛 𝐶𝑠1_in

𝑛 ×∆𝑥𝑠1_in
× (𝑇𝑐𝑚_𝑜𝑢𝑡

𝑛 − 𝑇𝑠1_in
𝑛 ) −

∆𝑡

𝜌𝑠1_𝑖𝑛
𝑛 𝐶𝑠1_𝑖𝑛

𝑛 ×∆𝑥𝑠1_𝑖𝑛×(∆𝑥𝑠1_𝑖𝑛+
∆𝑥𝑠2_𝑖𝑛

2
)

× (
𝐾𝑠1_𝑖𝑛

𝑛 +𝐾𝑠2_𝑖𝑛
𝑛

2
) × (𝑇𝑠1_𝑖𝑛

𝑛 − 𝑇𝑠2_𝑖𝑛
𝑛 )  (18) 

 

For the intermediate steel layer: 

 

𝑇𝑠2_in
𝑛+1 = 𝑇𝑠2_in

𝑛 +
∆𝑡

𝜌𝑠2_in
𝑛 𝐶𝑠2_in

𝑛 ×∆𝑥𝑠2_in×(∆𝑥𝑠1_in+ ∆𝑥𝑠2_in/2)
× (

𝐾𝑠1_in
𝑛 +𝐾𝑠2_in

𝑛

2
) × (𝑇𝑠1_in

𝑛 − 𝑇𝑠2_in
𝑛 ) −

∆𝑡

𝜌𝑠2_in
𝑛 𝐶𝑠2_in

𝑛 ×∆𝑥𝑠2_in×(∆𝑥𝑠3_in+ ∆𝑥𝑠2_in/2)
×

(
𝐾𝑠2_in

𝑛 +𝐾𝑠3_in
𝑛

2
) × (𝑇𝑠2_in

𝑛 − 𝑇𝑠3_in
𝑛 )  

(19) 

 

For the inner surface of the steel tube: 

 

𝑇𝑠3_in
𝑛+1 = 𝑇𝑠3_in

𝑛 +
∆𝑡

𝜌𝑠3_in
𝑛 𝐶𝑠3_in

𝑛 ×∆𝑥𝑠3_in×(∆𝑥𝑠3_in+ ∆𝑥𝑠2_in/2)
× (

𝐾𝑠2_in
𝑛 +𝐾𝑠3_in

𝑛

2
) × (𝑇𝑠2_in

𝑛 − 𝑇𝑠3_in
𝑛 ) −

∆𝑡×ℎ𝑗_𝑖𝑛

𝜌𝑠3_in
𝑛 𝐶𝑠3_in

𝑛 ×∆𝑥𝑠3_in
× (𝑇𝑠3_in

𝑛 − 𝑇𝑐1_in
𝑛 )  (20) 

 

For the outer concrete layer: 

 

𝑇𝑐1_in
𝑛+1 = 𝑇𝑐1_in

𝑛 ∆𝑡×ℎ𝑗_𝑖𝑛

𝜌𝑐1_in
𝑛 𝐶𝑐1_in

𝑛 ×∆𝑥𝑐1_in
× (𝑇𝑠3_in

𝑛 − 𝑇𝑐1_in
𝑛 ) −

∆𝑡

𝜌𝑐1_in
𝑛 𝐶𝑐1_in

𝑛 ×∆𝑥𝑐1_in×(∆𝑥𝑐1_in+ ∆𝑥𝑐2_in/2)
× (

𝐾𝑐1_in
𝑛 +𝐾𝑐2_in

𝑛

2
) × (𝑇𝑐1_in

𝑛 − 𝑇𝑐2_in
𝑛 )  (21) 

 

For the intermediate concrete layer: 

 

𝑇𝑐𝑚_𝑖𝑛
𝑛+1 = 𝑇𝑐𝑚_𝑖𝑛

𝑛 +
∆𝑡

𝜌𝑐𝑚_𝑖𝑛
𝑛 𝐶𝑐𝑚_𝑖𝑛

𝑛 ×∆𝑥𝑐𝑚_𝑖𝑛×(∆𝑥𝑐(𝑚−1)_in/2+ ∆𝑥𝑐𝑚_𝑖𝑛/2)
× (

𝐾𝑐(𝑚−1)_in
𝑛 +𝐾𝑐𝑚_𝑖𝑛

𝑛

2
) × (𝑇𝑐(𝑚−1)_in

𝑛 − 𝑇𝑐𝑚_𝑖𝑛
𝑛 ) −

∆𝑡

𝜌𝑐𝑚_𝑖𝑛
𝑛 𝐶𝑐𝑚_𝑖𝑛

𝑛 ×∆𝑥𝑐𝑚_𝑖𝑛×(∆𝑥𝑐𝑚_𝑖𝑛/2+ ∆𝑥𝑐(𝑚+1)_in/2)
× (

𝐾𝑐𝑚_𝑖𝑛
𝑛 +𝐾𝑐(𝑚+1)_in

𝑛

2
) × (𝑇𝑐𝑚_𝑖𝑛

𝑛 − 𝑇𝑐(𝑚+1)
𝑛 )  

(22) 

 

For the last concrete layer in the ring: 

 

𝑇cm_in
𝑛+1 = 𝑇cm_in

𝑛 +
∆𝑡×2

𝜌cm_in
𝑛 𝑐cm_in

𝑛 ×∆𝑥cm_in×(∆𝑥c(m−1)_in/2+ ∆𝑥cm_in)
× (

𝐾c(m−1)_in
𝑗

+𝐾cm_in
𝑗

2
) × (𝑇c(m−1)_𝑖𝑛

𝑗
− 𝑇cm_in

𝑗
)              (23) 

   
where the superscript n denotes the time step in seconds; 𝑐𝑚 refers to the 

layer number m in the concrete core; the subscript 𝑠𝑚  rrefers to the layer 

number m in the steel tube; the subscript _out denotes the outer tube or outer 

core, while the subscript _in denotes the inner tube or inner core. T represents 

the temperature (°C); d is the distance from the outer surface of the considered 

layer to the column center (m); Δx is the layer thickness (m); Δt is the time 

interval (s); C is the specific heat capacity (𝐽/𝑘𝑔 · 𝐾); 𝜌 is the material density 

(𝑘𝑔/𝑚3); 𝐾 is the thermal conductivity (W/m·K); 𝛼𝑐 is the convective heat 

transfer coefficient; and ℎ𝑗 is the thermal conductance between the steel tube 

and the concrete (𝑊/𝑚2𝐾). 

Fig. 22 shows the validation of the proposed analytical model (AM) against 

the finite element (FE) results at multiple points across the CFDST cross-section. 

A good agreement was achieved between the two models in terms of 

temperature prediction. The verification was performed on a column with an 

outer steel tube of 500 mm diameter and 5 mm thickness, and an inner steel tube 

of 300 mm diameter and 3 mm thickness. The concrete infill consisted of ultra-

high-performance concrete (UHPC) with a compressive strength of 120 MPa, 

while both steel tubes had a yield strength of 360 MPa. 
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Fig. 22 Verification of FD model  

 

6.3. Proposed buckling curve modification 

 

This section presents a comparative analysis of fire resistance (FR) times 

predicted by Eurocode 4 (EC4), implemented through a MATLAB-based 

analytical model, against those obtained from a validated finite element (FE) 

model. In the corresponding figure, the X-axis represents the FR time predicted 

by the FE model, while the Y-axis shows the FR time estimated using both the 

original and the modified EC4 formulations. 

The results indicate that the standard EC4 substantially underestimates the 

fire resistance of CFDT columns incorporating ultra-high-performance concrete 

(UHPC). To improve prediction accuracy, a modification to the EC4 buckling 

curve was proposed. Based on regression analysis, the buckling curve factor (α) 

was adjusted to 0.85. 

The applicability of the proposed buckling curve is limited to the following 

parameter ranges: load level from 0.1 to 0.7; inner tube diameter-to-thickness 

ratio between 25 and 200; outer tube diameter-to-thickness ratio between 25 and 

200; inner-to-outer tube diameter ratio from 0.2 to 0.77; steel yield strength 

between 235 and 900 MPa; concrete cylinder strength between 100 and 170 

MPa; and slenderness ratio from 25 to 144. 

As shown in Fig. 23, the modified EC4 model yields predictions that align 

more closely with the FE results. Table 9 summarizes the comparative 

performance: the average test-to-prediction ratio improved from 1.464 (original 

EC4) to 0.992 (modified EC4), while the coefficient of variation (COV) was 

reduced from 0.311 to 0.298. 

 

 

Fig. 23 Evaluation f EC4 1.2  

 

 

Table 9  

Comparison between EC4 and modified model   

 EC4 Modified EC4 

Mean 1.464 0.992 

COV 0.311 0.298 

 

7.  Conclusions  

 

This paper presents an analytical and numerical investigation aimed at 

enhancing the understanding of ultra-high-performance concrete-filled double-

skin tubular (UHPC-CFDT) columns under fire conditions and addressing the 

existing research gap in this field. Based on available experimental data, three 

temperature-dependent material models were developed to simulate the 

behavior of UHPC, lightweight concrete, and high-strength steel at elevated 

temperatures. 

A validated finite element (FE) model was developed, showing strong 

agreement with existing test results. Additionally, an automated Python-based 

FE modeling framework was established, enabling efficient model generation, 

analysis execution, and data extraction. This tool is particularly valuable for 

engineers with limited experience in Abaqus and for expediting extensive 

parametric studies.  

Based on the parametric investigations conducted and the proposed models, 

the following conclusions and recommendations can be drawn: 

• Fire resistance increases with the outer tube diameter-to-thickness ratio 

(Do/to), the inner-to-outer tube diameter ratio, and the concrete compressive 

strength. For example, fire resistance increased from 11 to 55 minutes as the 

Do/to ratio rose from 25 to 200. 

• In contrast, fire resistance decreases with higher load levels, inner tube 

diameter-to-thickness ratio, and steel yield strength. Among these, load level 

had the most pronounced effect, with fire resistance increasing nearly tenfold as 

the load level decreased from 0.7 to 0.2. 

• The optimal material configuration under fire conditions was identified 

as stainless steel for the outer tube, carbon steel for the inner tube, normal-

strength concrete in the outer ring, and UHPC in the inner core.   

• A finite difference model was developed to accurately simulate 

temperature distribution across the cross-section of UHPC-filled CFDT 

columns during fire exposure. 

• The Eurocode 4 (EC4) design approach was evaluated against the FE 

results. It was found that EC4 provides unconservative predictions for the fire 

resistance of UHPC-filled CFDT columns. A simplified modification is 

proposed by adjusting the buckling curve factor (α) to 0.85, thereby improving 

the accuracy of the nominal resistance prediction under fire. 

In conclusion, this study focused on circular CFDT columns exposed to fire. 

Further research is recommended to investigate the fire behavior of UHPC-

filled CFDT columns with square, octagonal, or hexagonal cross-sections and 

various geometric and material configurations. 
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