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Abstract. This paper presents modelling of the progressive failure of steel moment frames 

subjected to localised fire. A finite element approach using the software ABAQUS has been 

developed to analyse the structure. An explicit-dynamic solution was adopted to solve the non-

convergence problems caused by element buckling. A series of validation analyses were 

carried out to ensure that the results were within an acceptable level of accuracy. The analysis 

results are shown to match well with the previous experimental data and analysis. This 

modelling approach allows detailed insights to be obtained into the structural robustness of 

such frames in fire situations.    
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1. Introduction 

Progressive collapse is typically triggered by the spread of initial local failure from element to 

element subsequently leading to the collapse of a whole structure or a large portion of it. In an 

accidental situation such as fire, structural engineers need to ensure that buildings maintain their 

stability to prevent such collapse. The most notable case of this type of failure is the collapse of the 

World Trade Centre towers in 2001 due to a large uncontrolled fire. Given numerous fatalities and 

losses in past events, it is essential to study the collapse resistance of buildings under fire conditions.  

 Conventional fire design is based on standard fire tests on isolated individual elements[1]. This 

approach does not represent realistic behaviour of the structure. The boundary conditions and 

member interactions within a structural system may affect the behaviour of the element. The UK 

Cardington tests[2–4] indicated that a composite steel frame had better fire resistance compared to 

those of single elements in the standard fire test. This shows the importance of investigating the 

complete structure to understand the behaviour of the building under fire conditions. However, full-

scale experiments of the global behaviour of the structure in fire conditions are very expensive and 

extremely time-consuming. Thus, it seems that conducting a large number of such experiments is not 

feasible in the study the progressive collapse of buildings in a fire.  

A numerical analysis using finite elements is an alternative way to study structural behaviour in 

fire. In a structural fire analysis, the material behaviour is more complicated than at ambient 

temperature. The materials become weaker and more flexible at high temperature. Moreover, 
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geometric and material nonlinearities make the analysis potentially complicated. Thus, a robust 

numerical model is required to analyse the behaviour of the building under fire conditions.  

This study presents a modelling approach to simulate the progressive failure of a steel frame 

building exposed to localised fire. The study aims to examine the behaviour of a realistic structure 

during the progressive collapse process. The model adopted in this study is validated against 

experimental results and previous analysis.  

 

2. Description of frame tests 

A steel frame, which has been previously tested by Jiang[5], and subsequently analysed by Jiang et 

al.[6] using a different finite element approach, was selected in this study. Both the experiment and 

analysis provide reliable data on the behaviour of the heated column, including post-buckling and the 

effect of the cooling phase on the progressive collapse analysis.  

Figure 1 shows the test frame. All steel columns and beams were rectangular hollow structural 

sections. The columns had a section of 50 x 30 x 3 mm, with a yield strength of 380 MPa and 

Young’s modulus of 200 GPa at ambient temperature. The column bases were fixed at the ground, 

and  out-of-plane displacements at the middle of the beams were restrained. The beams had a section 

of 60 x 40 x 3 mm with a yield strength of 306 MPa and Young’s modulus of 200 GPa. For practical 

application, the thermal expansion of steel was taken as 1.4 x 10-5 °C-1[1]. 

The frame was initially loaded by gravity load. Then, column C3 was heated together with the 

right and the left side of the beams, as indicated in Figure 1. The loading temperature consists of 

heating the test frame to 800 °C, then cooling it to ambient temperature, as shown in Figure 2.  

 

 
Figure 1: Test frame schematic [5] 

 

 
Figure 2: The temperature loading 
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3. Numerical model 

The finite element software ABAQUS v6.13[7] is utilised to model and analyse the steel frame. As 

shown in Figure 3, beams and columns are discretised using 1-D line elements. It is worth noting that 

localised buckling cannot be captured using the 1-D line elements. The connections are assumed to 

be rigid for simplicity, thus, connection failure is not taken into account in the present study.  

Elastic-perfectly plastic structural behaviour is assumed for the steel elements and temperature-

dependent properties according to Eurocode 3[8] are adopted. The steel temperature within the cross-

sections is considered to be uniform as the steel section used in this study is sufficiently thin. The 

structural temperature can be directly applied as an amplitude load to the elements.  

An explicit dynamic solver is employed to solve numerical convergence difficulties[6,9–11]. 

This analysis also considers structural dynamic effects. Rayleigh damping is used with 5% viscous 

damping, and the Johnson-Cook model [12] is adopted to model possible strain rate effects in the 

steel. The real time is scaled down to reduce the computational time of analysis.   

 
Figure 3: ABAQUS model 

 

4. Progressive collapse analysis 

Figure 4 shows the axial displacement at the top of column X (indicated in Figure 1) against 

temperature with different running time compared to the experimental data and the previous analysis 

by [6]. In general, the analysis agrees with the previous studies. A running time of 9 s matches well 

with the experiment and the previous analysis, with 0.5% error, as shown in Table 1. It can be seen 

that a scaled analysis time can cause oscillation of response. Increasing the time step results in a 

reduction in the oscillation, but the computational efforts will increase significantly. Figure 5 shows 

the deformed shape of the steel frame.  

 

 
Figure 4: The axial displacement at the top of column X  
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Figure 5: Deformation of the steel frame  

 

 

Table 1: Buckling temperature and the percentage of error 

Time step 
Buckling 

temperature (℃) 

Error 

percentage (%) 

Test (90 minutes) 749 0 

5 749 2.00 

9 745 0.53 

15 740 1.2 

 

 

The variation of axial force against temperature in column C3 (heated) and column C2 (cool) 

are presented in Figure 6. Initially, the axial force at the heated column (C3) increases due to thermal 

expansion of the column. This causes the reduction of the axial force at the adjacent column (C2). 

Once the temperature reaches 730℃, buckling occurs in the heated column since the axial force 

reaches its buckling resistance. At this stage, the heated column loses load-bearing capacity, and the 

axial force suddenly reduces. Then, the loads previously sustained by the heated column are 

transferred to the adjacent column (C2). Thus, the axial force of the adjacent column increases.  

During the cooling stage, the heated column contracts downward instead of returning to the 

initial position, as shown in Figure 3. In this case, tension occurs in the heated column and the 

additional loads are shifted to the adjacent column. This is confirmed by the variation of the axial 

forces, as shown in Figure 6. This indicates that the cooling stage can be more dangerous than the 

heating stage.  

  

 
 

Figure 6: The axial force of the heated column (C3) and the adjacent column (C2)  

 

The analysis above shows the load redistribution path and member interaction within the steel 

frame. Although significant deflection occurs, there is no collapse of the steel frame for this scenario. 

This is because the loads previously resisted by the heated column are safely transferred to the 
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adjacent column. This demonstrates that the failure of an individual element may be acceptable when 

the total collapse can be prevented.  

 

5. Conclusions 

Based on this study, the following key conclusions are noted: 

1. The results of the analysis agreed well with the experimental data and previous analysis so that 

the modelling approach is suitable to simulate the progressive collapse of a steel frame. 

2. It is feasible to adopt an explicit dynamic solver for analysis of structures in a fire. The real 

running time of analysis can be scaled down to save computational cost. 

3. This analysis shows the importance of the cooling phase in the progressive collapse analysis. The 

results reveal that additional loads are transferred from the heated column to the adjacent column 

during the cooling phase.  

4. The analysis captures the load redistribution path when the failure of an individual element 

occurs. Due to load redistribution, the failure of a single structural component may still be 

permissible when the total collapse of the structure can be prevented. Consequently it is essential 

to investigate the complete structure to understand the actual behaviour of the building in a fire.  

 

6. Limitations and recommendations for future studies 

This study has achieved its objective to simulate the behaviour of a realistic structure during a 

progressive collapse. However, it is believed that further studies are required. Different fire scenarios 

and structural arrangements need to be studied to investigate their effect on the collapse resistance of 

the steel moment frame. 

Furthermore, the 1-D line element used in this study cannot capture all possible failure modes, 

such as local buckling. An experiment study by Wang and Li[13] showed that there is a possibility 

that the failure of the column can occur prematurely due to localised buckling. In this case, 2D or 3D 

elements are required to capture the localised buckling.  

 

 

 

 

Acknowledgements 

This PhD research was funded by the Indonesia Endowment Fund for Education (LPDP). The authors 

would also like to acknowledge the support provided by the University of Manchester’s School of 

Mechanical, Aerospace and Civil Engineering, UK. 

 

 

References 

[1] BS EN, BS5950 Part 8: Code of Practice for Fire Resistant Design, Br. Stand. Institute, 

London, UK. (1990). 

[2] B.R. Kirby, The behaviour of multi-storey steel frame building in fire - Technical Report, Br. 

Steel. (1998). 

[3] M. Gillie, A.S. Usmani, J.M. Rotter, A structural analysis of the first Cardington test, J. 

Constr. Steel Res. 57 (2001) 581–601. doi:10.1016/S0143-974X(01)00004-9. 

[4] C.G. Bailey, Membrane action of slab/beam composite floor systems in fire, Eng. Struct. 26 

(2004) 1691–1703. doi:10.1016/j.engstruct.2004.06.006. 

[5] B. Jiang, G.-Q. Li, L. Li, B. a. Izzuddin, Experimental Studies on Progressive Collapse 

Resistance of Steel Moment Frames under Localized Furnace Loading, J. Struct. Eng. 144 

(2017) 1–10. doi:10.1061/(ASCE)ST.1943-541X.0001947. 

[6] B. Jiang, G.Q. Li, L. Li, B. a. Izzuddin, Simulations on progressive collapse resistance of steel 



The 3rd International Conference on Eco Engineering Development

IOP Conf. Series: Earth and Environmental Science 426 (2020) 012046

IOP Publishing

doi:10.1088/1755-1315/426/1/012046

6

moment frames under localized fire, J. Constr. Steel Res. 138 (2017) 380–388. 

doi:10.1016/j.jcsr.2017.05.018. 

[7] Abaqus, ABAQUS/Standard analysis user’s manual v6.13, SIMULIA. (2014). 

[8] CEN, Eurocode 3 : Design of steel structures Part 1-2: General rules — Structural fire design, 

Br. Stand. Institute, London, UK. (2005). 

[9] J. Jiang, G. Li, Progressive collapse analysis of 3D steel frames with concrete slabs exposed to 

localized fire, Eng. Struct. (2016). doi:10.1016/j.engstruct.2016.07.041. 

[10] R. Suwondo, L. Cunningham, M. Gillie, C. Bailey, Progressive collapse analysis of composite 

steel frames subject to fire following earthquake, Fire Saf. J. 103 (2019) 49–58. 

doi:10.1016/j.firesaf.2018.12.007. 

[11] J. Jiang, G.-Q. Li, A. Usmani, Progressive Collapse Mechanisms of Steel Frames Exposed to 

Fire, Adv. Struct. Eng. 17 (2014) 381–398. doi:10.1002/stco.201410033. 

[12] G.R. Johnson, W.H. Cook, Fracture characteristics of three metals subjected to various strains, 

strain rates, temperatures and pressures, Eng. Fract. Mech. 21 (1985) 31–48. 

doi:10.1016/0013-7944(85)90052-9. 

[13] W.-Y. Wang, G.-Q. Li, Behavior of steel columns in a fire with partial damage to fire 

protection, J. Constr. Steel Res. 65 (2009) 1392–1400. doi:10.1016/j.jcsr.2009.01.004. 

 


