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 The poor fire resistance of steel buildings threatens structural security, and severely limits 

the application of such buildings in many countries. The existing studies have not carried 

out whole-process analysis on the temperature field distribution and deformation law of 

steel building components under fire. To solve the problem, this paper performs coupled 

thermodynamic analysis on the fire response of steel buildings, and tries to improve their 

fire resistance. Firstly, the dynamical properties of steel buildings in response to fire were 

analyzed, and a coupled thermodynamic model was constructed for these buildings. Next, 

the whole process of thermodynamic coupling was investigated for the fire response of 

steel buildings. Through experiments, the authors obtained the results of coupled 

thermodynamic analysis, and presented suggestions on how to improve fire resistance.  
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1. INTRODUCTION 

 

Because of their lightweight, fast construction, good quality, 

and low cost, steel structures have gained more and more 

popularity in the construction industry [1-7]. Despite being 

prepared from non-combustible materials, steel structures 

witness a sharp decline of strength and stiffness in a hot 

environment [8-12]. The poor fire resistance of steel buildings 

threatens structural security, and severely limits the 

application of such buildings in many countries. The high 

temperature of fire brings several damages to the entire steel 

structure, and even causes the structure to collapse [13-18]. 

Fire zones and smoke zones can be set up in buildings to curb 

the combustion of inflammables, and slow down the diffusion 

of smoke. But these measures do not apply to all types of 

buildings [19-23]. Therefore, it is necessary to analyze the fire 

resistance, fire response, and post-fire safety of steel buildings. 

Weisheim et al. [24] tested and numerically analyzed the 

fire resistance of the aqueous expansion coating on structural 

steel under natural fire. Based on a small-scale lab test, they 

developed an advanced numerical model to simulate the fire 

resistance of the coating under any fire scenario. Supported by 

the New Research Fund for Coal and Steel (RFCS), Alam et 

al. [25] conducted three large compartment natural fire tests in 

Ulster University, in an attempt to characterize the traveling 

fires between large compartments. The details on the second 

fire test were provided. In the second fire test, the opening size 

was reduced to generate a different ventilation condition from 

that of the first test. The results show that, regardless of the 

ventilation condition, the traveling fire always creates uneven 

temperatures within the compartments. The unevenness is 

related to the size of the opening. Hou et al. [26] summarized 

the test data on the high-temperature dynamical performance 

of steel strands, and established a regression model for the 

high-temperature performance of the steel strands, which 

applies to both theoretical analysis and numerical calculation. 

Based on the non-steady temperature field model of high-rise 

large space building fires, the nonlinear finite-element analysis 

with the time integral effect was adopted to model the fire 

resistance of large-span prestressed steel structures. Manco et 

al. [27] reported the results of a numerical survey, aimed at 

assessing the structural safety of the upper components of real 

offshore steel structures exposed to unexpected local fires. 

Two different fire methods were adopted to acquire the 

nonlinear thermal stress and ultimate strength. The relevant 

results ensure the reliability of fire safety analysis, and prevent 

the main security (bearing) functions of offshore steel 

structures from being damaged under unexpected fires. 

Suwondo et al. [28] analyzed the robustness of a three-

dimensional (3D) multilayered composite steel structures in 

multiple fire scenarios. Following the finite-element method, 

their analysis model was verified against the literature. Then, 

the anti-collapse property of the structures was modeled under 

various fire scenarios.  

So far, the domestic and foreign research on the fire 

response of steel buildings concentrates on steel buildings with 

a limited space, and complete the fire resistance analysis of 

steel structures, in the light of load distribution and fire 

response time. However, the relevant scholars have not carried 

out whole-process analysis on the temperature field 

distribution and deformation law of steel building components 

under fire.  

To solve the problem, this paper performs coupled 

thermodynamic analysis on the fire response of steel buildings, 

in a bid to improve their fire resistance. Section 2 analyzes the 

dynamical properties of steel buildings in response to fire, and 

constructs a coupled thermodynamic model for these buildings. 

Section 3 investigates the whole process of thermodynamic 

coupling for the fire response of steel buildings. Through 

experiments, the authors obtained the results of coupled 

thermodynamic analysis, and presented suggestions on how to 

improve fire resistance.
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2. DYNAMICAL ANALYSIS 

 

Figure 1 illustrates the fire response in the space of a steel 

building. The basic idea of fire response is to divide the indoor 

space of the steel building into two parts: a hot smoke layer, 

and a cold air layer. The gas in each layer remains uniform in 

space. With the rising temperature of the fire, the yield 

strength and ultimate strength of the steel building gradually 

fall. When the fire temperature is greater than 300°C, the steel 

building loses all its yield strength and ultimate strength. 

When the temperature reaches 200-380°C, the toughness and 

plasticity of the building will be reduced by the blue brittleness. 

Once the temperature surpasses 400°C, the strength of the steel 

building will nosedive. By the time the temperature rises 

above 580°C, the steel building will be no longer carry any 

load. 

 

 
 

Figure 1. Fire response in the space of a steel building 

 

Let gb and gbP be the yield strength at normal temperature 

and nominal yield strength at fire temperature of the steel 

building, respectively; gbP/gb be the reduction coefficient of 

nominal yield strength of the steel building at the fire 

temperature Pr. Then, the nominal yield strength of the steel 

building in response to fire can be calculated by: 
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According to the steel building design code of Australia, the 

nominal yield strength of the steel building in response to fire 

is defined as: 
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A more concise definition is as follows: 
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The general comprehensive fire-resistance design codes for 

buildings in Asia define gbP/gb=R1-R2Pr-R3P2
r, where R1, R2, 

and R3 are the regression coefficients depending on the types 

of steel buildings. 

Let MO be the elastic modulus of the steel building at 

normal temperature; MOP be the initial elastic modulus of the 

steel building at the fire temperature Pr. The initial elastic 

modulus of the steel building in response to high fire 

temperature can be calculated by: 
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According to the steel building design code of Australia, the 

initial elastic modulus of the steel building in response to fire 

is defined as:  
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A more concise definition is as follows: 
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After lowering the order of fire temperature, the initial 

elastic modulus can be calculated by: 
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The simplest coupled thermodynamic model for steel 

buildings in response of fire is the piecewise linear function, 

which provides the strain at each thermal stress control point 

of the steel building at a fire temperature. The slightly more 

complex model is the continuous smooth function. Compared 

with the piecewise linear function, the continuous smooth 

function is easy to converge, and close to the reality. Let β and 

m be the parameters fitted by the function curve; ξ be the total 

thermal stress; MO be the Young’s modulus of the steel 

structure material. The thermodynamical coupling relationship 

of the steel building material near its yield point can be 

described by the Ramberg–Osgood relationship: 
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If the steel building is made of ordinary steel structures, the 

following formulas can be directly adopted: 
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Let ηtP=gtP/MOP be the proportional limit strain; MOtP and 

ηbP be the plastic modulus and yield strain of the steel building 

at the fire temperature Pr, respectively; ΦP and ηvP be the shape 

function and limit strain of the curve at the fire temperature Pr, 

respectively; ξ0P be the reference stress at the fire temperature 

Pr. Based on the proportional limit strain, yield strain, and 

ultimate strain, the coupled thermodynamic model can be 

constructed by: 
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Figure 2 shows the flow of dynamical analysis of the steel 

building in response to fire.  

 

 
 

Figure 2. Flow of dynamical analysis of the steel building in 

response to fire 

 

 

3. WHOLE-PROCESS THERMODYNAMIC 

COUPLING ANALYSIS 

 

Based on the grid and shell structures, this paper carries out 

an instance analysis on the fire response of steel buildings. 

Figure 3 shows the analysis flow of the whole process of 

thermodynamic coupling for steel buildings. The entire 

process of fire was investigated with the aid of Matlab and 

finite-element analysis software.  

The bars of steel buildings are relatively large. Thus, the 

compressive bars of steel structures are destabilized earlier 

than the strength failure of the bars of steel structures. Since 

the stability analysis related to slenderness ratio cannot be 

achieved based on the constitutive relationship of finite-

element analysis, the critical load obtained by finite-element 

analysis is the critical load of the steel building under limit 

strength. Hence, the calculation result is reasonable for the 

tensile bars of the steel building, which adopts the ultimate 

strength and load limit in calculation. Meanwhile, the 

calculation result is exaggerated for compressive bars. 

 

 
 

Figure 3. Analysis flow of the whole process of 

thermodynamic coupling for steel buildings 

 

Let FT be the axial tension or compression; Sm and S be the 

net and gross cross-sectional areas of the rod, respectively; g 

be the designed strength of the steel building under normal 

temperature; Ψ be the stability coefficient of the axial 

compressive bar under normal temperature. The strength of 

axial stressed bar of steel buildings under normal temperature 

can be calculated by: 
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Let χP be the strength reduction coefficient of the steel 

building under high temperature; ζS be the partial safety factor 

for resistance of the steel component. The strength of axial 

stressed bar of steel buildings under normal temperature can 

be calculated by:  
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The strength of axial tensile or compressive steel 

component of steel buildings responding to high fire 

temperature can be calculated by:  
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Let ΨP be the stability coefficient of the axial compressive 

steel component in steel buildings responding to high fire 

temperature; βd be the stability checking parameter. Then, the 

stability of axial compressive steel component in steel 

buildings responding to high fire temperature can be 

calculated by:  
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During finite-element preprocessing, the thermal stress-

thermal strain curve of the axial compressive units in the steel 

building cannot be corrected, due to technical constraints. As 

a result, the stability coefficient ΨP cannot be introduced to the 

finite-element software, when the building is responding to 

high fire temperature. Under the premise of ensuring the 

stability of the steel building, the nonlinear finite-element 

solver of finite-element analysis cannot be fully utilized, 

unless the thermal stress of the compressive units of the 

building is extracted after each temperature loading, and 

imported to inequality (22) for comparison. If inequality (22) 

is satisfied, then the compressive bar of the steel structure can 

continue working; otherwise, the bar cannot work any longer, 

for it has reached the stability limit. 

In the analysis system, the working unit corresponding to 

the compressive Bar is eliminated by the preset peripheral 

command. In the total stiffness matrix, the unit is replaced with 

zero. In this case, the overall stiffness of the steel structure will 

decline. If there are too many zero elements, the total stiffness 

matrix of the steel building will become a singular matrix. 

Then, the finite-element analysis will not converge. If a bar 

working unit connected to a node is removed from the steel 

structure, then the node could result in geometric variation. 

Neither will the finite-element analysis converge in this case. 

In other words, the steel building reaches the ultimate bearing 

capacity, and the critical temperature of the building is the fire 

temperature. 

For simplicity, the least squares (LS) method is adopted to 

mathematically fit the cross-sectional stability coefficient ψ of 

various types of steel buildings. Let μm=μ(gb/MO)1/2/π be the 

relative slenderness ratio of the component. If μm≤0.22, then: 
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If μm>0.22, then:  
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4. EXPERIMENTS AND RESULTS ANALYSIS 

 

Figures 4 and 5 present the temperature curves on the upper 

and lower chord nodes of the steel structure, respectively. The 

temperature of the upper chord nodes of the steel building 

peaked at around 700℃, about 100℃ higher than the peak 

temperature (600℃) of the lower chord nodes. Next, the 

authors computed the reduction coefficients for the yield 

strength, proportional limit strain, and initial elastic modulus 

of steel buildings under different fire temperatures (Table 1). 
 

 
 

Figure 4. Temperature changes on the upper chord nodes of 

the steel structure 

 

Table 1. Reduction coefficients of steel buildings 

 

Temperature 

Reduction coefficients 

Yield 

strength 

Proportional 

limit strain 

Initial elastic 

modulus 

50 1.307 1.117 1.6372 

150 1.628 1.069 1.0628 

250 1.485 0.482 1.4824 

350 1.019 0.629 0.916 

450 0.624 0.841 0.833 

550 0.418 0.081 0.786 

650 0.741 0.627 0.057 

750 0.125 0.028 0.163 

850 0.082 0.0462 0.0815 

950 0.079 0.0397 0.0695 

 

The steel structure in each stage was selected for internal 

force analysis, after removing compressive bars. Figure 6 

shows how the axial tension varied with time. With the rise of 

temperature, the internal force of the bars in the steel building 

gradually increased, and ended up with stability failure. If the 

bar is a lower chord bar, the initial internal force is tension. As 

the temperature grows, the tension gradually turns into 

compression, and eventually leads to buckling failure. The 

lower chord bars carry fewer loads than the upper chord bars, 

because the temperature on lower chord bars increased slower 

than that on the upper chord bars. 

As shown in Tables 2 and 3, under the effect of fire 

temperature, the defection at different fire positions of steel 

buildings gradually increased, but the deformation degree and 

deformation rate differed between steel buildings. During the 

safety evaluation of steel buildings responding to fire, special 

focus should be laid on the beam body at the middle of the 

building. It is the place of the largest displacement, greatest 

deformation, and fastest deformation rate. The local failure 

probability of this place is greater than that in another other 

location. 

Figures 7 and 8 compare the deflections and displacements 

at different fire positions, respectively. It can be seen that the 

fire position has largely the same effect on the entire steel 

building and its components: the constant rise of fire 

temperature causes continuous plastic deformation of the 

building, and eventually leads to fracturing. 
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Figure 5. Temperature changes on the lower chord nodes of 

the steel structure 

 

 
 

Figure 6. Axial tension-time curve of bars in the steel 

building 

    
 

Figure 7. Deflections at different fire positions  

 

 
 

Figure 8. Displacements at different fire positions 

 

Table 2. Deflection at different fire positions of steel buildings 

 
Distance 50℃ 150℃ 250℃ 350℃ 450℃ 550℃ 650℃ 750℃ 850℃ 950℃ 

2m 0.47 1.2 1.82 2.63 2.09 2.68 3.49 3.81 4.11 4.35 

4m 1.75 1.63 6.37 3.47 7.18 9.37 11.75 13.84 14.12 114.85 

6m 1.02 6.05 5.96 5.82 6.28 9.67 15.48 16.64 17.04 17.74 

8m 2.48 4.05 5.09 7.22 7.14 8.48 9.68 10.46 11.54 12.25 

10m 0.42 0.55 0.41 0.66 1.74 1.92 2.63 2.85 2.99 3.11 

 

Table 3. Deformation rate at different fire positions of steel buildings 

 
Distance 50℃ 150℃ 250℃ 350℃ 450℃ 550℃ 650℃ 750℃ 850℃ 950℃ 

2m 0.04 0.08 0.04 0.29 0.19 0.47 0.48 0.62 0.68 0.74 

4m 0.14 0.05 0.79 0.32 0.22 0.26 1.74 1.82 1.88 1.94 

6m 0.32 0.16 0.36 0.67 0.43 0.96 1.82 1.94 1.99 2.04 

8m 0.36 0.96 0.26 0.64 0.29 0.69 0.68 0.94 0.97 1.14 

10m 0.29 0.25 0.61 0.83 0.16 0.14 0.22 0.27 0.30 0.36 

 

 

5. CONCLUSIONS 

 

This paper carries out coupled thermodynamic analysis on 

the fire response of steel buildings, with the goal of improving 

their fire resistance. Firstly, the authors analyzed the 

dynamical properties of steel buildings in response to fire, and 

built a coupled thermodynamic model for these buildings. On 

this basis, they analyzed the whole process of thermodynamic 

coupling for the fire response of steel buildings. Through 

experiments, the authors drew the temperature curves on the 

upper and lower chord nodes of the steel structure, and 

computed the reduction coefficients for the yield strength, 

proportional limit strain, and initial elastic modulus of steel 

buildings under different fire temperatures. Furthermore, the 

steel structure in each stage was selected for internal force 

analysis, after removing compressive bars. The resulting axial 

tension-time curve of bars in the steel building confirm that: 

the lower chord bars carry fewer loads than the upper chord 

bars, because the temperature on lower chord bars increased 

slower than that on the upper chord bars. In addition, the 

deflections and displacements at different fire positions were 

compared. It was concluded that: During the safety evaluation 
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of steel buildings responding to fire, special focus should be 

laid on the beam body at the middle of the building. It is the 

place of the largest displacement, greatest deformation, and 

fastest deformation rate. The local failure probability of this 

place is greater than that in another other location. 
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