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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 paper presents an experimental project of a 3D steel portal frame subjected to a natural fire to investigate the 

evolution of temperatures of the hot gas layer and the steel beams. Temperature evolution of the steel beams during the 

test was recorded and compared with those calculated by current design codes, i.e. Eurocode EN 1993 -1-2 and Chinese 

Code CECS200. The experimental results revealed that the temperature of the hot gas gradually decreased with the 

distance from the fire source, and the temperature variations in the steel beams had obvious hysteresis compared to those 

of the hot gas. The results calculated according to the equations specified by EN 1993-1-2 and CECS200 were very 

similar. However, there were noticeable differences between the calculated data and the experimental results after the 

temperature of the steel beam was higher than 600oC. The calculation for the temperature of steel beams in the hot gas 

layer does not need additional consideration of the thermal radiation from the flame. Based on the experimental results, 

this paper improves the equations specified in EN 1993-1-2, using correction coefficients of convection and radiation. It is 

found that the modified method obtains calculation results in satisfactory agreement with the experimental results, thereby 

providing a reference for predicting the temperature of steel beams in natural fires. 
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1.  Introduction 

 

Large-space steel structures are extensively utilized in public buildings, 

such as stadiums, airports, industrial plants, et al. Abundance research has been 

conducted on the structural performance and construction methods of these 

structures at ambient temperature [1-4]. In recent years, the fire resistance and 

the design method of large-space steel structures have become crucial issues 

concerned by researchers and engineers. Lu et al. [5] analysed the fire perfor-

mance of a large exhibition centre in different fire scenarios and proposed 

recommendations on the fire-resistance design of large-space steel truss struc-

tures. Du et al. [6] proposed an analytical method to capture the transient 

tension force in a pre-tensioned steel cable subjected to localized fires. 

Woźniczka [7] investigated the effects of different factors on the fire resistance 

of long-span truss girders during the fire growth and decay phases, and the 

results showed that the fireproof insulation of the structure can be reduced. Liu 

et al. [8] explored the mechanical response of welded hollow spherical joints 

at elevated temperatures through experimental and numerical studies, and 

provided a simplified calculation formula to predict the bearing capacity of the 

joints at high temperatures. Jiang et al. [9] conducted fire tests on a full-scale 

roof structure having six main steel trusses in non-destructive and destructive 

manners, and obtained the failure modes and deformation curves in natural 

fires of the structure. Some scholars performed experimental studies and finite 

element analyses on the mechanical behaviours of different forms of steel 

portal frame structures under natural fires [10-14]. 

In general, fires occurring in large-space steel structures will localize rather 

than flashover. The temperature field of the whole building is not uniform, 

which is quite different from compartment fires. Thus, the traditional 

fire-resistance design method under standard fire conditions is unsuitable for 

large-space steel structures, and investigations on the performance-based design 

method should be conducted. The performance-based fire-resistance design 

method involves the consideration of a natural fire model based on the fire load, 

the geometrical size of the building, mechanic properties of steel at elevated 

temperatures, the temperature distribution in structural members and the re-

sponse of the entire structural system under fires [15, 16]. 

To implement the performance-based fire-resistance design, a rational 

calculation method for the temperature evolution of structural members under 

natural fires is crucial. For large-space structures under natural fires, the space 

inside the building can be divided into three regions, including the flame region, 

the region of the hot gas layer, and the region under the hot gas layer. The 

heat-transfer mechanisms are different in these three regions, and thus the 

temperature development laws for structural members in these three regions are 

also different. According to the Chinese code CECS200 [17], the specified 

equation for the temperature rise of structural members is based on the standard 

fires. In terms of the European codes including EN 1991-1-2 [18] and EN 

1993-1-2 [19], localized fire is specified, but its calculation method is incon-

venient to use in practice since the temperature of the fire plume varies in the  

 

vertical direction. 

Regarding the calculation methods for the temperature of structural 

members under natural fires, Latham et al. [20] experimentally investigated the 

temperature of steel members exposed to natural fires in a compartment. The 

test data were then used for estimating the structural response, by the equivalent 

time of fire exposure. Wong et al. [21] and Ghojel [22] studied the factors that 

may affect the temperature evolution of steel members under compartment fires, 

and proposed calculation models for the temperature rise of members, which 

took into account the absorption of flame radiation by the heat-transfer medium. 

Then the calculation models were experimentally verified. Wald et al. [23, 24] 

conducted compartment fire tests on buildings with full-scale steel frames. The 

temperature of the steel member was measured and compared with the results 

predicted by the calculation methods given in Eurocodes. 

Based on the lumped differential formulation, Du and Li [25] presented a 

calculation method for the temperature rise of steel members under large-space 

fires, with consideration of the effect of flame radiation. They also proposed a 

limit value for the radiation shape factor based on the parametric analysis. By 

using the heat balance equation, Huang et al. [26] proposed a simplified 

calculation method for the temperature development of steel members in 

large-space fires. The influence of flame radiation was considered based on the 

parametric analysis. Meanwhile, a critical value of the building height was also 

suggested for the cases where the flame radiation effect was neglected. Zhang 

et al. [27] used the adiabatic surface temperature method to establish a simple 

heat transfer model of steel members under localized fires, and the results of the 

proposed model were close to those from the FDS (Fire Dynamics Simulator) 

simulation. Based on a point-source model, Zhang et al. [28] established a 

modified method for predicting the temperature rise of steel members, with 

consideration of the effect of flame radiation. An experimental study was 

performed on the temperature elevating process of a steel beam under a 

localized fire in a large space. The calculation results were found, by 

comparison, to be in satisfactory agreement with the experimental data. 

In summary, the studies on the calculation methods for temperature 

evolution of steel members under natural fires are limited. Moreover, in the 

experiment conducted by Zhang et al. [28], the power of the fire source was 

small and the resulting temperatures of steel members were low. Additionally, 

the cooling period was not considered in the calculation methods proposed by 

the previous researches. Thus, it is necessary to perform more typical 

experiments in this research field. 

To solve the aforementioned problems, a model of a portal frame building 

was designed and constructed in this study. A fire test was performed on the 

model to investigate the development of the natural fire, and the temperature 

distribution of the hot gas layer and the steel beams under the fire. Results 

obtained by the equations for the temperature evolution of steel beams specified 

by CECS200 and EN 1993-1-2 were compared to the experimental results, to 

validate the applicability of the equations under natural fires. 
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2.  Experimental program 

 

2.1. Introduction of the test model 

 

The test model was a single compartment which covered an area of 6 by 

12.5m as shown in Figs. 1 and 2. The columns were 2.25m high and the roof 

was inclined at 1/10. A total of six portal frames were spaced apart at an 

interval of 2.5m and the configuration of a representative frame is indicated in 

Fig. 3. The section of the beams and columns was H80×50×4.5×6.5mm. Roof  

 

 

Fig. 1 Steel portal frame building for the fire test 

 

 

Fig. 2 Plan view of the roof structure (mm)  

 

 

Fig. 3 Elevation view of the portal frame (mm)  

 

 

              

Fig. 4 End-plate connection for beam-to-beam joint (mm) 

 

purlins and wall purlins were bent from the galvanized steel sheet to form a 

section of C60×38×12×1.6mm. To ensure the safety of the beam-column 

connections before member failures, fully-welded connections at the beam 

ends were adopted and end-plate connections for the beam splices were 

applied at a distance of 0.8m from the column flange, as shown in Fig. 4. 

The purlins were connected to the beams and columns with M10 bolts, 

and knee braces of the roof purlins were used to prevent the out-of-plane 

buckling. Rigid bars (CHS42×3) were arranged between the ridges and the 

beam-column connections. Steel bars (Ф10) were employed as wind bracings 

in the outer spans. The roof cladding was made of 75mm thick composite 

panels with rock wool insulation, while the wall cladding was made of 0.5mm 

thick single-layered profiled steel sheets. The steel grade was Q235. 

Each gable wall contained a 2.03m high and 1.2m wide door opening. 

Along Axis A, three window openings with a height of 0.9m were designed in 

the facade wall as plotted in Fig. 5. Cesium-potassium monolithic flameproof 

glass was installed in the middle window, while common glass was installed 

in the other two windows labelled with a, b. The flameproof glass was 

arranged for the convenience of observation during the test. Along Axis C, 

there were only two windows labelled with c and d in the wall, with common 

glass installed. 

 

 

Fig. 5 Elevation view along Axis A (mm) 

 

The concrete bases with a length of 0.7m, a width of 0.7m and a height of 

0.6m supported the columns. The concrete grade was C25 and the columns of 

the main frames were designed to be pinned at the base with two anchor bolts 

(M20).  

 

2.2. Fire source 

 

A natural fire source was set up below the steel beam along Axis 3 as 

indicated in Fig. 6. The fire source consisted of six 0.7×0.7m oil pans each 

containing 11kg diesel. The amount of the fuel was designed to achieve a 

representative fire in an industrial building, based on the data from fire tests 

recorded in the literatures and simulation results from the software FDS [29]. 

To concentrate the heat on the rafters, the oil pans were raised to a height of 

1.15m above the ground level by a supporting platform. 

  

Fig. 6 Arrangement of the fire source (mm) 

 

2.3. Setup of temperature measurement 

 

Type-K thermocouples were adopted for measuring the temperatures of 

hot gas and steel members. The temperature data were collected by the data 

acquisition instrument TDS303. Fig. 7 shows positions of the thermocouples 

in the frame along Axis 3. The name of the thermocouple contains 3 parts, 

including “S” or “G”, the number of the axis and the number of the thermo-

couple, in which S and G represent the steel member and the hot gas, respec-

tively. The thermocouples measuring the hot gas were arranged at a distance 

of 50mm from the member surface. To obtain the temperature distribution in 

the particular sections of the eaves and the ridge, the thermocouples were 

located at the top, mid-web and bottom flanges, as plotted in sections a and b. 
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For the other sections, each has only one thermocouple located at the 

mid-web. 

 

 

Fig. 7 Positions of thermocouples along Axis 3 (mm) 

 

In terms of the other portal frames, the number of thermocouples was less 

than that along Axis 3. The setup of thermocouples at the eaves and the ridge 

was similar to Axis 3 except that only one thermocouple was located at the 

mid-web of the steel beam in the other portal frames, as plotted in Fig. 8. The 

number “0” in the plot means that no steel thermocouple was arranged for 

eaves along Axes 1 and 6. 

 

Fig. 8 Positions of thermocouples along Axes 1/2/4/5/6 (mm) 

 

3.  Experimental results 

 

3.1. Visual observation and discussion 

 

The middle two oil pans burned first following the ignition at the begin-

ning of the test, and the other oil pans burned at 1min 25s after the ignition. A 

thick layer of smoke formed beneath the roof, with a large amount of smoke  

  

Fig. 9 Test building in the fire (1min 25s) 

  

Fig. 10 Test building in the fire (5min 56s) 
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Fig. 11 Test building in the fire (10min 19s) 

  

Fig. 12 Test building in the fire (13min 20s) 

emitting from the door openings, as shown in Fig. 9. Dark smoke spread out 

of the building at 2min 50s. At 5min 56s, the oil source blazed fiercely and the 

flame spread around the edge of oil pans, as plotted in Fig. 10. As shown in 

Fig. 11, the fire began to abate without flame spilling at 10min 19s. At 11min 

20s, the smoke above the roof decreased greatly. At 13min 20s, fire in the  

 

 

(a) Window a 

 

(b) Window b 

 

(c) Window c 

 

(d) Window d 

Fig. 13 Windows with common glass after the fire test 

 

middle oil pans almost extinguished, as plotted in Fig. 12. Then, the flame 

extinguished at 16min 58s. Moreover, at the initial stage of the test, a noise of 

“bang, bang” was heard sometimes. During the intermediate stage of the test, 

some flames emitted out of the roof through the sheet joints above the fire 

source. 
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Along Axis A, the corners of windows a and b cracked at 3min 16s and 

3min 53s respectively after the ignition. At 4min 53s, the cracks in the corners 

of window a further expanded and some glass debris fell. A large crack 

occurred in window b and some glass debris fell at 5min 21s. At 6min 28s, 

most of the glass in window a dropped down and a sizable flame run out. The 

cracks in the corners of window c expanded seriously at 7min 50s. A great 

part of the glass in window b broke at 8min 55s. During the entire test, only 

tiny cracks appeared in window d. The windows with common glass after the 

test are shown in Fig. 13, while the fire-resistant glass was kept intact during 

the whole process of the fire test. 

 

3.2. Temperature evolution and analysis 

 

The temperature-time relationship of the hot gas below the steel beam 

along Axis 3 is plotted in Fig. 14. It can be seen that the temperature of the hot 

gas (G32-G36) above the fire source generally experienced three periods: a 

growth period, a fully developed period, and a decay period. The temperature 

rose fast during the first period, and then kept nearly constant or grew slowly 

in the second period. At the beginning of the third period, the temperature 

decreased rapidly. When the temperature dropped to 300oC, it began to 

decline slowly. The highest gas temperature was found by the thermocouple 

G34 around the roof ridge right above the fire source, and its peak value was 

1182.7oC. The graph also indicates that the temperature of hot gas decreased 

from the roof ridge to the eaves. In general, the temperature distributed 

symmetrically on both sides of the roof ridge. 

 

 

Fig. 14 Temperature of the gas near the beam along Axis 3 

 

Figs. 15-17 show the temperature distribution of the hot gas near the ridge 

and the eaves along Axes A and C, respectively. It can be seen that the peak 

temperature declined from the span of Axis 3 to the other spans on both sides. 
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Fig. 15 Temperature of the gas near the ridge 
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Fig. 16 Temperature of the gas near the eave along Axis A 
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Fig. 17 Temperature of the gas near the eave along Axis C 

 

The temperature-time curves for the top, mid-web and bottom flanges of 

the steel beam at the roof ridge (section a) along Axis 3 are shown in Fig. 18. 

It can be seen that the temperature distribution in the beam section was nor-

mally uniform, because the steel had sound conductivity and the beam section 

was entirely surrounded by the flame. During the heating period, the tempera-

ture of the beam was lower than that of the hot gas. The peak temperature of 

the steel beam reached 941oC. During the cooling period, in turn, the temper-

ature of the beam was much higher than that of the gas. Fig. 19 illustrates the 

temperature against time for the steel beams at the eave (section b) along Axis 

3. The peak temperature reached about 600oC and the temperature evolution 

law was similar to that in section a. 

 

 

Fig. 18 Temperature histories for the ridge along Axis 3 

 

Fig. 19 Temperature histories for eaves along Axis 3 

 

 

Fig. 20 Temperature of the beam along Axis 3 
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The temperature-time curves for the web of the steel beam along Axis 3 

are plotted in Fig. 20. According to the measurement, the roof ridge had the 

highest temperature, and the temperature decreased gradually towards the two 

eaves. 

Figs. 21-23 illustrate temperature-time curves for the webs of the beams 

at the roof ridge and the eaves along Axes A and C. As shown in Fig. 21, the 

peak temperature decreased from the span of Axis 3 to the other spans. Figs. 

22-23 show that the peak temperature of the steel beam at the eave of Axis 4 

was higher than that of Axis 2 since the position of Axis 4 was farther from 

the door opening than Axis 2. The peak temperature of the steel beam at the 

eave of Axis C was higher than that of Axis A because the window near Axis 

A was damaged greatly, leading to a great loss of heat. Due to the failure of 

thermocouples for measuring points G33, G62, S22 and S33, the correspond-

ing temperature curves are not given here. 

 

 

Fig. 21 Temperature of the beam at the ridge 

 

Fig. 22 Temperature of the beam at the eave along Axis A 

 

Fig. 23 Temperature of the beam at the eave along Axis C 

 

4.  Temperature calculation of steel beams 

 

In this section, the equations for temperature variations of steel members 

under standard fires, specified by EN 1993-1-2 and CECS200, are assessed for 

the applicability in natural fires. 
 

4.1. Calculation Method 

 

4.1.1. EN 1993-1-2 Equation 

The following equation for calculating the temperature of unprotected 

steel members under fires is provided by EN 1993-1-2: 

 

m
a sh net

a a

/A V
T k h t

c 
 =   (1) 

 

where ΔTa is the temperature increment of a steel member [oC]; ksh is the cor-

rection factor for the shadow effect; Am/V is the section factor for the unpro-

tected steel member [1/m], in which Am is the surface area of the member per 

unit length [m2/m] and V is the volume of the member per unit length [m3/m]; 

ρa and ca are the density and specific heat of steel, respectively, in which 

ρa=7850 kg/ m3, and ca=600 J/(kg·oC); hnet is the design value of net heat flux 

per unit area [W/m2]; and △t is the time interval and should not be more than 

5 seconds. 

hnet is determined by 

 

net net,c net,r
h h h= +  (2) 

 

where hnet,c, and hnet,r are the net convective heat flux (W/m2) and the net radia-

tive heat flux (W/m2) , respectively. 

Moreover, hnet,c is determined by 

 

( )net,c c g a
h T T= −  (3) 

 

where αc is the coefficient of convective heat transfer, which is taken as 

25W/(moC) here for the standard temperature-time curve; Tg is the gas tem-

perature (oC); and Ta is the surface temperature of the steel member (oC). 

Meanwhile, hnet,r is given by 

 

( ) ( )
4 4

net,r m f r a
273 273h T T    = + − +

 
 (4) 

 

where, Ф is the configuration factor, which is usually 1.0; εm is the surface 

emissivity of the member, which is 0.7 for carbon steel; εf is the emissivity of 

gas, which is 1; σ is the Stefan-Boltzmann constant, which is 5.67×10-8 

W/(m·oC); and Tr is the environment temperature, which is Tg in the case of 

fully surrounded members. 

 

4.1.2. CECS200 Equation 

The equation suggested by CECS200 is: 

 

( ) ( ) ( ) ( )a g a a

a a

B
T t t T t T t t T t

c 
 +  = −  +   (5) 

 

where B is the comprehensive heat transfer coefficient [W/(m3·oC)], given by 

 

( ) m
c r

A
B

V
 = +  (6) 

 

where αr is the radiation heat transfer coefficient [W/(m2·oC)], given by 

 

4 4

g a
r

g a

273 2732.041

100 100

T T

T T


 +  + 
=  −    

−     

 (7) 

 

4.2. Temperature Calculation and Comparison 

 

The temperature-time curves for steel beams obtained by Eqs. (1) and (5) 

are compared with the experimental curves. The parameters used in the 

equations adopt the values suitable for standard fires. For simplicity, this 

manuscript only provides temperature-time curves of some representative 

measuring points, as shown in Fig. 24. The letters “C” and “E” mean that the 

corresponding temperature-time curves of steel members are obtained by the 

equations in CECS200 and EN 1993-1-2, respectively. As mentioned in 

Section 2, “S” and “G” mean that the curves are derived from steel members 

and hot gas respectively in the fire test. 

It can be seen from Fig. 24 that the curves given by the equations of the 

two codes are very close to each other. The curves plotted in Figs. 24(a)-(d) 
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                                  (a) S42                                                      (b) S35 

        
(c) S32                                                (d) S31 

             

                        (e) S21                                                  (f) S12 

Fig. 24 Comparison of experimental and calculation curves 

 

are obtained from measuring points in the flame or the high-temperature zone 

of the hot gas layer. The calculation results are in satisfactory agreement with 

the experimental results during the heating period. However, after the temper-

ature is higher than 600oC, the calculation results are higher than the experi-

mental results, while the calculation results decrease faster than the experi-

mental results during the cooling period. 

Figs. 24(e)-(f) show results from measuring points in the slightly low-

er-temperature zone of the hot gas layer. The calculation and experimental 

curves of the measuring point S21 are very close to each other in the heating 

period, whereas the calculation curves have steeper downward slopes than the 

experimental curves during the cooling period. For the measuring point S12, 

the calculation results agree well with the experimental results during the 

heating period and the cooling period, but the calculation results are higher 

than the experimental results near the peak temperature. 

Due to the fact that the calculation results from these representative 

measuring points are close to or higher than the experimental results during 

the heating period, the additional thermal radiation effect of the flame can be 

omitted in the calculation of the temperature of the steel beam within the hot 

gas layer. It also means that the thermal radiation heat from the flame is com-

pletely absorbed by the upper hot gas layer. 

 

4.3. Modified Model and Calculation Comparison 

 

To solve the problem of the difference between the calculation results 

from the equations and the experimental results, this manuscript proposes a 

modified equation based on the one specified by EN 1993-1-2. The coeffi-

cients of convection and radiation are modified through the regression analy-

sis of the experimental data. The new form of the calculation equation for 

natural fires is described below: 
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a sh c g a mg a
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/
273 273

g

a

A V
T k T T T T t

c
  


 = − + + − + 
  

 (8) 

 

where εmg is the comprehensive radiation coefficient. During the heating peri-

od, αc is 25W/(m2·oC); εmg is 0.7 when Ta≤600oC and 0.07 when Ta>600oC; 

and during the cooling period, αc is 12.5W/(m2oC) and εmg is 0.49. 

The new results calculated by Eq. (8) are compared to those by the orig-

inal equation specified by EN 1993-1-2 and to the experimental data, as plot-

ted in Fig. 25. In these figures, the curves from the new equation with correc-

tion parameters are represented by the letter “N”. It can be seen from Figs. 

25(a)-(e) that the new calculation results are very close to the experimental 

results. Table 1 shows the comparison of peak temperatures between calcula-

tion and experimental results, at the measuring points S42, S35, S32 and S31. 

The calculation errors from EN 1993-1-2 and the revised equation were 

16.9%~25.6% and -2.4%~8.5%, respectively. Therefore, the calculation accu-

racy is evidently improved due to the correction parameters. In terms of the 

measuring point S12, as shown in Fig. 25(f), the calculation results from the 

proposed equation are slightly higher than the experimental results during the 

cooling period. The reason is that the calculation results have been higher than 

the experimental results before the beginning of temperature decline. However, 

they have the similar decline rates. On the whole, the proposed equation with 

the correction parameters can accurately predict the temperature variations of 

steel beams during the whole process of natural fires. Note that there is more 

work to be done to give equations that can be applied universally. 
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                                  (a) S42                                                      (b) S35 

        
(c) S32                                                (d) S31 

             

                        (e) S21                                                  (f) S12 

Fig. 25 New comparison of experimental and calculation curves 

 

Table 1 

Comparison of peak temperatures between calculation and experimental results 

Measuring point S/oC E/oC Error(E) N/oC Error(N) 

S42 725.9 848.5 16.9% 708.8 -2.4% 

S35 927.3 1164.5 25.6% 1006.4 8.5% 

S32 692.1 867.3 25.3% 724 4.6% 

S31 590.7 699 18.3% 637.4 7.9% 

Notes: S is the experimental result of the peak temperature of the steel member; E and N are the calculation results of the peak temperature obtained by Eq. (1) and Eq. (8), respective-

ly. 

 

 

5.  Conclusions 

 

In this study, a model of a portal frame building was designed and con-

structed to perform a natural fire test. The temperature development of the hot 

gas layer and the steel beams inside the model was investigated. The equations 

specified by EN 1993-1-2 and CECS200 were adopted to calculate the tem-

perature of the steel members. The calculation results were then compared to 

the experimental results. Meanwhile, some related parameters were modified 

to obtain more accurate calculation results based on the equation specified by 

EN 1993-1-2. The following conclusions can be drawn: 

a) The temperature-time history of the hot gas above the fire source had 

three periods, including a growth period, a fully developed period, and a de-

cay period. The peak temperature of the hot gas gradually decreased from the 

region directly above the fire source to the neighbouring regions. On the 

whole, the temperature symmetrically distributed along both sides of the roof 

ridge. 

b) The entire temperature-time history of the steel beam showed apparent 

thermal hysteresis compared to that of the hot gas. Moreover, the temperature 

distribution of steel members was roughly uniform over the cross-section 

while non-uniform along the length direction. The experiment showed that the 

peak temperatures of the hot gas and steel beams were 1182.7oC and 941oC, 

respectively. 

c) The calculation results for the temperature of steel beams given by the 

equations in EN 1993-1-2 and CECS200 were very similar. However, during 

the heating period, these calculation results were much higher than the ex-

perimental results after the temperature of the steel beam reached 600oC. 

Meanwhile, the predicted results had a higher decline rate than the experi-
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mental results during the cooling period. Thus, the effect of thermal radiation 

from the flame can be ignored in the calculation of the temperature of the steel 

beam within the hot gas layer. 

d) To accurately acquire the temperature-time curves of steel beams sub-

jected to natural fires, the present study proposes a modified method based on 

EN 1993-1-2, through modifications to the coefficients of convection and 

radiation. It can be found that the proposed method leads to more accurate 

results than those obtained by EN 1993-1-2. 
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