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Abstract. To assess the post-fire or residual strength of fire-damaged reinforced concrete 
(RC) members, the most detrimental or peak temperature distribution within the members 
should be perceived. For RC beams, the residual flexural response is strongly influenced 
by the peak temperature experienced by the steel reinforcements. This paper presents a 
simplified two-dimensional (2D) nonlinear transient thermal analysis for the peak 
temperature distribution in RC beams using the finite element method. In the analysis, the 
thermal loading for heating was the ASTM E119 standard fire. After heating, a linear 
decrease in temperature was assumed for cooling. Three-sided fire exposure was assumed 
for rectangular RC beams. The analysis was used to investigate the effects of the heating 
period (1–4 h), cooling period (1–4 h), concrete cover thickness (30–50 mm) and aggregate 
type (carbonate or siliceous aggregates) on the peak steel temperature and delayed time 
(time to attain the peak temperature after heating). The numerical results showed that the 
temperature inside the beam section continues to rise after heating. The increases in steel 
temperature after heating and delayed time are influenced by the heating period, cooling 
period, location of steel reinforcement, and aggregate type. Such increase is significant for 
the beam with a thick concrete covering subjected to a short heating period followed by a 
long cooling period. At the longest (4 h) cooling and shortest (1 h) heating periods, the 
increases in steel temperature after heating in both carbonate and siliceous concrete beams 
are approximately 35, 50 and 75% for concrete cover thicknesses of 30, 40, and 50 mm, 
respectively. The carbonate concrete beams are more vulnerable to fire damage than 
siliceous ones when subjected to long heating and cooling periods.  
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1. Introduction 
 
The post-fire or residual strengths of reinforced concrete (RC) members after exposure to fire govern the 
decision on the appropriate repair or strengthening actions. According to a study by Kodur et al. [1], the 
flexural response of the fire-damaged RC beam depends on the internal temperatures experienced by the 
beam, load level during the fire event, cooling method, rate of cooling, and the strength recovery time after 
cooling. The residual load-carrying capacity of a fire-exposed RC beam is mainly dependent on the 
maximum steel reinforcement temperature attained during fire exposure. Concrete in the compression zone 
is less susceptible to elevated temperatures because it is usually away from the fire-exposed surface of the 
beam. The low thermal conductivity of concrete significantly reduces heat transfer and consequently lowers 
the temperature rise in the concrete core in the compression zone. In addition, the concrete strength 
generally has a small effect on the flexural strength of RC beams. The RC beams can retain most of the 
original flexural capacity after fire exposure if the maximum temperature achieved at the steel 
reinforcement is below 500°C.  

Previous experimental results showed that the temperature within the concrete member continues to 
increase after heating in the furnace [2–4]. The peak or maximum temperature at points in the beam section 
can occur at different time stages after heating. The temperature distribution that changes after heating 
reflects the progress of fire damage. To assess the post-fire response, the maximum or peak temperature 
distribution should be appropriately determined. Also, the residual properties of concrete and steel 
reinforcements to be used in a structural analysis must include both effects of heating and cooling. 

Several analytical works have investigated the temperature distribution within member cross-sections 
and assessed the behavior of RC beams at elevated temperatures [5–10]. However, the cooling phase after 
heating was not considered in the analysis because the main emphasis of these studies was the fire 
resistance rating of RC beams during fire exposure. A limited number of analytical studies on the residual 
flexural behavior of RC beams after exposure to fire has been found [11–14]. Ožbolt et al. [14] employed a 
transient three-dimensional (3D) thermo-mechanical model that was implemented into a three-dimensional 
(3D) finite element code for predicting the temperature profiles inside the RC sections and load–deflection 
behaviour of the structural members subjected to thermal loads, at high temperatures or after cooling. 
Although the cooling phase was considered, the approach is considered to be too complicated for 
practicing engineers. 

This paper presents a simplified two-dimensional (2D) nonlinear transient thermal analysis of RC 
beams to investigate the peak temperature distribution in the beam sections with an emphasis on the steel 
reinforcement temperature. The RC beams were exposed to the ASTM E119 standard fire (heating phase) 
followed by a linear decrease in temperature to room temperature (cooling phase). Three-sided fire 
exposure was assumed. The analysis was performed using the commercial finite element analysis software 
ANSYS [15]. The thermal analysis was validated with existing experimental data from the literature and 
then used to investigate the effects of thermal loadings, concrete properties, and concrete cover thickness 
on the peak temperature distribution in the beam section with the emphasis on the temperature at the 
critical steel reinforcement. The heating and cooling periods consisted of one, two, three, and four hours. 
The concrete cover thicknesses ranged from 30 to 50 mm. Both carbonate and siliceous aggregates were 
considered. 

 

2. Thermal Properties of RC Beams 
 
Thermal properties of normal strength concrete are generally expressed as a function of aggregate type and 
temperature [16, 17]. Aggregates can be classified into the two categories of (i) carbonate aggregates such as 
limestone, dolomite and basalt, whose composition is governed by calcite (CaCO3) or dolomite 
(CaMg(CO3)2) and (ii) siliceous aggregates such as granite, quartzite and river gravel, whose composition is 
governed by silica (SiO2). 

Figure 1 shows the thermal conductivity of concrete as a function of temperature [16]. The thermal 
conductivity decreases as the temperature increases. Typically, factors that influence the thermal 
conductivity include the moisture content, permeability, aggregate type, porosity and density. The thermal 
conductivity of aggregates primarily determines the insulating quality of concrete [18]. 
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Fig. 1. Thermal conductivity of concrete [16]. 
 

Figure 2 shows the thermal or heat capacity of carbonate and siliceous concrete as a function of 
temperature. The thermal capacity, which is a product of the specific heat and density of concrete, increases 
as the temperature increases. It is dependent on the aggregate type and is highly influenced by moisture 
content and density of concrete [19–21]. The density of concrete decreases as the temperature increases due 
to the loss of moisture and chemical components. The rate of mass loss is highly dependent on the 
aggregate type [21]. The mass loss rates in carbonate and siliceous concrete are minimal and similar when 
the temperature is below approximately 600°C. Beyond 600°C, the mass loss rate of carbonate concrete 
increases and becomes significantly high, while that of siliceous concrete is still minimal. The high mass loss 
rate in carbonate concrete is due to the dissociation of dolomite in carbonate aggregate at temperature 
around 600°C [21]. 

Although the reported test data showed that both thermal conductivity and thermal capacity of 
concrete are also influenced by the moisture content and concrete porosity [17], such effects were not taken 
into consideration in this study. The thermal properties of concrete in the cooling period was assumed to 
be the same as those in the heating period due to the lack of thermal properties data on the cooling period 
[3]. 

 

 
 
Fig. 2. Thermal (heat) capacity of concrete [16]. 
 

3. 2D Finite Element Analysis 
 
3.1. Thermal Loading 
 
Figure 3 shows 16 idealized time-temperature curves that represent the different combinations of heating 
periods (hp) and cooling periods (cp) chosen in this study (1, 2, 3, and 4 h). During heating, the rectangular 
RC beams were subjected to the ASTM E119 standard fire, which is given by Eq. (1) [22], 
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   750 1 exp 3.79553 170.41f o h hT T t t      (1) 

 

where  is the initial air temperature (20 °C),  is the heating period (h), and  is the fire temperature 

(°C). A linear time-temperature relationship was assumed as the beams cooled to the initial temperature, as 
shown in Fig. 3. 
 

 
 

(a) 1-h and 2-h heating 
 

 
 

(b) 3-h and 4-h heating 
 
Fig. 3. Idealized time-temperature curves of various heating and cooling periods in the study. 
 
3.2. Transient Thermal Analysis 
 
According to the principles of heat transfer, the heat is transferred from hot gases (thermal loading) to the 
surface of RC beams by radiation and convection, and then from the surface to interior by conduction. The 
transient heat conduction in a solid can be expressed by [23], 
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where  is the thermal conductivity of concrete (W/m.°C),  is the density of concrete (kg/m3), 

 is the specific heat of concrete (J/kg.°C),  is the thermal capacity of concrete (MJ/m3.°C), 

 is the convective heat transfer coefficient (W/m2.°C),  is the concrete temperature (°C),  is the fire 

temperature (°C),  is the surface temperature (°C),  is the resultant emissivity of hot gases and surface 

of concrete (dimensionless), and  is the Stefan-Boltzman constant (5.67 10-8 W/m2.K4). The outward 

normal x and y directions of the beam surface are denoted by  and , respectively. 

A 2D transient thermal analysis was performed using a commercial finite element software ANSYS to 
numerically solve Eqs. (2) to (3) for the peak temperature distribution in the fire-exposed beam sections. 
The finite element model employed the PLANE 55 concrete element, which has four nodes with a single 
degree of freedom (temperature) at each node that is applicable to a 2D steady-state or transient thermal 
analysis [24].  

Figure 4(a) shows the beam section and boundary conditions. Dimensions of the beam section were 
250 450 mm. The section was meshed into 4,500 elements having the same element size of 5 5 mm. 
Three-sided (two lateral sides and a bottom side) fire exposure was assumed to simulate the fire beneath a 
floor scenario. The steel reinforcements were not included in the model because they did not significantly 
influence the temperature distribution in the beam section [25]. The temperature in the steel reinforcement 
was assumed to be the same as the concrete temperature at the position of the steel reinforcement. 

During heating, the beam section was subjected to the ASTM E119 standard fire. After the specified 
heating period, the temperature linearly decreased with time to 20°C over the specified cooling period (1–4 
h) and then the temperature was maintained constant for 10 h (600 min). The temperature was applied as 
convection on lines (section sides) with convection film coefficient values of 25 and 9 W/m2.K for the 
exposed and unexposed surfaces, respectively [26, 27]. The radiation effects were not considered because 
ANSYS can only apply the heat based on a heat source, not the surrounding gases [28]. A total of 600 load 
steps were chosen from time zero with a uniform temperature of 20°C to 10 h. 
 

4. Temperature Distribution in Beam Section 
 
Figure 4 shows the temperature distributions in the carbonate-concrete beam section that was subjected to 
a 2-h heating period followed by a 1-h cooling period at different stages during heating and cooling. The 
steel reinforcement located at the bottom corner, the location of which is defined by the concrete cover 
thickness, is the most critical among all steel reinforcements in the section. It can be seen that the 
temperature inside the beam section continues to increase as the thermal loading or applied temperature 
decreases. In case of 50-mm concrete cover thickness, the steel temperature reaches the peak temperature 
at 2 h and 42 min.  

Figure 5 shows the peak temperature distributions in the carbonate-concrete beam section subjected to 
a 2-h heating period followed by different cooling periods. It is evident that the damage becomes more 
pronounced as the cooling period increases.  

Figures 6 and 7 plot the predicted temperatures at the critical steel reinforcement covered with 50 mm 
of carbonate or siliceous concrete after being subjected to a 2-h heating period and different cooling 
periods. For both concrete types, the corner steel reinforcement reaches the peak temperature after 2 h and 
the peak steel temperature increases as the cooling period increases. In addition, the delayed period is 
longer in the carbonate concrete beams than in the siliceous ones. 
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a) Cross-sectional geometry and boundary conditions in thermal analysis 
 

 
 
b) Temperature distributions at 1 h, 2 h, 2 h 42 min (at peak steel temperature for concrete cover thickness 

of 50 mm), and 3 h, respectively 
 
Fig. 4. Temperature distributions in a beam section subjected to a 2-h heating period followed by a 1-h 
cooling period. 
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Fig. 5. Peak temperature distributions in a beam section subjected to a 2-h heating period with a 0, 1-, 2-, 
3- and 4-h cooling period (cp). 
 

 
 
Fig. 6. Predicted steel temperature-time curves for various cooling periods (carbonate aggregates). 
 

 
 
Fig. 7. Predicted steel temperature-time curves for various cooling periods (siliceous aggregates). 
 

5. Validation of Finite Element Analysis 
 
To investigate the applicability of the proposed nonlinear finite element analysis, the experimental data 
from a study by Dwaikat and Kodur [3] were chosen. Figure 8(a) shows the cross-sectional dimensions and 
thermocouple locations in beam specimen B2 [3]. The section dimensions of specimen B2 were 254 406 
mm. A normal strength concrete was used. Steel reinforcements consisted of three 19-mm diameter steel 
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reinforcements in tension and two 12-mm diameter ones in compression. The diameter and spacing of 
stirrups over the length of beam were 6 and 150 mm, respectively. The finite element model used in the 
analysis from a convergence study is shown in Fig. 8(b). A total number of element was 336. The specimen 
was exposed on three sides to a design fire represented by the solid line in Fig. 9.  
 

 
 
Fig. 8. Tested RC beam specimen B2 [3] (a) dimensions and thermocouple locations (b) finite element 
model. 
 

Figure 9 shows a comparison between the predicted and measured temperatures at three 
thermocouple locations including the corner steel reinforcement (TC7) and concrete (TC9 and TC11). 
Good agreement was observed. It should be noted that the fire curve used in the analysis did not perfectly 
simulate the experimental one. Noticeably, the peak temperatures at all locations occur at the time well 
beyond one hour, the time at which the furnace temperature started to decrease. More detailed validation 
results with previous studies are provided in Tiantongnukul [29].  
 

 
Fig. 9. Comparison between the predicted and measured temperatures in specimen B2 [3]. 
 

6. Parametric Study 
 
The effects of heating period, cooling period, location of the steel reinforcement, and aggregate type were 
numerically investigated by the proposed analysis. Hereafter, the Theat and Tpeak represent the temperatures 
of the steel reinforcement at the end of heating and the maximum (or peak) temperature, respectively. This 
Tpeak/Theat ratio indicates the increase in temperature (damage) after heating. The theat and tpeak represent the 
heating period and the time to achieve the peak steel temperature, respectively. This tpeak/theat ratio indicates 
the delayed time. 
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6.1. Effects of Heating and Cooling Periods 
 
Figures 10 to 12 show the effects of heating and cooling periods on Tpeak/Theat and tpeak/theat ratios at the 
critical steel reinforcement for concrete cover thicknesses of 30, 40, and 50 mm, respectively. All figures 
show that Tpeak/Theat ratio increases as the cooling period increases. For each concrete cover thickness, the 
relationship between Tpeak/Theat ratio and cooling period is almost linear at a specific heating period. 
Therefore, a gradual (long) cooling period causes more damage than a sudden cooling after heating. 
However, the effect of cooling period becomes less pronounced at a long heating period. For a specific 
cooling period, the Tpeak/Theat ratio decreases with increasing heating period as a result of the high steel 
temperature during heating. For the heating period beyond 2 h, the increases in steel temperature are less 
than 15, 20, and 30% for concrete cover thicknesses of 30, 40, and 50 mm, respectively. Similar trends are 
observed for the tpeak/theat ratio that indicates the delayed time.  

The effects of aggregate types on the temperature increase and delayed time are minimal at a short 
heating period (≤ 1 h), but become significant at long heating periods. The longer heating and cooling 
periods causes more damage to the carbonate concrete beams than the siliceous ones. 
 

 
(a) 

 

 
(b) 

 
Fig. 10. Effects of heating and cooling periods on (a) Tpeak/Theat ratio and (b) tpeak/theat ratio at the steel 
reinforcement (concrete cover thickness of 30 mm). 
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(a) 

 

 
(b) 

 
Fig. 11. Effects of heating and cooling periods on (a) Tpeak/Theat ratio and (b) tpeak/theat ratio at the steel 
reinforcement (concrete cover thickness of 40 mm). 
 
 

 
(a) 
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(b) 

 
Fig. 12. Effects of heating and cooling periods on (a) Tpeak/Theat ratio and (b) tpeak/theat ratio at the steel 
reinforcement (concrete cover thickness of 50 mm). 
 
6.2.  Effects of Concrete Cover Thickness 
 
Figures 13 to 16 show the effects of concrete cover thickness, i.e., location of the critical steel 
reinforcement, on the Tpeak/Theat and tpeak/theat ratios for 1-h, 2-h, 3-h, and 4-h heating periods, respectively. 
It can be seen that both Tpeak/Theat and tpeak/theat ratios increase as the critical steel reinforcement locates 
more inside the section. As a longer cooling period allows more increase in steel temperature and delayed 
time, the most detrimental effect occurs in case of the longest (4 h) cooling and shortest (1 h) heating 
periods. For both carbonate and siliceous concrete beams, the increases in steel temperature after heating 
are found to be approximately 35, 50, and 75% for concrete cover thicknesses of 30, 40, and 50 mm, 
respectively. The effects of concrete cover thickness on both increases in steel temperature after heating 
and delayed time become less pronounced as heating period increases.  
 
 

 
(a) 
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(b) 

 
Fig. 13. Effects of concrete cover thickness on (a) Tpeak/Theat ratio and (b) tpeak/theat ratio at the steel 
reinforcement (1-h heating). 
 
 

 
(a) 

 

 
(b) 

 
Fig. 14. Effects of concrete cover thickness on (a) Tpeak/Theat ratio and (b) tpeak/theat ratio at the steel 
reinforcement (2-h heating). 
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(a) 

 

 
(b) 

 
Fig. 15. Effects of concrete cover thickness on (a) Tpeak/Theat ratio and (b) tpeak/theat ratio at the steel 
reinforcement (3-h heating). 
 
 

 
(a) 
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(b) 

 
Fig. 16. Effects of concrete cover thickness on (a) Tpeak/Theat ratio and (b) tpeak/theat ratio at the steel 
reinforcement (4-h heating). 
 

7. Conclusions 
 
In this paper, a simplified 2D nonlinear transient thermal analysis of fire-exposed reinforced concrete 
beams based on the finite element method is described. The proposed analysis was used to investigate the 
effects of thermal loadings, concrete properties, and concrete cover thickness on the peak temperature 
distribution in the RC beam section with the emphasis on the temperature at the critical steel reinforcement 
in tension. From the numerical results, the main conclusions can be drawn as follows, 

• When the rectangular RC beams are subjected to a three-sided fire exposure, the steel 
reinforcement located at the bottom corner is the most critical. The temperature inside the beam 
section continues to increase after heating, i.e., the peak temperatures are attained during the cooling 
period. The increases in steel temperature and delayed time are influenced by heating period, cooling 
period, location of steel reinforcement, and aggregate type. 
• The increases in steel temperature and delayed time become more significant when the beam is 
subjected to a short heating and long cooling periods.  
• A gradual cooling associated with a long cooling period causes more increase in steel temperature 
than a sudden cooling after heating. The most detrimental effect occurs in the case of longest (4-hr) 
cooling and shortest (1-hr) heating where the increases in steel temperature after heating in both 
carbonate and siliceous concrete beams are approximately 35, 50, and 75 percent for concrete cover 
thicknesses of 30, 40, and 50 mm, respectively. 
• The effect of cooling period on the increase in steel temperature becomes less pronounced as the 
heating period increases, which implies a high steel temperature caused by a long heating. For the 
heating period beyond 2 h, the increases in steel temperature are less than 15, 20, and 30% for concrete 
cover thicknesses of 30, 40, and 50 mm, respectively. 
• The effect of aggregate type (carbonate or siliceous) on the increase in steel temperature is minimal 
at a short heating period (≤ 1 h), but becomes significant at long heating periods. The carbonate 
concrete beams are more vulnerable to fire damage than siliceous ones when subjected to long heating 
and cooling periods.  
• Both rises in steel temperature and delayed time are higher as the steel reinforcement locates more 
inside the section, i.e., thicker concrete covering. A longer cooling period allows more increase in steel 
temperature. 
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