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Abstract 

A numerical procedure for the thermal analysis of RC slabs at elevated temperatures is the subject 

of this study, where the moisture increase due to the so-called moisture clog occurring in the cooler 

parts of reinforced concrete (RC) slabs is introduced as well. Starting from a systematic 

investigation on the existing concrete constitutive laws available in the literature and in the codes, 

improved concrete constitutive laws are proposed to describe concrete thermal and mechanical 

properties at elevated temperatures. The proposed laws – called also models - are validated against 

well-documented full- and small-scale tests on simply-supported RC slabs. Parametric analyses on 

the behaviour of RC slabs in fire are carried out as well, to clarify the role that the different 

constitutive laws may have in the numerical prediction of RC slabs behaviour under fire conditions. 

Keywords: Reinforced concrete slab; Fire resistance; Numerical analysis; Concrete constitutive 

laws; Moisture content 
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Highlights: 

� Develop a numerical procedure for the thermal analysis of RC slabs in fire; 

� Propose concrete constitutive laws for the analysis of RC slabs in fire;  

� Validate the proposed models against previous fire tests on simply-supported RC slabs; 

� Carry out parametric analyses on the behaviour of RC slabs in fire.  
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1. Introduction 

In recent years, several full-scale fire tests of reinforced concrete (RC) slabs were conducted to 

investigate the influence of the tensile membrane action on the behaviour of floor slabs. However, 

due to the huge costs and complexities associated with the full-scale fire tests, a number of 

numerical models have been developed by various researchers to predict the fire response of 

concrete slabs [1-5].  

When modelling the behaviours of the slabs in fire, it is very important to accurately and efficiently 

determine the temperature distribution within the slabs. So far, two main calculation methods have 

been commonly used to predict the temperature distributions of RC slabs: a combined heat and 

mass transfer analysis and a heat transfer analysis only.  

In 1998, Hurst and Ahmed [6] developed and numerically solved a mathematical model to predict 

heat and mass transfer in concrete structures subjected to fire. The model simulates the changes in 

pore pressure, temperature and moisture with corresponding changes in concrete properties and has 

also been able to predict moisture clog. In 2001, Tenchev et al. [7] proposed a comprehensive 

coupled heat-and-mass transfer model to predict the pore pressures and the moisture migration 

within concrete at elevated temperatures. In 2003, Gawin et al. [8] developed one mathematical 

model to predict the pore pressure, moisture transfer and evaporation within concrete at high 

temperatures. In 2009, Dwaikat and Kodur [9] developed one-dimensional numerical model to 

predict the fire-induced spalling and pore pressure in concrete structures based on principles of 

mechanics and thermodynamics. Although these models are capable of predicting moisture 

concentrations and pore pressures, they are complex and expensive to process. For instance, 

moisture evaporation or migration is a complex process and depends on many material properties, 

such as the porosity and permeability of concrete, which are not well known at elevated 

temperatures. Thus, very often the use of simpler, faster models, which are capable of predicting 

temperatures with reasonable accuracy, is valid. This is especially true if concrete spalling is 

unlikely and the moisture can migrate to an unheated surface and escape. 

As a matter of fact, under physically realistic conditions, if only the temperatures of slabs are 

required for the structural analysis, a simple approach, in which the effect of moisture is treated 

explicitly, can be used to predict the temperature distribution of the slabs in fire. For instance, 

Wickstrom [10] used a modified enthalpy curve applying an average slope to take into account the 

effect of moisture subjected to evaporation in concrete. Huang et al. [11] proposed a model based on 

the theoretical heat and mass transfer in concrete. Lamont et al. [12] developed one adaptive heat 

transfer program HADAPT and considered moisture evaporation by using an enthalpy method. 
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However, the predicted temperatures do not show a pronounced plateau at 100oC due to neglecting 

the localised moisture concentrations. For thermal analysis, Bisby and Kodur [13-14] assumed that 

moisture begins to evaporate from an element when its temperature reaches 100 °C, and the 

temperature of the element remains 100 °C until the moisture has evaporated. In 2007, Capua and 

Mari [15] proposed that the effect of moisture was taken into account using the concept of enthalpy 

by defining a water vapour function to describe the evolution of the latent heat of evaporation. In 

2011, Zhang [16] investigated the weight loss of concrete specimens exposed to various heating 

temperatures together with various exposure times. Results show that weight loss increased 

significantly between 150 oC and 250 oC due to evaporation of capillary water and gel water. In all, 

in terms of obtaining temperature data as input for a structural analysis, a simple approach including 

moisture evaporation but ignoring moisture migration may be well suitable. A slightly conservative 

estimate of the real temperatures will be achieved because the high localised moisture 

concentrations, experienced near the dry–wet interface are ignored.  

Apart from the thermal analysis, the structural behaviour of RC slabs also depends on the 

mechanical properties of concrete at elevated temperatures. Hence, the knowledge of 

temperature-dependent properties of concrete is critical for the assessment of fire-resistant 

performance of RC slabs. A review of the literature shows that the material laws of concrete are 

mainly influenced by the aggregate type [17-19]. However, it is interesting to note that there are 

different points of view on this issue. For example, the models proposed in Eurocode 2 (EC2) [17] 

have the same heat capacity for both siliceous and calcareous aggregate concrete. EC2’s model 

provides two limits for the thermal conductivity of concrete without making reference to concrete 

types. Meanwhile, EC2’s law distinguishes between the concrete types for thermal elongation only. 

In contrast, ASCE code (ASCE) [18, 19] presents the different thermal relationships for the 

siliceous and calcareous concrete, but without considering the effect of concrete types on their 

mechanical properties.  

Since there are no universally acceptable constitutive relationships available for concrete at high 

temperature, several uniaxial laws of concrete at elevated temperatures were proposed in the 

literature, particularly the transient strain. In 2005, based on the available relationships for the 

mechanical behaviour of concrete at elevated temperatures, Li and Purkiss [20] proposed a 

stress-strain-temperature law which incorporated the effect of transient strain implicitly. In 2007, 

according to the review of the existing laws for concrete at elevated temperatures, two general 

stress-strain relationships were proposed by Youssef and Moftah [21]. In these concrete material 

laws the transient strain is modelled by shifting the strain at maximum stress. However, the two 

laws can hardly be used in the structural analysis of RC members in fire, due to their complexities. 
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In 2008, Law and Gillie [22] reported that considering the transient strain implicitly can have an 

important influence on the Young’s modulus calculation of concrete. In 2012, based on EC2, 

Gernay and Franssen [23] proposed a new formulation of EC2 concrete material law (ETC law) that 

contains an explicit term for transient strain. Comparing the different constitutive laws leads to the 

conclusion that it is preferable to consider the transient strain explicitly. However, the main 

parameters of the ETC law are based on those of siliceous concrete at elevated temperatures (EC2 

law). In addition, in 2013, Gernay et al. [24] developed a multiaxial constitutive model for concrete 

based on a plastic-damage formulation and considered the effect of transient creep strain explicitly.  

In 2016, Torelli et al. [25] systemically reviewed experimental and analytical works on the 

load-induced thermal strain (LITS) component, discussed the necessity for explicitly modelling the 

LITS component in the numerical simulations as well as its physical mechanism. In 2017, Torelli et 

al. [26] presented a novel 3D LITS model to be used for concrete subjected to transient 

temperatures up to 250°C and investigated that the development of LITS significantly influences 

the stress redistribution in the structure. Previous studies indicated that accurate and robust 

constitutive models are crucial for reliably assessing the fire behaviour of concrete structures. 

However, the simplified models for practical applications in real structural fire engineering design 

are urgently required [25-27]. Hence, developing a general-purpose constitutive model for concrete 

in fire may still be considered as an open issue. At present, very limited research has been 

conducted to assess the influence of different concrete constitutive models on the analysis of RC 

members in fire [27].  

Therefore, the main objectives of this paper are to: 

• Develop a simplified numerical procedure for the thermal analysis of RC slabs at elevated 

temperatures. In the proposed model the moisture increase due to the moisture clog within 

the cooler part of cross-section of RC member is considered. 

• Conduct a systematic investigation on the existing concrete constitutive laws, which are 

proposed by current design codes and literature. Based on this study, some shortcomings of 

the existing constitutive models recommended in the current design codes are revealed and 

discussed. Also more accurate concrete constitutive laws at elevated temperatures are 

proposed, in which the stress-strain relationship is mainly based on the model developed by 

Anderberg and Thelandersson [28]. The accuracy of the proposed models is validated by 

modelling a series of well-documented full-scale and small-scale fire tests on the simply 

supported RC slabs.  

• Conduct a series of parametric studies to understand the effects of concrete material laws on 
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the fire performance of RC slabs. 

2. Development of a simplified thermal analysis model 

2.1  Assumptions 

In this study, the main assumptions for the development of the thermal analysis models are:  

(1) For the calculation of the temperatures of RC slabs, the influence of the steel reinforcement is 

ignored.  

(2) Evaporation of water within the RC slabs is considered for predicting temperature distribution. 

According to the test results, the temperature of boiling water inside the concrete ranges from 

100°C to 140°C, and a linear evaporation function is used to consider the evaporation of the 

water.  

(3) The moisture content along the thickness of concrete slab is assumed to be a simple function of 

the temperature.  

(4)  Spalling of concrete is not considered in the heat transfer analysis. 

2.2  Governing equations 

Using above assumptions, the energy equation within the concrete can be expressed as [15]: 

( ) ( ) ( ( ) ) ( ( ) ) ( ( ) )wLT T T T
T c T k T k T k T Q

t t x x y y z z
ρ ∂∂ ∂ ∂ ∂ ∂ ∂ ∂+ = + + +

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
           (1) 

where: T is the temperature (°C), t  is the time (s), ( )k T , ( )Tρ  and ( )c T  denote the 

temperature-dependent thermal conductivity (W/m K), density (kg/m3) and specific heat capacity 

(J/kg K), respectively, Q is the internal heat generation (J), in the current model it is assumed Q

=0, wL  is the latent heat function due to the evaporation of water. 

Based on Capua’s model [15], one modified latent heat function wL , which involves the effect of 

the moisture content, is proposed as: 

     ,20 w 0 20( ) ( )w c h wgL m T w l f Tρ=             (2) 

where ,20cρ
 
is the concrete density at 20°C (kg/m3), 0w  is the initial moisture content by weight 

(%), 20hl  is the latent heat of evaporation of water (J/kg), ( )wgf T is the water vapour fraction 

function, and w ( )m T  is the correction function of the initial moisture content.  
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The latent heat of evaporation 20hl  is defined as [7, 29]: 
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            (3) 

Eqs. (1) and (2) were used by Capua et al. [15] to predict the temperature of RC columns and the 

numerical results were compared with test results reported in the literature. It was found that the 

agreement between the predicted and measured values was not good enough, particularly at the 

positions of cooler zones of the cross-section. A main reason is that a uniform value of moisture was 

assumed in the analysis while in reality moisture was higher in the cooler zones of the cross-section 

due to moisture clog [6].  

Hence, in this study, in order to take into account the effect of the non-uniform moisture content on 

the temperature distributions of RC slabs, the functions ( )wgf T  and w ( )m T  are defined as: 
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where wg( )g T  is a linear function, mw(T) is the correction function of moisture content. For the 

slab with large thickness, mw(T) is assumed to be 2.0. For the thin slab, mw(T) is equal to 0.0. These 

assumptions are supported by previous test results. 

According to Eqs. 4(a) and 4(b), the time derivate of wL  is obtained as: 

     
,20 ( )w w

c

L L T T
c T

t T t t
ρ∂ ∂ ∂ ∂′= =

∂ ∂ ∂ ∂
          (5a) 

   
wgw h20

0 h20 wg w wg w h20

( )( ) ( )
( ) [ ( ) ( ) ( ) ( ) ( ) ( ) ]

f Tm T l T
c T w l T f T m T f T m T l T

T T T

∂∂ ∂′ = + +
∂ ∂ ∂

           (5b) 

Hence, Eq. (1) can be defined as follows: 

    
,20( ) ( ) [ ( ) ( ) ( )]w

c

LT T
T c T T c T c T

t t t
ρ ρ ρ∂∂ ∂′+ = +

∂ ∂ ∂
 (6) 
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2.3  Boundary conditions 

The heat transfer at the exposed and unexposed surfaces of the slab can be depicted by Eq. (7): 

     
4 4( ) [( 273) ( 273) ]c r

T
k h T T T T

n
σε∞ ∞

∂− = − + + − +
∂

 (7) 

where n  is the outward normal direction of the slab surface, ch  is the convective heat transfer 

coefficient (W/(m2 K)), T  is the surface temperature of the slab (°C), T∞ is the environment 

temperature (°C), σ is the Stefan-Boltzmann constant (5.67×10-8 W/(m2 K4)), and rε is the 

resultant emissivity between fire and exposed surface of slab. In this study, the convection 

coefficient is assumed to be hc = 30W/(m2 K) for the exposed surface of the slab, hc = 10W/(m2 K) 

for the unexposed surface. The resultant emissivity of the exposed surface is assumed to be εr=0.3, 

and εr=0.2 is assumed for the unexposed surface. 

2.4  Thermal properties of concrete 

The thermal properties of normal strength concrete are available in both EC2 (Eurocode 2, 2004) 

[17] and ASCE (ASCE, 1992) [19]. In the current thermal analysis procedure, the thermal 

properties of concrete are calculated using the laws proposed in EC2 [17]. In addition, spalling was 

not considered in this paper for simplicity [13-14].  

2.5  Validations 

The thermal analysis model developed above has been incorporated into the computer program 

developed by the first author [30] for the thermal analysis of RC slabs under fire conditions. In this 

section, the proposed simplified thermal analysis model is validated by modelling several full-scale 

and small-scale fire tests of RC slabs. Two full-scale flat slabs, named D147 and 661, tested at the 

University of Canterbury in New Zealand [31] were used. One full-scale RC slab, named Slab 

4ES-2, tested at Shan Dong Jianzhu University in China [32] was also modelled. In addition, 10 

small-scale slab tests, named Slabs MF1-MF10 [33], were also used to validate the present models. 

Some main parameters of these tests are summarised in Table 1. The details of the tests can be 

found in references [31-33]. Note that, spalling did not occur in these tested slabs.  

Figs. 1 to 3 show the comparisons of the predicted and measured temperatures at the various 

locations through the thickness of the slabs for the entire fire exposure. Generally, reasonable 

agreements between the predicted and measured temperatures for all slabs were achieved in the 

validations. Hence, the proposed simplified thermal analysis model in this paper can be used to 
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predict the temperatures of RC slabs under fire conditions. Overall, for the full-scale thick slabs, a 

value of mw = 2.0 gives reasonable predictions. Unless otherwise stated, mw is assumed to be 2.0 in 

the following analysis, and this assumption is consistent with the theoretical results [6-7]. As shown 

in Fig. 3 the influence of the moisture content is not significant due to the small thickness of the 

slab. Hence, it is reasonable to assume mw = 0 for the slabs with small thickness.  

3.  Development of robust uniaxial concrete constitutive laws at elevated temperatures 

The temperature-dependent material properties of concrete are critically important for analysing the 

fire response of RC slabs. The mechanical properties of concrete are degraded considerably at 

elevated temperatures.  

3.1  Stress-strain relationship 

The stress-strain relationship proposed in this paper is mainly based on the law proposed by 

Anderberg and Thelandersson [28], which is a modification of the conventional stress-strain 

equation of concrete at ambient temperature. The proposed stress-strain relationship is parabolic for 

the ascending branch and linear for the descending branch. The ascending branch of the stress-strain 

curve can be expressed as:  

     

2

, , 2
, ,

2
[ ]c T c T

p T p T

f
ε εσ

ε ε
= − , ,p Tε ε≤  (8) 

where ,c Tf  and ,p Tε  are respectively the compressive strength and the strain at the peak stress at 

temperature T. 

The Young’s modulus of concrete can be calculated as: 

     , , ,2 /c T c T p TE f ε=  (9) 

According to Eqs. (8) and (9), the hardening function can be calculated as: 

     , , , , , , ,2c ep T c T c ep c T c T c epE E fσ ε ε= − + ，

'
c,T0.3f < , ,c ep Tσ < '

c,Tf  (10) 

where , ,c ep Tσ  is the effective stress at temperature T and ,c epε  is the effective plastic strain at 

temperature T.  

Figs. 4(a) to 4(e) show the comparisons of the current law with the laws of EC2 [17] and ASCE [19] 

at different temperatures. It is can be seen that at lower temperatures, there is little difference among 
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the three laws. However, the three laws vary considerably when concrete temperature is high (above 

400 oC). For example, EC2 relationship predicts higher strain at a given stress level or a higher peak 

strain at given temperature. This indicates that EC2 law predicts a higher ductility. In contrast, the 

stress-related strains evaluated according to ASCE law are higher than the EC2 and the current 

models. The comparisons show that ASCE law exhibits the largest stiffness, while EC2 relationship 

is characterised by high deformability of concrete.  

3.2  Reduction factor of compressive strength 

As shown in Fig. 5, a number of material laws exist in the literature for estimating the reduction 

factor of concrete compressive strength at elevated temperatures. It can be seen that there is a large 

variation from the different laws. For instance, the major difference between EC2 and ASCE is the 

effect of aggregate type on the compressive strength. In addition, the reduction factor of ASCE 

seems to be closer to the upper bound, and that of EC2 is closer to the lower bound [18]. According 

to the available models, one generic law is proposed here with neglecting the effect of aggregate 

type (see Table 2 and Fig. 5).  

3.3  Peak strain 

Fig. 6 presents the peak strains of concrete at elevated temperatures for different laws. Obviously, 

the laws of EC2 (2004) [17] and ASCE [19] provide the upper bound for the peak strain, and EC2 

(1995) [34] provides the lower bound. It is evident that up to 500oC, the peak strains given in EC2 

(2004) and ASCE are close to each other and higher than those provided by the other laws. 

However, for higher values of temperature, there are clear differences in the peak strains between 

ASCE and EC2 laws. It should be mentioned here that in EC2 law, the peak strain includes the 

transient strain. Hence, as shown in Fig. 6, a general-purpose strain relationship is proposed for the 

peak strain as: 

     

3 6 8 2 o

, 3 o

2.5 10 8.8 10 1.5 10 800 C

20 10 800 C
p T

T T T

T
ε

− − −

−

 × + × + × ≤
= 

× >
 (11) 

3.4  Free thermal strain 

Fig. 7 shows the comparison of the free thermal-strain curves for the different laws. It is well 

known that the effect of aggregate type on the thermal strain is significant. However, only EC2 

(2004) [17] distinguishes between the concrete types for thermal strain. On another hand, the 

difference gradually increases as temperature increases, particularly above 500oC. For instance, at 

700oC, the thermal strain of Nechnech’s law [36] is 7.88×10-3, but that of EC2 law is 13.2×10-3, the 
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ratio is 1.68. Meanwhile, above 700 oC, the value of the thermal expansion coefficient is a 

controversial issue. In fact, the previous experimental results indicate that in the temperature of 700 

to 900 oC, the free thermal strain does not increase [28]. But, ASCE and Nechnech [36] laws do not 

reflect this realistic property of concrete at elevated temperatures. Based on the comparisons, a 

generic thermal-strain law is proposed here, which is the modification of Nechnech’s law. That is: 

     

6 o

6 o o

o

10 10 300 C

(0.025 2.5) 10 300 C 900 C

0.0 900 C

T

T T

T

α

−

−

 × ≤
= + × < ≤
 >

           (12) 

3.5  Transient strain 

As reported in the literature, the transient strain of concrete is the strain that cannot otherwise be 

accounted for due to the decomposition of the cement paste. It occurs under compressive stress as 

temperature increases, and is essentially permanent, unrecoverable, and only occurs under initial 

heating. Also it is temperature-dependent and independent of time. The experimental results show 

that the transient strain is linearly proportional to the applied stress and nonlinearly increases with 

temperature [28].  

For many researchers the transient strain law proposed by Anderberg and Thelandersson [28] has 

been adopted to calculate concrete transient strain. In this law the increment of concrete transient 

strain ∆εtr is related to the concrete thermal strain as: 

         th
tr tr th tr

,20 ,20c c

k k T
f f T

εσ σε ε ∂∆ = ∆ = ∆
∂

 
                

(13) 

where ktr is a constant ranges between 1.8 and 2.35; ∆εth is the increment of concrete thermal strain; 

σ is the compressive stress; T is the temperature of concrete; fc,20 is concrete strength at room 

temperature and εth is concrete thermal strain. ktr (∂εth/∂T) in Eq. (13) is defined as the transient 

strain function, which is related to T. 

According to the existing laws [4, 37-39], the two simple transient strain relationships are proposed 

here to predict the upper and lower limits of the transient strain as: 

6 8 11 2
tr,upper

,20

[2.08 10 5.66 10 12.27 10 ] T
c

T T
f

σε − − −∆ = × + × + × ∆  
          (14) 
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6 9 11 2
tr,lower

,20

[9.59 10 5.5 10 11.19 10 ] T
c

T T
f

σε − − −∆ = × + × + × ∆            (15) 

According to Eq. (13), the concrete transient strain is influenced by using different thermal stain 

laws. Fig. 8 shows the comparison of the transient strain function (ktr (∂εth/∂T)) using different 

concrete thermal strain laws. It can be seen from Fig. 8 that the transient strain functions calculated 

by different concrete thermal strain laws exhibit a more limited dispersion when the temperature of 

concrete is less than 500 oC. However, there are larger variations in the transient strain functions 

when the temperature of concrete is above 500 oC. This is partly because fewer test data were 

reported for temperatures higher than 500oC. Previous research indicates that there are two different 

points of view about the relationship between the transient strain and free thermal strain, 

particularly in the temperature range of 20 to 550oC. For example, for Anderberg’s model [28], the 

transient strain is proportional to the free thermal expansion, and thus the aggregate type has an 

important effect on this strain. However, according to the test results, Khoury et al. [40] reported 

that the transient strain is physically independent of the free thermal expansion. From the 

perspective of numerical analysis, it is reasonable to assume that the transient strain is proportional 

to the thermal strain, due to the same order of magnitude.  

3.6  Creep strain 

A review of the literature shows that the conventional creep strain is generally omitted in the 

structural analysis of RC members in fire. The main reason is that the creep strain plays a minor 

role compared to other strains. Hence, it is not considered in this paper. 

For reinforcing steel, the total strain has three components, i.e., thermal strain, stress-related strain 

and creep strain. The instantaneous stress-related strain and thermal strain are evaluated according 

to EC2 law [17]. The creep strain is based on the Dorn-Harmthy relationship. The details of the 

steel material laws can be found in Ref. [30]. 

The concrete constitutive laws developed above have been incorporated into the computer program 

developed by the first author [30] for the structural analysis of RC slabs under fire conditions. 

3.7  Validations 

To validate the proposed transient laws two tests [28, 37] are used here. The details of these 

concrete specimens can be found from references [28] and [37].  

(a) Test one [37] 

Figs. 9(a) and 9(b) show the comparison among the transient strains predicted by the different laws 
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against the test results for two stress levels. It is evident that the two specimens were first subjected 

to a uniaxial compressive stress and then heated at a constant rate. Clearly, the predictions of current 

laws agree reasonably well with the test data. For the two cases, the predictions of EC2 thermal 

strain law compare well with the test data, and the ASCE thermal strain law generally predicts the 

lower values of transient strain.  

(b) Test two [28] 

For this case, the concrete specimens were heated under two constant stress levels: 22.5% and 35.0% 

of the initial compressive strength fc [28]. The predictions of total strain by the different laws, 

together with the test results are shown in Fig. 10. It can be seen that the present laws reasonably 

predict the trend of the stress-related strain. In the temperature range of 20 to 600oC, the predicted 

results of the current laws agree reasonably well with the test data. However, when the temperature > 

700 oC, the stress-related strains are underestimated by the present laws. Similar predictions were 

provided by ASCE and EC2. It is obvious that the predictions by the present upper law agree better 

with the measured results.  

4. Modelling the RC slabs fire tests 

In this section, 3 full-scale slabs [31-32] and 10 small-scale slabs [33] tested in fire were modelled 

using the thermal model and concrete material laws developed in this paper. As mentioned above, 

the predicted temperatures of the slabs were used as the temperature inputs for the structural 

analysis. 

Figs. 11 and 12 show the comparisons between the tested central deflections and the current 

model’s predictions for the full-scale slabs [31, 32]. Figs. 13 to 15 show the comparisons between 

the tested central deflections and the current model’s predictions for the small-scale slabs [33].  

Table 3 gives the quantitive comparisons between the predicted and tested results in terms of the 

mid-span deflection δ and fire resistance time t. Also the ratio of predicted (δ, t) and tested (δexp, texp) 

were calculated separately for each slab. Clearly, the mean values of t/ texp and δ/δexp are 0.88 and 

1.04 with the standard deviation of 0.09 for the full-scale slabs [31, 32]. However, the mean values 

of t/ texp and δ/δexp are 0.83 and 0.5 with the standard deviation of 0.26 for the small-scale slabs [33]. 

It is evident that the considerable differences between the predicted and tested results for the 

small-scale slabs [33] are partly due to the inaccurate predictions of the temperatures within the 

small-scale slabs. Only one slab’s test temperatures were reported in Ref. [33]. However, in 

comparison with the test results, the predictions generated by current models are on the 

conservative side. Therefore, the current models can be used for the fire resistance design of RC 
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slabs. 

5.  Parametric studies 

In this section, a series of parametric studies on the behaviour of RC slabs under fire conditions are 

presented, including the moisture content (mw), transient strain, different constitutive models and 

size effect. In this study, spalling of the slabs was not taken into account for simplicity. 

5.1  Effect of moisture content (mw) 

In the paper, for the thermal analysis, a parameter mw was introduced to take into account the 

non-uniform distribution of moisture content along the thickness of slabs due to the influence of 

moisture clog.  It is assumed that the moisture content along the thickness of concrete slab is a 

simple function of the temperature. However, the distribution of moisture content along the 

thickness of slabs with time is extremely difficult to measure experimentally with a good degree of 

accuracy [1-2], and thus the test data is relatively rare. Therefore how to determinate the value of 

mw for the slab with different thicknesses is not an easy task. In all, the present method is mainly 

applicable for the slabs with similar thickness and heating rates to these discussed in the paper. For 

other cases, the corresponding tests and numerical analysis are needed.  

Hence, in this section the influence of mw is assessed by modelling of the full-scale slabs (D147, 

661 and 4ES-2). Four values of mw = 0; 1.0, 2.0, 3.0.were used and the results are shown in Figs.16 

and 17 which indicate the impact of mw on the thermal and structural behaviours of slabs under fire 

conditions.   

As shown in Fig.16, the moisture content has a considerable influence on the temperature histories 

of the full-scale slab, in which the predicted temperatures decrease as the moisture content increases. 

With the increase of the distance from the fire exposed surface, the influence of the moisture 

content becomes more and more significant on the temperature development within the cooler part 

of the slab. Take Slab D147 as an example, after 100 min fire exposure, the predicted temperature at 

the fire exposed surface decreased from 964°C to 954°C, when mw increased from 0 to 3, while the 

corresponding temperature at 95mm (away from the fire exposed surface ) decreased from 241°C to 

121°C. In addition, as mw increased from 0 to 3, the duration of the temperature plateau of Slab 

D147 (at 95mm) increased from 0 to 35 min.  

As shown in Fig. 17, the influence of moisture contents on the predicted deflection is considerably 

significant in the full-scale slabs. This is due to the impact of moisture content on the temperature 

predictions of the slab. For example, as mw increased from 0 to 3.0, the fire resistance of the Slab 
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D147 increased from 131 to 155 min (increase ratio = 16.5%), Similarly, the increased ratios of the 

Slabs 661 (from 138 to 148 min) and 4ES-2 (from 185 to 213 min) are 7.3% and 15.1%, 

respectively.  

5.2  Effect of the transient strain 

To investigate the effect of the transient strain on the structural behaviour of RC slabs, one full-scale 

slab (Slab D147 [31]) and one small-scale slab (Slab MF3 [33]) were modelled. For each slab, three 

analyses were conducted: (1) neglecting the transient strain, (2) a transient strain modelled using the 

current lower bound law, and (3) a transient strain modelled using the current upper bound law.  

Figs. 18(a) and 18(b) show the mid-span deflections against test time, for the three analyses. It is 

evident that the transient strain has a limited influence on the structural behaviour of RC slabs under 

fire conditions. This is because the slabs are mainly subjected to bending, and the compressive 

stresses are mainly distributed within the cooler top part of the slabs. As reported in reference [4], 

the effect of transient strain on the behaviour of the simply supported RC beam can be neglected in 

the numerical analysis. 

5.3 Effect of concrete material laws 

To investigate the influence of different concrete thermal laws on the predictions of temperatures 

within the RC-slabs, a full-scale Slab D147 [31] and a small-scale slab [33] were modelled using 

EC2, ASCE and present thermal laws. The results are shown in Figs. 19(a) and 19(b).  

As shown in Fig. 19(a), the predicted temperatures on the exposed surface are almost identical for 

the three different laws. However, at other points, there is a considerable deviation between the 

three predictions. In addition, at the positions close to the unexposed surface, EC2 and ASCE laws 

cannot predict the temperature plateau (about 100°C). As shown in Fig. 19(b), in this case there is a 

little discrepancy between the three predictions. This is because the thickness of the slab is small. 

Overall, the current model gives reasonable predictions. 

The comparative analysis shows that since EC2 and ASCE thermal models do not consider the 

moisture clog within the cooler part of the cross-section of structural members, their models cannot 

reasonably predict the temperature plateau, particularly for the thick slabs. However, according to 

the test results there was no clear temperature plateau existed within the cross-section of thin slab. 

Hence, the moisture clog can be neglected in this case. The moisture clog reflects the size effect of 

slabs. It is clear that as the slab’s thickness increased the influence of the moisture clog effect 

become more significant.  
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For EC2 model, it is assumed that the initial moisture content is uniformly distributed along the 

cross-section of structural members. Therefore the initial moisture content is considered by 

increasing specific heat of concrete [17]. However, in the current developed model it is assumed 

that the moisture content is non-uniformly distributed along the cross-section of slabs due to the 

influence of moisture clog which leads to larger moisture content values (such as 2 or 3 times the 

initial moisture content) at the temperature between 100°C and 300°C. Similarly, for the ASCE 

model [18-19], the effect of moisture content on the heat capacity of concrete is not considered.  

For assessing the influence of the different concrete constitutive laws on the predictions of 

structural behaviour, the previously-mentioned concrete slabs (D147 [31] and MF9 [33]) were 

modelled using EC2, ASCE, and the concrete constitutive laws developed in this paper. The 

comparison of the predicted mid-span deflections of the RC-slabs using the different constitutive 

laws is shown in Figs. 20(a) and 20(b). It can be seen that the predictions of different models have 

considerable variations. It is evident that ASCE law generally underestimates the mid-span 

deflection of the slabs and predicts high fire resistance time. The predictions of the current model 

are relatively closed to the results of EC2 law. Overall, compared to the test results the current 

model is able to give reasonable predictions and conservative fire resistance (Table 3).  

The analysis indicates that compared to the experimental results, the deflections of the concrete 

slabs predicted based on EC2 or ASCE models may be overestimated or underestimated. This 

observation is similar to the results discussed in Ref. [18]. One main reason is that compared to the 

experimental data, the compressive strength reduction factor proposed in ASCE model seems to be 

closed to the upper bound, and EC2 model is closed to the lower bound. In addition, compared to 

EC2 and ASCE models, the major difference is how to consider the effect of aggregate type. As 

discussed above, EC2 model does not account for the effect of aggregate type on the thermal 

capacity but considers its effect on the compressive strength and thermal strain. In contrast, ASCE 

model accounts for the effect of aggregate type on the thermal capacity and thermal conductivity 

but does not consider its effect on the compressive strength and thermal strain.   

5.4  Effect of finite element size 

The influence of mesh size (3×4 and 6×8) on the structural response of the RC slabs in fire were 

investigated, as shown in Figs. 21(a) and 21(b). Clearly, a mesh of 3 elements for the short span and 

4 elements for the long span can generate reasonable predictions for Slabs D147 and M9. In other 

words, the deflection of the slabs was found to be non-sensitive to the mesh size. This observation 

is similar to the numerical results in Reference [41].  

Figs. 22(a) and 22(b) show the distributions and orientations of the two principal membrane 
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tractions at the Gauss points of Slab M9 (different meshes). The compressive and tensile membrane 

tractions are plotted as thick and thin lines, respectively. The lengths of the lines indicate the 

magnitude of the membrane tractions. Clearly, the similar membrane distributions further verifies 

the efficiency of the present model. 

5. Conclusions 

In this paper a numerical procedure for thermal analysis of RC slabs at elevated temperatures has 

been proposed. In this model the moisture increase due to the moisture clog within the cooler part of 

the cross-section of a RC member is considered. Based on a systematic investigation of the existing 

concrete constitutive laws available from current design codes and literature, the concrete 

constitutive laws at elevated temperatures are proposed. The proposed thermal and constitutive laws 

of concrete are compared with the laws of the current design codes and the laws proposed in the 

previous literature. The new models are also validated against the well-documented full-scale and 

small-scale fire tests on simply supported RC slabs. A series of parametric studies on the behaviour 

of RC slabs under fire conditions are conducted to investigate the effect of moisture content, 

transient strain, different concrete material laws and size effect on the analyses of the RC slabs 

under fire conditions. Based on the results generated in this research the following conclusions can 

be drawn: 

• The thermal analysis model developed in this paper can be used to predict the temperatures 

of RC slabs under fire conditions. The moisture content within the RC slabs has a 

considerable influence on the temperature distributions of the slabs in fire. The structural 

behaviour of the slabs is also affected by the moisture content of the concrete. Hence, the 

moisture content of RC slabs needs to be accurately accounted for in calculating the fire 

resistance of RC slabs. 

• There are considerable variations of the predicted temperatures for RC slabs in using the 

existing concrete thermal models. The EC2 [11] and ASCE [13] laws cannot predict the 

temperature plateau (about 100°C) within RC slabs. 

• The concrete constitutive laws proposed in this paper are able to predict the fire resistance 

times of the slabs with good accuracy. Compared to the test results the predictions are on the 

safe side. Hence, it can be argued that the proposed concrete constitutive laws can be used 

for the fire resistance design of RC slabs. 

• As slabs are mainly subjected to bending, the compressive stresses are mostly distributed in 

the top fibers, which are the coolest part of the slab. Consequently, in the simply-supported 
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RC slabs, the effect of concrete transient strains is negligible. 

• The results obtained from the parametric studies show that the predictions by different 

concrete constitutive laws have considerable variations. It is evident that the ASCE [13] 

laws generally underestimates the mid-span deflection of the slabs and predicts high fire 

resistance time.  
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Tables 

Table 1 Details of tested RC slabs. 

Property D147 661 4ES-2 MF1 MF2 MF3 MF4 MF5 MF6 MF7 MF8 MF9 MF10 

Length (mm) 4300 4300 6000 1700 1100 1700 1100 1700 1100 1700 1100 1700 1100 

Width (mm) 3300 3300 4500 1100 1100 1100 1100 1100 1100 1100 1100 1100 1100 

Thickness (mm) 100 100 120 19.7 23.1 19.0 19.8 20.1 19.5 18.8 20.9 21.6 21 

Applied load (kN/m2) 3.0 3.0 2.0 5.28 5.52 3.66 5.43 5.28 7.90 4.46 4.65 3.70 5.49 

Concrete 

Compressive 
strength (MPa) 37.0 37.0 32.0 43.2 43.3 39.1 39.0 37.1 38.5 43.8 43.5 47.1 40.4 

Cover thickness 
(mm) 25 25 15 5 

Reinforcing 
steel 

Diameter (mm) 8.7 7.5 8.0 2.43 2.41 1.54 1.54 1.51 1.51 0.85 0.85 0.71 0.71 

Steel content 
(mm2/m) 

198 295 
L* W* 

91.3 90 73.4 73.4 141 141 44.7 44.7 62.4 62.4 
280 250 

Yield strength 
(MPa) 

565 568 435 709 732 343 343 435 435 438 438 410 410 

L*: long span direction; W*: short span direction 

 

Table 2 Proposed reduction factor of concrete compressive strength at elevated temperatures. 

T (oC) 20 100 200 300 400 500 600 700 800 900 1000 1100 1200 

, ,20/c T cf f  1.0 0.98 0.96 0.92 0.84 0.70 0.53 0.35 0.20 0.09 0.04 0.016 0 

 

Table 3 Predicted and tested mid-span deflections and fire resistance times for the slabs. 

Slab D147 661 4ES-2 MF1 MF2 MF3 MF4 MF5 MF6 MF7 MF8 MF9 MF10 

Tested 

texp (min) 180 180 192 166.6 181.5 176.5 166.6 176.5 190 135 157.0 157 162 

δexp (mm) 271 208 257 -197.2 -161.6 -200 -147 -200 -170 -160 -117.0 -160 -110 

Predicted 

t (min) 144 146 202 149.4 143.7 145.2 139.8 152.1 138.9 125.1 115.1 132.6 137.5 

δ (mm) 231 254 272 -89.7 -70.2 -87.8 -71.3 -91.1 -69.5 -77.4 -71.8 -85.9 -74.0 

Predicted/ 

Tested 

t/ texp 0.80 0.80 1.05 0.90 0.79 0.82 0.84 0.86 0.73 0.93 0.73 0.85 0.85 

δ/δexp 0.85 1.22 1.06 0.46 0.43 0.44 0.49 0.46 0.41 0.48 0.61 0.54 0.67 
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Fig. 1 The effect of the moisture content on the temperature distributions of the slabs [31]. 
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Fig. 2 The effect of the moisture content on the temperature distributions of the Slab 4ES-2 [32]. 
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Fig. 3 The effect of the moisture content on the temperature distributions of the small-scale slab 

[33]. 
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Fig. 4 Comparison of the stress-strain relations of three concrete material laws at different 
temperatures. 
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Fig. 5 The reduction factors of concrete compressive strength at elevated temperatures for different 

laws. 
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Fig. 6 The peak strains of concrete at elevated temperatures for different laws. 
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Fig. 7 Comparison of the free thermal-strain curves for the different laws. 
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Fig. 8 Comparison of the different transient strain functions with different laws of concrete thermal 

strain. 
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Fig. 9 Comparison of the predicted transient strains of the different laws against the test results.   
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Fig. 10 Predictions of the total concrete strain by different transient strain laws, together with the 
test results. 
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Fig. 11 Comparison of the tested deflection against the deflection predicted by present model [31].  
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Fig. 12 Comparison of the tested deflection against the deflection predicted by present model [32]. 
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(b) Slab MF2 
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(c) Slab MF3 
 

Fig. 13 Comparison of the tested and predicted deflections of the small-scale slabs [33]. 
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(a) Slab MF4 
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(b) Slab MF6 
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(c) Slab MF7 

Fig. 14 Comparison of the tested and predicted deflections of the small-scale slabs [33]. 
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(a) Slab MF8 
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(c) Slab MF9 
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(c) Slab MF10 
 

Fig. 15 Comparison of the tested and predicted deflections of the small-scale slabs [33].  
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(a) Slab D147 
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(b) Slab 661 
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(c) Slab 4ES-2 

Fig. 16 The effect of the moisture content on the temperature distributions of the full-scale slab 
tests. 
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(b) Slab 661 
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(c)  Slab 4ES-2 

Fig. 17 The effect of the moisture content on the deflections of the full-scale slab tests.  
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(b) Slab MF3 
 

Fig. 18  Effect of the transient strain on the structural behaviour of the slabs. 
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(a) Slab D147 [31] 
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(b) Small-scale slab [33] 

Fig. 19 Comparison of the predicted temperatures of the RC-slabs using different concrete thermal 
laws. 
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(c) Slab MF9 [33] 

 

Fig. 20  Comparison of the predicted mid-span deflections of the RC-slabs using different concrete 
constitutive laws. 
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(b) Slab MF9 [33] 

 

Fig. 21 Comparison of the predicted mid-span deflections of the RC-slabs using different mesh 
sizes. 
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(a) Mesh 3×4  

 

 

(b) Mesh 6×8 

Fig. 22 Distributions of two principal membrane tractions at Gauss points of slab M9 at 120 min 

(thick line = compression; thin line = tension). 
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