
  
Abstract---The response of concrete structures under fire is 

very important as fire represents as an extreme loading and 
severe environmental condition to a structure. The use of High 
Strength Concrete (HSC) in concrete construction is getting 
very popular now. There is an increased focus on the use of 
numerical methods and performance based fire design on 
concrete structures, which requires a temperature dependent 
material relationship. In this paper, a constitutive temperature 
dependent material model for HSC under fire is presented. 
Temperature dependent compressive strength, tensile strength, 
elastic modulus, peak strain and stress-strain relationships are 
discussed and identified. The model describes the variation of 
these properties at elevated temperatures and can be 
implemented into finite element software for analysis of HSC 
systems under fire.  The proposed model is then compared with 
the experimental data collected and the existing models 
proposed by other researchers on conventional concrete and 
HSC. It shows close agreement with the test data and being 
more straightforward and simple for the numerical 
implementation than that of other HSC models.  
 

Index Terms—High strength concrete, elevated 
temperatures, fire, constitutive model, stress-strain 
relationship. 
 

I. INTRODUCTION 
Fire safety is a main requirement for modern structure 

designs. It is necessary to provide adequate fire safety 
measures for a structural system as fire represents a major 
hazardous and extreme loading conditions to which a 
structure might be exposed to within its life time duration. A 
structure subjected to elevated temperatures in fire is 
expected to keep its integrity, maintain its load bearing 
capacity for a certain period of time as well as to prevent 
and delay the spread of the fire to the surrounding 
environment. Currently, fire safety design of concrete 
structures is achieved based on the prescriptive approach 
and fire ratings, of which have been set up on standard fire 
tests and empirical methods [1]. This approach has clear 
major shortcomings: being expensive, size limitation on the 
specimen to be tested, time consuming and sometimes it 
does not provide an actual representation and evaluation of 
the whole structure under fire. There has been a major push 
recently to use the performance based and numerical method 
for a better analysis and fire design of concrete structures 
instead. 
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Therefore, major codes of practice are moving towards 
the use of this approach, which requires a temperature 
dependent constitutive material model and the properties of 
concrete to be established to have a better representation on 
its behaviour under fire and elevated temperatures [2], [3]. 
These properties are compressive strength, tensile strength, 
elastic modulus, creep strain, peak strain, thermal expansion, 
thermal conductivity and specific heat capacity. Concrete 
subjected to elevated temperatures in fire experiences a 
decrease in compressive strength, tensile strength, elastic 
modulus, an increase in peak strain and a change in the 
stress – strain relationship [4], [5]. Some models have been 
proposed for compressive strength, tensile strength, elastic 
modulus, peak strain and stress – strain relationship for 
normal strength concrete (NSC) at elevated temperatures but 
only a few models are available for high strength concrete 
(HSC) under fire. The use of HSC is gaining popularity in 
the construction industry, HSC performs differently when 
compared with NSC under fire. HSC loses compressive 
strength and elastic modulus at a faster rate and is more 
susceptible to spalling than NSC [6]. Hence, it is important 
that these properties are better represented for numerical 
analysis.  

In this paper, temperature dependent material properties 
for high strength concrete (HSC) proposed can be used to 
simulate the performance of HSC members and systems 
under fire with performance based designs and numerical 
methods. 
 

II. COMPRESSIVE STRENGTH OF HSC AT ELEVATED 
TEMPERATURES 

Compressive strength of concrete is the most important 
property of concrete and it decreases at elevated 
temperatures [7]. HSC retains about 70 – 80% of its original 
compressive strength at 300 - 400°C and retains about 20% 
at 800°C [8], [9]. Sancak et al. [10] reported that HSC 
retains 60% to 79% of its original compressive strength at 
400°C and at 800°C it retains 3% to 13%. Table I lists some 
of the well-established models for the compressive strength 
of concrete at elevated temperatures, most of which are for 
NSC. In this study a generalised model for compressive 
strength of HSC was developed based on regressive analysis 
of test data collected from [8]-[14]. The proposed 
relationship is given in (1). Fig. 1 shows a comparison with 
other models listed in Table I. The proposed model has three 
crucial temperature zones which reflect the design needs and 
main concrete behaviour changes in fire. It has an index 
form of temperature change which is convenient for both 
manual design calculations and computational analysis.
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Fig. 1. Comparison between the proposed models for compressive strength 

of HSC with test data and other models. 
 

III. TENSILE STRENGTH OF HSC AT ELEVATED 
TEMPERATURES 

The tensile strength of HSC decreases with high 
temperatures but it retains about 70 – 75% of its unfired 
tensile strength at 300°C [3]. Xu et al. [14] reported from 
their study that at 450°C HSC retains 50 – 66% of its 
original tensile strength and at 800°C it only retains 11 – 
15%. 

Data analysis performed on the available test data 
collected from [8, 14] has produced the tensile strength of 
HSC at elevated temperatures in (2). Fig. 2 shows the 
comparison with other existing models listed in Table II. 
This follows the same trend as in (1) for compressive 
concrete strength description. 
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Fig. 2. Comparison between the proposed models for tensile strength of 

HSC with test data and other models. 
 

TABLE I: MODELS FOR COMPRESSIVE STRENGTH OF CONCRETE AT ELEVATED TEMPERATURES 
Authors Models for compressive strength of concrete at elevated temperatures 
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 TABLE II: MODELS FOR TENSILE STRENGTH OF CONCRETE AT ELEVATED TEMPERATURES 
Authors Models for Tensile Strength of Concrete at Elevated Temperatures 
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IV. ELASTIC MODULUS OF HSC AT ELEVATED 
TEMPERATURES 

Concrete stiffness and elastic modulus decrease at 
elevated temperatures. HSC retains 35 – 43% of its elastic 
modulus at 400°C and about 5% at 800°C [9], [11]. The 
model proposed for elastic modulus of HSC at elevated 
temperatures was derived from the test data from [9], [11]. 
The presented model is expressed in (3). Fig. 3 shows the 
comparison between other published models summarised in 
Table III. 
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Fig. 3. Comparison between the proposed models for elastic modulus of 
HSC with test data and other models. 

 

TABLE III: MODELS FOR ELASTIC MODULUS OF CONCRETE AT ELEVATED TEMPERATURES 
Authors Models for Elastic modulus of concrete at elevated temperatures 

REF  [3] 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

°>
°≤<°×+×+−

°<≤°

= −−

CT
CTCTTT

CTC

EE ccT
10000

100010010310200154.0015.1

100200.1
31027

0      (HSC model) 

 REF  [17] 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

°≤<°−
°≤

=
CTCT

CT
EE ccT 80060

740
800

600.1
0  

 REF  [16] 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

°≤<°
+

°<≤°−
= CTC

T

CTCT
EE ccT 800125

)0015.0(182.1
1

1252000165.0033.1

5.4
0  

 

V. PEAK STRAIN OF HSC AT ELEVATED TEMPERATURES 
Concrete’s peak strain increases at elevated temperatures 

due to the decrease in stiffness and loss of strength. Data for 
peak strain of high strength concrete at elevated 
temperatures was collected from [9] and a temperature 
dependent relationship for peak strain was proposed. The 
model is expressed as (4). Fig. 4 shows the difference 
between other models listed in Table IV. 
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Fig. 4. Comparison between the proposed models for peak strain of HSC 
with test data and other models. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 200 400 600 800 1000
E

cT
/E

c0
Temperature˚C

Test Data Aslani and Bastami,2011
Li and Purkiss,2005 Chang et al,2006
Proposed Model

0

5

10

15

20

25

30

0 200 400 600 800 1000 1200 1400

e c
T
/e

c0

Temperature˚C
Test Data Chang et al,2006
BS EN 1992-1-2,2004 ASCE Manual,1992
Kodur Proposed Model

IACSIT International Journal of Engineering and Technology, Vol. 5, No. 5, October 2013

552



TABLE IV: MODELS FOR PEAK STRAIN OF CONCRETE AT ELEVATED TEMPERATURES 
Author Models for Peak strain of concrete at elevated temperatures 
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TABLE V: MODELS FOR STRESS- STRAIN RELATIONSHIP OF CONCRETE AT ELEVATED TEMPERATURES 
Author Models for Stress- strain relationship of concrete at elevated temperatures 
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VI. COMPRESSIVE STRESS-STRAIN RELATIONSHIP OF HSC 
AT ELEVATED TEMPERATURES 

For the complete stress-strain property of high strength 
concrete under elevated temperatures data was collected 
from [9], [13]. The stress strain curve model was proposed 
as in (5) which are based on the test data collected. Fig. 5 
shows the comparison with other available models listed in 
Table V. 
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NOTATIONS 
e Strain of concrete due to applied compressive stress 

0ce  Peak strain of concrete at ambient temperature 

cTe  Peak strain of concrete at elevated temperature 

0cE  Elastic modulus of concrete at ambient temperature 

cTE  Elastic modulus of concrete at elevated temperature 

cf  Applied compressive stress 

0cf  Compressive strength of concrete at ambient 
temperature 

cTf  Compressive strength of concrete at elevated 
temperature 

0tf  Tensile strength of concrete at ambient temperature 

tTf  Tensile strength of concrete at elevated temperature 
 

VII. DISCUSSION OF RESULT 
The model proposed for HSC at elevated temperatures 

fits well with the test data and shows good agreement with 
other models. Compressive strength, tensile strength and 
elastic modulus models were in the form of a higher order 
polynomial shape, which best fits the test data collected. 
The models have described the deterioration of these 
properties under elevated temperatures being in polynomial 
trend. The model proposed are accurate compared with the 
test results. At 800°C the concrete losses about 90% of its 
stiffness and strength so it is assumed that above this 
temperature the concrete has failed and there is less 
variation in the peak strain. 
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Fig. 5. Comparison between the proposed models for Stress-strain relationship of HSC with test data and other model

VIII. CONCLUSIONS 
The following conclusions can be drawn from this 

research: 
1) The proposed models for the compressive strength, 

tensile strength and elastic modulus for HSC fit well 
with the experimental results obtained and also show 
close agreement with other existing models for HSC. 

2) The proposed model for the peak strain of HSC fits 
well with the experimental data and shows close 
agreement with the Eurocode model. The model shows 
some variation with ASCE [15] and the Kodur et al. [2] 
model.  

3) At ambient temperature the presented model for stress-
strain relationship of HSC shows close agreement with 
other models but as the temperature increases the model 
shows some variation with the other models, this can be 
attributed to the variation of the peak strain of different 
models. The ASCE [15] model shows more variation to 
the presented model, this can be attributed to the higher 
rate of loss of strength of high strength concrete when 
compared to normal strength concrete. 

4) The proposed models have three crucial temperature 
zones which reflect the practical design needs and main 

concrete behaviour changes in fire and it becomes 
simple for both manual design calculations and FE 
computational analysis. 

5) The proposed models can be implemented into the 
Finite Element software to perform the analysis of 
structural systems subjected to elevated temperatures in 
fire. 
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