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EFFECT OF TEMPERATURE ON THERMAL AND MECHANICAL 
PROPERTIES OF STEEL FIBRE-REINFORCED CONCRETE 

T.T. Lie and V.K.R. Kodur 

ABSTRACT 

For use in fue resistance calculations, the relevant thermal and mechanical 
properties of steel fibre-reinforced concrete were determined as a function of temperature. 
These properties included the thermal conductivity, specific heat, thermal expansion and 
mass loss, as well as the strength and deformation properties of steel fibre-reinforced 
siliceous and carbonate aggregate concrete. The thermal properties are presented in 
equations that express the values of these properties as a function of temperature in the 
temperature range 0-1000°C. The mechanical properties are given in the form of stress- 
strain relationships for the concretes at elevated temperatures. The results indicate that 
the steel fibres have little influence on the thermal properties of the concretes. The 
influence on the mechanical properties, however, is relatively greater than the influence on 
the thermal properties and is expected to be beneficial to the fire resistance of structural 
elements constructed of fibre-reinforced concrete. 
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INTRODUCTION 

In recent years, the construction industry has shown great interest in the use of 
fibre-reinforced concrete due to the improvements in structural performance it can provide 
compared to traditional plain concrete. These improvements have increased the 
desirability of using fibre-reinforced concrete in applications where structural fire 
resistance is an issue. 

At present, studies are in progress to determine the performance of steel fibre- 
reinforced concrete structural members in fire (1). In the past, the performance of these, 
and other structural members at temperatures encountered in fire, could only be 
determined by testing. Over the years, however, methods have been developed for the 
calculation of the fire resistance of various structural members (2,3,4). These calculation 
methods are far less costly and time consuming than testing. However, to perform these 
calculations, a knowledge of the thermal and mechanical properties (at elevated 
temperatures) of the materials, used in the construction of the structural members, is 
required. 

The present study was undertaken to establish the thermal and mechanical 
properties of steel fibre-reinforced concrete at elevated temperatures. The data will be 
used to support mathematical models which predict the fire resistance of steel hollow 
structural section (HSS) columns. The study was carried out as part of a joint research 
project involving the Institute for Research in Construction, National Research Council of 
Canada (NRCC), the Fire Technology Laboratory of the Technical Research Centre of 
Finland and the Institut f~ Baustoffe, Massivbau und Brandschutz WMB) of the 
Technische Universiat Braunschweig, Germany. 

EXPERIMENTAL DETAILS 

The experiments and the test specimens used were described in detail in previous 
reports (5,6)  and will, therefore, be only briefly described in this paper. 

Test Specimens 

Three types of concrete specimens were investigated, namely specimens made with 
steel fibre-reinforced siliceous aggregate concrete and specimens made with carbonate 
aggregate concretes with and without steel fibre reinforcement. The corrugated steel 
fibres had a length of 50 mm, an equivalent diameter of 0.9 mm and an aspect ratio of 57. 
The weight percentage of the steel-fibres in the concrete was approximately 1.77. The 
28-day compressive strength of the siliceous aggregate concrete was about 40 MPa, that 
of the plain carbonate aggregate concrete about 33 MPa and that of the fibre-reinforced 
carbonate aggregate concrete 43 MPa. 



Methods for Measuring Thermal Properties 

The measured thermal properties were the thermal conductivity, specific heat, 
thermal expansion and mass loss of the concretes at elevated temperatures (5). All 
measurements were made with commercially-available instruments. 

The thermal conductivity of the concretes was measured using a non-steady state 
hot wire method. The measurements were made in the temperature rantr;e between room - 
temperature and 1000°C. 

The specific heat was measured using a Differential Scanning Calorimeter (DSC)* 
for temperatures up to 600°C. For temperatures above 600°C, a high temperature 
Differential Thermal Analyzer @TA) was used. The measurements were made in the 
temperature range between room temperature and 1000°C. 

The thermal expansion of the concretes was measured with a dilatometric 
apparatus, capable of producing curves that show the expansion of the concrete with 
temperature in the range between room temperature and 1000°C. 

The mass loss with temperature was measured by means of a Thermogravimetric 
Analyzer (TGA) in the temperature range between room temperature and 1000°C. 

Methods for Measuring Mechanical Properties 

The mechanical properties measured were the strength and deformation properties 
of the concretes at elevated temperatures (6). To determine these properties, stress-strain 
and creep tests were carried out by IBMB in Germany. The tests were conducted in a 
special testing machine, consisting of an electrical furnace, in which the temperatures and 
rate of temperature rise could be controlled, and a loading device capable of producing 
controllable loads, strains and strain rates. 

The stress-strain tests were carried out at a number of selected temperatures in the 
range between room temperature and 750°C under selected loads that varied from 15% to 
60% of the compressive strength of the concretes at 20°C. The creep tests were carried 
out under the same loads in the temperature range between room temperature and 750°C. 

THERMAL AND MECHANICAL RELATIONSHIPS 

Data obtained from the experimental studies, to investigate the influence of 
temperature on the thermal behaviour of steel-fibre reinforced concrete, was presented in 
References (5) and (6). To facilitate the use of the thermal and mechanical properties as 
input data for the calculation of the temperatures of steel fibre-reinforced concrete 
constructions exposed to heat, formulas have been derived that give these properties as a 
function of temperature in the temperature range of 0-1000°C. In the current study, the 
thermal and mechanical relationships for steel fibre-reinforced concrete only are developed 
since the relationships for plain concrete are available in the literature (3). Further, in the 
development of the formulas for the thermal and mechanical properties, care was taken to 
keep the formulas simple and in a form similar to that for plain concrete (3). The validity 
of these formulas was established by comparing them with the test data. 

Certain commercial oroducts are identified in this oaoer in order to adeouatelv soecifv the exoerimental . ~, . 
In no case'dcrs such identification imply ~commmdations or endorsemen; by the katiunal 

Research Council. nor does it im~lv  that the ~ r d u c t  or mnrcnal identified is the hest available for the 



Thermal Roperties 

The thermal conductivities for the two types of concrete at elevated temperatures 
are shown in Figs. 1 and 2, together with the formulas expressing the relationship between 
thermal conductivity and temperature. The thermal conductivity of fibre-reinforced 
siliceous concrete is higher than that of the carbonate concrete throughout the temperature 
range investigated. This is due to the higher crystallinity of the siliceous aggregate as 
compared to that of the carbonate aggregate. The higher the crystallinity, the higher the 
thermal conductivity and the rate of its decrease with temperature (3). The thermal 
conductivity of steel-fibre reinforced concrete is slightly higher than that of plain concrete. 
This can be attributed to the contribution of the steel fibres, which have a higher thermal 
conductivity than concrete (3). 

In Figs. 3 and 4, the specific heats of steel fibre reinforced siliceous and carbonate 
aggregate concretes are shown as a function of the concrete temperature. The increase in 
specific heat for the fibre-reinforced siliceous aggregate concrete, at about 550°C, can be 
attributed to the presence of quartz, which transforms in this temperature region. The 
steep increase in specific heat, for the fibre-reinforced carbonate concrete, at about 750°C, 
is due to the presence of dolomite in the aggregate, which disassociates and absorbs heat 
in this temperature region (7). However, the influence of the steel on the specific heat of 
the concrete is very small and insignificant in the temperature range examined. 

As the measurements of the specific heat of the steel fibre-reinforced carbonate 
concrete produced erratic and unreliable results for temperatures above approximately 
600°C and due to the insignificant influence of the steel fibres on the specific heat, the 
existing formula for the plain carbonate aggregate concrete (3) was used to express the 
relationship between the specific heat of the fibre-reinforced carbonate aggregate concrete 
and its temperature. 

The specific heat of steel fibre-reinforced siliceous aggregate concrete is generally 
higher than that of plain and fibre-reinforced carbonate aggregate concrete. The specific 
heat is slightly affected by the presence of the steel fibres. For carbonate concrete, the 
specific heal of the fibre-reinforced concrete is slightly higher in the temperature range 
0-1 000°C. cxcept for the tcmperature region near 750°C, where the specific heat of the 
fibre-reinforced-concrete slightly exceed; that of the plain concrete. 

The thermal expansions for the steel fibre-reinforced carbonate and siliceous 
aggregate concretes are shown as a function of temperature in Figs. 5 and 6. For the 
fibre-reinforced siliceous aggregate concrete, the thermal expansion increases with 
temperature up to about 600°C and then remains constant. The considerable enhancement 
of the thermal expansion near 550°C can be attributed to transformation of quartz in the 
siliceous aggregate. The thermal expansion of fibre-reinforced carbonate concrete. 
increases steeply with temperature above 850°C. This steep increase with temperature can 
be attributed to the presence of the steel-fibres, which continue to expand at an increasing 
rate. 

In Figs. 7 and 8, the mass losses for steel fibre-reinforced carbonate and siliceous 
aggregate concrete are shown as a function of the concrete temperature. The mass loss 
for both concrete types is very small until about 6W°C, where it is about 3% of the 
original mass. In the case of fibre-reinforced siliceous aggregate concrete, the mass loss 
remains insignificant even after 600°C. Between 600°C and 8W°C, the mass of the fibre- 
reinforced carbonate aggregate concrete drops considerably with temperature. Above 
800'C, the mass loss again decreases slowly with temperature. The mass loss of the 



concretes is not significantly affected by the presence of steel fibre reinforcement in the 
investigated temperature range of 0-1000°C. 

Overall, the thermal properties, at elevated temperatures, exhibited by steel fibre- 
reinforced concrete, are similar to those of plain concrete (3). 

Mechanical Properties 

The results of the measurements of the mechanical properties of the concretes 
showed that the compressive strength at elevated temperatures of steel fibre-reinforced 
carbonate and silice6us aggregate concrete is higher &an that of plain concrete (6). The 
presence of steel fibres increases the ultimate strain and improves ductility for the 
concrete. Data from the laboratory studies showed that the effect of aggregate type is not 
significant on the compressive strength. 

Based on the results, stress-strain curves for the concretes at elevated temperatures 
were derived similar to those for plain concrete (3), with the only difference being that the 
stress maxima and their locations moved to higher values. These curves, together with the 
equations and experimental data, are shown in Figs. 9 and 10. The difference between the 
test data and values, produced by the equations, are small for temperatures up to about 
600°C which is the important temperature region for fm resistance calculations. This 
difference can be attributed to the use of the same stress-strain relationships for both 
siliceous and carbonate aggregate concrete types. This will simplify defining the stress- 
strain relationships for these concretes at elevated temperatures. 

Above 600°C, however, the differences are considerable, but their influence on the 
fire performance of a member made with this concrete is not great because, at these 
temperatures, the concrete has already lost most of its strength. In addition, the values 
provided by the equations will produce conservative results when used as input data for 
fire resistance calculations. 

The compressive strength of steel fibre-reinforced concrete increases with 
temperature, up to approximately 400°C and then decreases with increasing temperature. 

CURRENT RESEARCH 

Research is now in progress to develop mathematical models for the calculation of 
the fire resistance of HSS columns filled with steel fibre-reinforced concrete, using the 
equations for thermal and mechanical properties, given in this paper, as input data. 
Simultaneously, fire tests are being carried out on full-size circular and rectangular HSS 
columns filled with various types of fibre-reinforced concretes. The purpose of these tests 
is to verify the models for various values of the parameters that determine the fire 
resistance of the columns, such as load intensity, section dimensions, effective length of 
the column and concrete strength. 

NOMENCLATURE 

c, specific heat (J kg-"~ ' )  

f" concrete stress at temperature T (MPa) 

fL cylinder strength of concrete at temperature T (MPa) 

f: cylinder strength of concrete at room temperature ( m a )  

k thermal conductivity (W ~-'oc- ')  



M mass at temperature T (kg) 

M, mass at room temperature (kg) 

T temperature ("C) 

a coefficient of thermal expansion (m m-"T1) 

E, concrete strain at temperature T (m m-') 

Em, concrete strain at maximum stress of stress-strain curves for temperature T (m m-I) 

p, density of the concrete (kg m") 
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Figure 1. Thermal conductivity of steel fibre - reinforced siliceous 
aggregate concrete as a function of temperature 
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Figure 2. Thermal conductivity of steel fibre - reinforced carbonate 
aggregate concrete as a function of temperature 
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Figure 3. Specific heat for steel fibre - reinforced siliceous 
aggregate concrete as a function of temperature 
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Figure 4. Specific heat for steel fibre - reinforced carbonate 
aggregate concrete as a function of temperature 
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Figure 5. Thermal expansion of steel fibre - reinforced siliceous 
aggregate concrete as a function of temperature 
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Figure 6. Thermal expansion of steel fibre - reinforced carbonate 
aggregate concrete as a function of temperature 
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Figure 7. Mass loss for steel fibre - reinforced siliceous 
aggregate concrete as a function of temperature 
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Figure 8. Mass loss for steel fibre - reinforced carbonate 
aggregate concrete as a function of temperature 
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Figure 9. Stress-strain relationships for steel fibre - reinforced siliceous 
aggregate concrete as a function of temperature 
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Figure 10. Stress-strain relationships for steel fibre - reinforced carbonate 
aggregate concrete as a function of temperature 


