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Thermal Properties of High Strength 

Concrete at Elevated Temperatures 

by V.K.R. Kodur and Mohamed Sultan 

Synopsis: In recent years, high strength concrete (HSC) has become an attractive 

alternative to traditional normal strength concrete (NSC). With the increased use 

of HSC, concern has developed regarding the behaviour of such concrete in fire. 

Studies are in progress at National Research Council of Canada for developing 

design guidelines for the use of HSC under fire conditions. 

The behaviour of HSC columns is illustrated by comparing the fire 

resistance performance of HSC columns with that of NSC columns. Results 

from experimental studies that were carried out to determine the thermal 

properties of HSC, with and without steel fibre-reinforcement, at elevated 

temperatures are also presented. The effect of temperature on thermal 

conductivi ty, thermal expansion, specific heat and mass loss of HSC is discussed. 

Test data indicate that the type of aggregate has significant influence on the 

thermal properties of HSC, while the presence of steel fi bre-reinfo rcement has 

very little influence on the thermal properties of HSC. 

Keywords: colurims (supports); fibers; fire resistance; high-strength concrete; 

reinforced concrete; thermal properties; steels 
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INTRODUCTION 

In recent years, the construction industry has shown significant interest in 

the use of high strength concrete (HSC). This is due to the improvements in 

structural performance, such as high strength and durability, that it can provide 

compared to traditional normal strength concrete (NSC). In Canada, HSC is being 

used in many applications such as bridges, off-shore structures and infrastructure 

projects. In recent years, its use has been extended to high rise buildings. The 

major use ofHSC in buildings is in columns. 

In buildings, HSC structural members are designed to satisfy the 

requirements of serviceability and safety limit states. One of the major safety 

requirements in building design is the provision of appropriate fire safety 

measures for structural members. The basis for this requirement can be attributed 

to the fact that, when other measures for containing the fire fail, structural 

integrity is the last line of defence. 

The results of fire tests (1, 2, 3) have shown that there are well-defined 

differences between the properties of HSC and NSC at high temperatures. 

Further, concern has developed regarding the occurrence of explosive spalling 

when HSC is subjected to rapid heating, as in the case of a fire (1, 3). 

Studies are in progress at the National Research Council of Canada (NRC) 

to develop fire resistance design guidelines for the use of HSC for possible 

incorporation in codes and standards. The main objective of this research, being 

undertaken in partnership with industry, is to study the behaviour of HSC at 

elevated temperatures and to develop calculation methods for predicting the fire 

resistance for columns. For the development of such calculation methods, the 

properties of HSC at elevated temperatures are required. 

In this paper, data from experimental studies on thermal properties at 
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elevated temperatures are presented for various types ofHSC. 

RESEARCH SIGNIFICANCE 

In order to understand and eventually predict the performance of HSC 

structural members, the material properties that determine the behaviour of the 

member at elevated temperatures must be known. The behaviour of a structural 

member exposed to fire is dependent, in part, on the thermal, mechanical and 

deformation properties of the material of which the member is composed. 

To be able to predict the fire resistance of a structure, the temperatures in 

the structure must be determined. For such calculations, knowledge of the 

thermal properties, at elevated temperatures, of the materials that comprise the 

structure is required. Whereas these properties have been established for various 

normal strength concretes (4, 5), this is not the case with high strength concretes. 

In this study, the relevant thermal properties of various high strength concretes at 

elevated temperatures were measured. These properties included thermal 

conductivity, specific heat, thermal expansion and mass loss of the various high 

strength concretes at elevated temperatures. 

The data presented in this study can be used as input to computer programs 

(6, 7) to determine the behaviour ofHSC structural members at high temperatures. 

Thus, the availability of thermal properties of HSC at elevated temperatures 

facilitates the use of calculation methods which are far less costly and time 

consuming than testing. 

THERMAL PROPERTIES OF HIGH STRENGTH CONCRETE 

To study the fire performance of high strength concrete structural 

members, tests have been carried out by exposing the full-scale HSC columns to 

fire. These tests were carried out in accordance with ASTM specifications (8) and 

the details are given in Refs. 9 and 10. From the test data, it was found that for 

HSC, the spalling of concrete under fire conditions is a major concern. The 

spalling is due to the low water-cement ratio in HSC (1 0) and has been observed 

in HSC structural members under laboratory and real fire conditions (3, 11). 

Spalling, which results in the loss of concrete during a fire, exposes deeper layers 

of concrete to fire temperatures, thereby increasing the rate of transmission of heat 

to the inner layers of the structure, including the reinforcement. 

In order to predict fire performance and spalling behaviour of HSC, the 

thermal properties are required. Also, data from various studies (1, 10, 12) show 

that the presence of fibre-reinforcement and the use of carbonate aggregate can be 

used to minimize spalling in HSC. There is very little information on the thermal 
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and mechanical properties of HSC. Hence, in this study, the thermal properties of 

both plain HSC and steel fibre-reinforced HSC of two aggregate types were 

investigated. 

The thermal properties that influence the temperature rise and distribution 

in a concrete structural section are thermal conductivity, specific heat, thermal 

expansion and mass loss. These properties depend on the type of aggregate and 

composition of the concrete mix. In this section, the thennal properties of HSC 

with the two most commonly used aggregates (siliceous and carbonate aggregate), 

as well as HSC with and without fibres, are presented. 

Test Specimens 

Four types of concrete specimens, namely, NRC1, NRC2, NRC3 and NRC4 

were fabricated from 4 batches of concrete for studying the thermal properties. 

For all four batches, general purpose portland cement was used. The NRC4 

specimen was made of HSC reinforced with steel fibres while the other 3 batches 

were made with HSC without steel fibres. The concrete mix in Batch 1 was made 

with siliceous stone aggregate while the mix in Batches 2, 3 and 4 was made with 

carbonate stone aggregate. The fine aggregate for all four batches consisted of 

silica-based sand. The mass (volume) percentage of steel-fibres in Batch 4 

concrete mix was 1.77 (0.597). The mix proportions for the concrete were: 

• cement + silica fume: 500 kg/m
3 

• coarse aggregate: 1100 kg/m
3 

• fine aggregate: 700 kg/m
3 

• water: 140 kglm3 

• steel fibres (Batch 4): 45 kglm3 

The steel-fibres were added to the fresh concrete and mixed for about 

5 minutes to ensure uniform dispersion. Vibrators were used to consolidate the 

concrete. 

For each concrete mix, 152 mm x 304 mm cylinders and bricks of size 

200 mm x 100 mm x 80 mm were fabricated. Compression tests were conducted 

using the cylinder samples at 28 days after the pouring of the concrete. The 

28-day cylinder compressive strength for Batch 1 and Batch 2 was approximately 

90 MPa while the corresponding strength for Batches 3 and 4 was approximately 

80 MPa. The bricks were used to determine the thermal properties of the concrete 

at elevated temperatures. 

Experimental Details 
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The measured thennal properties were the thennal conductivity, specific 

heat, thennal expansion and the mass loss of the concretes at elevated 

temperatures. All measurements were made with commercially-available 

instruments. The experiments and the test specimens used are described in detail 

in earlier studies (5, 13), and are, therefore, only briefly described in this paper. 

The test specimens for the detennination of the thennal conductivity and 

the thennal expansion were prepared by cutting the concrete bricks to appropriate 

size. Specimens for the detennination of the specific heat and mass loss were 

obtained by grinding a portion of the bricks. The relative humidity of the 

specimens at the time of testing was approximately 50%. 

The thennal conductivity of the concretes was measured using a non­

steady state hot wire method. The measurements were made in the temperature 

range between 20°C and 800°C. 

The specific heat was measured using a Differential Scanning Calorimeter 

(DSC) for temperatures up to 600°C. Above 600°C, a high temperature 

Differential Thennal Analyzer (DT A) was used. The specific heat was measured 

up to 1 000°C. 

The thennal 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 from 20°C to 1 000°C. 

The mass loss with temperature was measured by means of a 

Thennogravimetric Analyzer (TGA) in the temperature range from 20°C to 

1000°C. 

Results and Discussion 

In this section, the thennal properties are compared for NRC1 with NRC2 

specimens to show the influence of aggregate type (siliceous and carbonate) and 

for NRC3 with NRC4 specimens to show the influence of fibre-reinforcement on 

the various properties. 

Thennal Conductivity -- The thennal conductivity of HSC, with siliceous 

and carbonate aggregates, is shown in Fig. 1a as a function of temperature. The 

thennal conductivity for both siliceous and carbonate aggregate concrete types 

decreases with increase in temperature. The thennal conductivity of siliceous 

aggregate concrete is higher than that of the carbonate concrete in the temperature 

range of 100°C to 800°C. This is due to the higher crystallinity of the siliceous 

aggregates as compared to that of the carbonate aggregate. The higher the 

crystallinity, the higher the thennal conductivity and its rate of decrease with 
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temperature ( 4). The effect of aggregate type on the thermal conductivity of HSC 

is similar to that ofNSC (14). 

The thermal conductivity of plain and steel fibre-reinforced HSC is shown 

in fig. 1 b as a function of temperature. The thenn.al conductivity of steel fibre­

reinforced HSC is slightly lower than that of plain HSC above 1 00°C. This can be 

attributed to the presence of steel fibre-reinforcement in concrete which helps in 

limiting the crack growth and propagation, and thus decreases the rate of heat 

transfer in the specimen. 

Specific Heat -- The specific heat of HSC for the two types of aggregate is 

shown in Fig. 2a, as a function of temperature. For both types of concrete, the 

specific beat shows a peak at temperatures near 1 00°C and 425°C. The first 

increase is caused by evaporation of free water and the second by removal of 

crystal water from the cement paste (15). In these temperature regions, most of 

the heat supplied to the concrete is used for the removal of water and only a smaJI 

amoWlt is available for raising the temperature of the material. As a consequence, 

the specific heat increases substantially in these temperature regions. The increase 

in specific heat for the siliceous aggregate concrete, at about 500°C, can be 

attributed to the presence of quartz, which transforms in this temperature region. 

The specific heat of HSC, similar to that of NSC, is also affected by other 

physicochemical processes that occur in the cement paste and the aggregates at 

temperatures above 600°C. The specific beat of carbonate aggregate concrete 

above this temperature is generally higher than that of siliceous aggregate 

concrete. Above 600°C, an enormous amount of heat is needed to raise the 

temperature of the carbonate aggregate concrete. This heat is approximately ten 

times the heat needed to produce the same temperature rise in siliceous aggregate 

concrete. The increase in specific heat is likely caused by the dissociation of the 

dolomite in the carbonate concrete and is beneficial in preventing spalling of the 

concrete (14). 

The specific heat of plain HSC and steel fibre-reinforced HSC is shown in 
Fig. 2b as a function of temperature. Both concrete types are of carbonate 

aggregate concrete. The test data are plotted up to 700°C. "Problems were 

encoWltered in measuring heat capacity with the DT A apparatus above 700°C. 

The presence of steel fibres generally increases the specific heat of the 

fibre-reinforce.d concrete throughout the range considered. This can be attributed 

to the fact that the presence of steel fibres in HSC controls cracking and the 

progression of cracks at lower temperatures. This in turn translates into high heat 

capacity. However, the influence of the steel on the specific heat of the concrete 

is very small in the temperature range examined. 

Thermal Expansion -- In Fig. 3, the variation of thermal expansion with 

concrete temperature for siliceous and carbonate aggregate HSC is compared. 

The type of aggregate has a significant influence on the thermal expansion. For 
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the siliceous aggregate HSC, the thermal expansion increases with temperature up 

to about 700°C and then remains constant. The increase in thermal expansion 

near 550°C can be attributed to the transformation of quartz in the siliceous 

aggregate. This could contribute to spalling (14). For the carbonate aggregate 

HSC, the thermal expansion increases steeply with temperature above 500°C. 

This can be partly attributed to the disassociation of dolomite which is present in 

the carbonate aggregate. 

The effect of steel fibre-reinforcement on thermal expansion of HSC is 

shown in Fig. 3b for carbonate aggregate HSC. Fibre-reinforced concrete has 

similar thermal expansion as that of plain concrete up to a temperature of about 

800°C. Above 800°C, the thermal expansion of the plain HSC declines 

somewhat, due to further dehydration and shrinkage of the concrete (15), whereas 

the expansion of fibre-reinforced concrete increases steeply with temperature. 

This steep increase with temperature can be attributed to the presence of the steel 

fibres, which continue to expand at elevated temperatures. The yielding 

temperature for steel fibres is higher than for ordinary reinforcement. 

Mass Loss -- The test data from the TGA are presented in Fig. 4a in the 

form of thermogravimetric curves for the siliceous and carbonate aggregate HSC 

examined in this study. Previous studies (5, 14) have indicated that the type of 

aggregate has a strong influence on the mass loss and, therefore, on the density of 

the concrete at elevated temperatures. The mass loss for both concrete types is 

very small until about 600°C, where it is about 3% of the original mass. Between 

600°C and 700°C, the mass of carbonate aggregate concrete drops considerably 

with the temperature. Above 750°C, the mass loss again decreases slowly with 

temperature. The substantial mass loss and decrease in density for carbonate 

aggregate concrete is caused by the dissociation of the dolomite in the concrete. 

This chemical reaction is expected to be beneficial in preventing spalling of 

concrete. In the case of siliceous aggregate concrete, the mass loss remains 

insignificant even above 600°C. 

In Fig. 4b, the mass loss for the steel fibre-reinforced concrete is compared 

with that of plain HSC. The mass loss for both types of concrete is similar until 

about 800°C. Above 800°C, the mass loss in fibre-reinforced HSC is slightly 

higher than that of plain HSC. This can be attributed to the higher density of steel 

fibres. Overall, the mass loss of the concrete is not significantly affected by the 

presence of steel fibre-reinforcement in the temperature range of ooc to 1 000°C. 

Summary 

Based on the above experimental data, the following points can be 

summarised: 
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• The thermal conductivity of siliceous aggregate HSC is generally higher than 

that of carbonate aggregate HSC. The effect of steel fibre-reinforcement on 

the thermal conductivity of HSC is very small. 

• The type of aggregate has significant influence on the specific heat of HSC at 

elevated temperatures. Generally, the carbonate aggregate concrete has higher 

specific heat in the 600°C to 850°C range. The influence of steel-fibre 

reinforcement on the specific heat of the concrete is very small in the 

temperature range investigated. 

• The thennal expansion of siliceous aggregate HSC is higher than that of 

carbonate aggregate concrete in the 20°C to 800°C temperature range. The 

thermal expansion of HSC is not significantly affected by the presence of 

steel-fibre reinforcement at temperatures up to approximately 800°C. 

• The type of aggregate has significant influence on the mass loss of HSC, with 

carbonate aggregate having much higher mass loss, up to 30%, at temperatures 

of above 600°C. The mass loss of HSC is not significantly affected by the 

presence of steel-fibre reinforcement. 

CURRENT RESEARCH 

In the past, the fire resistance of structural members could be determined 

only by testing. In recent years, however, the use of numerical methods for the 

calculation of the fire resistance of various structural members is gaining 

acceptance (6, 7). These calculation methods are far less costly and time 

consuming. However, for the use of these calculation methods, the material 

properties at elevated temperatures are required. 

At present, studies are in progress at NRC to develop mechanical 

properties of HSC at elevated temperatures. The data on thermal and mechanical 

properties are being used to develop thermal and mechanical relationships, as a 

function of temperature, for HSC. These relationships can be used as input to 

numerical models which can be used to detennine the behaviour ofHSC structural 

members at high temperatures (6). The development of computer programs for 

the calculation of the fire resistance of HSC columns is in progress at NRC. 

Simultaneously, fire tests are being conducted on full size HSC columns. These 

tests are to verify the models. 

The computer programs will be used to carry out detailed parametric 

studies to investigate the influence of the various parameters, such as concrete 

strength and load intensity on the fire resistance of HSC columns. Data from the 

parametric studies will be used to develop design guidelines for predicting the fire 

resistance of HSC columns and to overcome the problem of spalling in HSC 

columns. 
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CONCLUDING REMARKS 

Based on the studies completed so far, it was found that: 

l. The behaviour of HSC columns at high temperatures is significantly different 

from that ofNSC columns. The fire resistance of HSC columns is lower than 
that ofNSC columns. 

2. The type of aggregate has significant influence on the thermal properties of 

!fSC at elevated. temperatures. The presence of carbonate aggregate in HSC 
mcreases fire reststance. 

3. ｔｾ･＠ thermal properties, at elevated temperatures, exhibited by steel fibre­
remforced HSC, are similar to those of plain HSC. 

4. The studies, currently in progress at NRC, will generate data on the fire 

resistance of HSC columns and will identifY the conditions under which these 
columns can be safely used. 
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