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ABSTRACT 

 
When investigating cracking, it is considered important to evaluate not only crack propagation 

properties but also crack initiation. Fracture mechanics techniques were therefore employed in this study 
to investigate fracture properties related to the crack initiation and propagation of concrete exposed to 
high temperature heating environments of 100 to 800°C for a certain period of time. And following were 
found. The initial cohesive stress, meanings of crack initiation, increased up to a heating temperature of 
200°C but decreased as the heating temperature increased further. At 800°C, and the fracture energy, 
meaning of crack propagation properties, increased up to a heating temperature of 300°C but decreased as 
the heating temperature increased further. 

 
INTRODUCTION 

 
Concrete structures, which serve various purposes, are subjected to a number of deteriorative 

factors during their service life. The effect of heat can alter the properties of concrete including strength. 
For this reason, temperature limits may be set on concrete in service for structures subjected to heat for a 
long time, such as power generation facilities. The properties of concrete can also be altered by a fire 
under the effect of high temperature heating, though for a short time. Since the primary role of concrete in 
concrete structures is to bear the compressive stress, the effect of high heat on its strength properties has 
been actively investigated, and the compressive strength of heated concrete thus changes in various ways 
under the effect of heat, but this is an expression of changes in the structural performance by complicated 
failure modes. Essential failure is brought about by brittle splitting failure in tension (tensile failure). It is 
therefore necessary to evaluate the strength under tension to investigate heating-induced cracking. 
However, it is extremely difficult to obtain a stable load-displacement relationship directly from tension 
testing, primarily because cracking is localized under tensile failure. It is therefore considered effective to 
obtain tension-softening curves and various fracture mechanics parameters through fracture mechanics 
techniques, in order to investigate the load-displacement relationship of concrete including the post-peak 
softening zone, as well as the state of crack initiation and propagation.  

As to investigation of heat-affected concrete by fracture mechanics techniques, Bazant and Prat 
(1988) fabricated beam specimens having a notch in the center and conducted three-point loading tests on 
notched specimens by changing the moisture conditions (dry or wet) in temperature environments up to 
200°C. Their studies revealed that fracture energy depends on the heating temperature, increasing 
monotonically and smoothly as the temperature rises and that this tendency is more evident with wet 
concrete than with dry concrete. Baker (1996) also investigated the fracture energy of notched beam 
specimens, which are subjected to high temperature heating and cooling through different cooling paths, 
by three-point loading. When re-heated, the fracture energy of rapidly cooled specimens is reported to 
increase with temperature and reaches the peak at 300°C, whereas that of slowly cooled specimens soars 
at 120°C to hit the peak. The fracture energy of both is reported to rapidly decrease thereafter as the 
temperature rises. Zhang, Bicanic, et al. (2000a, 2000b, 2002), conducted three-point loading tests on 
notched beams by changing the test age, heating temperature, and heating period. According to their 
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reports, the fracture energy increases with temperature but takes a downward turn at 300°C; the fracture 
energy increases up to a curing period of 28 days; and, when related to mass loss ratio, the fracture energy 
increases up to a mass loss ratio corresponding to 300°C (around 7%) and decreases thereafter. Jiangtao, 
et al. (2012), determined the fracture energy by wedge splitting testing and reported that the fracture 
energy hits the peak at 450°C and decreases thereafter and that the downward turning point in terms of 
mass loss ratio is 7.18%. 

Fracture mechanics techniques have thus been used for investigation into failure of heat-affected 
concrete. When investigating cracking, however, it is considered important to evaluate not only crack 
propagation properties but also crack initiation. Fracture mechanics techniques were therefore employed 
in this study to investigate fracture properties related to the crack initiation and propagation of concrete 
exposed to high temperature heating environments of 100 to 800°C for a certain period of time. 

 
EVALUATION OF FRACTURE PROPERTIES 

 
Fracture properties were evaluated based on tension-softening curves, which were determined by 

polylinear approximation through inverse analysis of load versus crack mouth opening displacement 
(CMOD) curves obtained from wedge splitting tests using an analysis program devised by the authors 
(1994, 1997, 2001). Specifically, evaluation was carried out using initial cohesive stress and fracture 
energy obtained from tension-softening curves. 

The tension-softening curve is an index expressing the relationship between the cohesive force 
and CMOD where the fracture propagation is simulated by a cohesive force model. The initial cohesive 
stress on the curve serves as a parameter representing the intrinsic tensile strength of the material. Initial 
cohesive stress expresses the crack initiation resistance. The larger this value, the greater the resistance to 
crack initiation. 

The area enclosed with a tension-softening curve represents the fracture energy necessary for 
making the width between the nodes of a fictitious crack opening to reach the limit opening displacement 
for complete separation. Fracture energy expresses the crack propagation resistance. The larger this value, 
the greater the resistance to crack propagation.  

 
EXPERIMENT OVERVIEW 

 
Outline of specimens 

 
Tables 1 and 2 give the materials and mixture proportions, respectively. Three levels of 

compressive strength after four weeks of standard curing were selected for concrete: 18, 27, and 36 
N/mm2 (18, 27, and 36, respectively).  

The numbers of specimens for each set of test conditions were three for wedge splitting testing 
(100 x 100 x 120 mm) to evaluate the fracture properties, three for compression and Young’s modulus 
testing (100 x 200 mm). Specimens were demolded 2 days after placing, standard-cured until an age of 4 
weeks, and then subjected to heating and testing. 

Table 3 gives the as-mixed properties of concrete and the strength test results after standard 
curing for 4 weeks. The actual compressive strength was 3 to 4 N/mm2 higher than the target values.  
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Table 1: Materials 
 

Materials Mark Detail 
Cement C1 Ordinary Portland cement, Gravity=3.16g/cm3  

S1 Crushed sand, Specific gravity=2.63 g/cm3, F.M.=3.00 
S2 Crushed sand, Specific gravity=2.63 g/cm3, F.M.=3.00 Fine aggregate 
S3 Pit sand, Specific gravity=2.56 g/cm3, F.M.=1.80 
G1 Crushed stone, Specific gravity=2.66 g/cm3, Absolute volume=60.0% 

Coarse aggregate 
G2 Crushed stone, Specific gravity=2.66 g/cm3, Absolute volume=60.0% 

Ad1 Air entraining and reducing agent 
Admixture 

Ad2 Super plasticizer 
 

Table 2: Mixture properties (in kg/m3) 
 

Mark 
W/C 
(%) 

W C S1 S2 S3 G1 G2 Ad1 Ad2 

18 69.6 183 263 368 323 230 447 447 2.63 - 
27 57.2 173 303 359 314 225 455 455 - 2.73 
36 48.3 173 359 339 297 212 456 456 - 3.23 

 
Table 3: Properties of concrete 

 

Mark 
Slump 
(cm) 

Air 
(%) 

Compressive 
strength 
(N/mm2) 

Youngs’s 
modulus 

(kN/mm2) 
18 17.0 5.8 22.1 22.0 
27 19.0 4.5 31.4 25.2 
36 20.0 5.8 39.0 27.3 

 
Test procedures 

 
Figures 1 shows the temperature histories in the furnace. The maximum temperatures in the 

furnace during heating were 100, 200, 300, 500, and 800°C. Unheated (20°C) specimens were also tested 
for comparison. Two muffle furnaces with inside dimensions of W310 x D610 x H310 mm having 
heating elements on both sides and a programmable controller were used for heating. Specimens were 
placed in the center of each furnace at equal distances from heaters on both sides to achieve uniform 
heating in the furnace. A temperature rise rate of 0.5°C/min was selected to minimize the temperature 
gradient within specimens based on preliminary testing using a 100 x 200 mm sized concrete specimen 
with K-type thermocouples set on the surface and in the internal center (RILEM (2004)). When the 
furnace temperature attained the target, the temperature was retained for 1 h before discontinuing the 
heating. Specimens were allowed to naturally cool down in the furnace to ambient temperature and then 
removed from the furnace for testing. Note that specimens were in a saturated surface-dry condition at the 
beginning of heating. 
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Figure 1. Temperature histories 

 
Compression tests were conducted in accordance with JIS A 1108. Young’s modulus was also 

measured simultaneously using a compressometer (JIS A 1149). 
RILEM. (1994) and the Japan Concrete Institute. (2003) specify three-point flexure tests on 

notched beams, to induce mode I failure (tensile), as a method of evaluating the fracture toughness of 
concrete. However, this method requires large specimens with a typical size of 100 x 100 x 400 mm. 
When evaluating the fracture properties of concrete using such large specimens, the effect of their own 
weight cannot be ignored. The effect of specimens’ own weight is expected to be particularly significant 
when dealing with concrete affected by high temperature heating as in this study. This is because concrete 
becomes brittler after heating, making the effect of the weight of specimens on their fracture properties 
relatively stronger than testing at normal temperatures. It was therefore considered that small specimens 
would lead to smaller errors in test values. Also, minimizing the specimen size is more advantageous 
from the aspect of uniform heating in the furnace. For these reasons, wedge splitting testing was adopted 
in this study, as it provides mode I failure (tensile), similarly to three-point loading on notched beams, for 
small-sized specimens measuring 100 x 100 x 120 mm (Fig. 2).  

A notch was cut in the center of one side of each specimen for wedge splitting testing before 
heating to leave a ligament depth of 50 mm using a diamond cutter with a blade thickness of 1 mm, in 
order to induce tensile failure by inserting a wedge into the notch. The size of jigs used for the test 
conformed to the test method proposed by RILEM (1994). Since concrete affected by high temperature 
heating becomes brittler, its resistance to tensile forces can be significantly reduced. It is therefore 
necessary to accurately detect the post-peak softening zone for measuring a stable load-CMOD curve. To 
this end, a servohydraulic testing machine of a closed-loop system type was used. This is a machine 
manufactured by MTS Systems Corporation, comprising the loading unit, hydraulic unit, and control unit 
having a feedback function. Also, the rate of CMOD at the opening mouth was set at 0.02 mm/min so as 
to lead to stable failure of each specimen. Note that sensitive clip gauges for controlling displacement 
were used for measuring the CMOD. 
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Figure 2. Wedge splitting test 
 

RESULTS AND DISCUSSION 
 

Mechanical properties 
 
Figure 3 shows the compressive strength-heating temperature relationship. The compressive 

strength generally increases up to 200°C, with the strength of specimens having lower W/C being higher, 
though that of 27 is lower than unheated specimens (20°C). The strength then decreases as the 
temperature rises. 
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Figure 3. Effect of temperature on compressive strength 
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Figure 4 shows the Young’s modulus-heating temperature relationship. Young’s modulus, which 
is said to be sensitive to temperature, is found to decrease as the temperature increases. 
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Figure 4. Effect of temperature on young’s modulus 

 
Load-Crack mouth displacement (CMOD) curve  

 
Figure 5 shows the load-CMOD curves obtained from wedge splitting tests. Stable load-CMOD 

curves were obtained from all specimens heated and unheated, regardless of the heating temperature. 
When compared with unheated (20°C) specimens, the maximum load of 100°C specimens is nearly the 
same, whereas that of 200°C specimens is slightly high and highest among other specimens. That of 
300°C specimens is slightly low, but those of 500°C and 800°C specimens significantly decrease, 
drastically dropping as the temperature rises. It is also noticed that the shapes of the peaks are sharp with 
lower temperatures but become rounded with higher temperatures, with the post-peak drops being more 
gradual. 

Figure 5. L-CMOD curve 
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Tension softening curve 
 
Figure 6 shows the tension-softening curves determined by polylinear approximation analysis 

based on the load-CMOD curves. When compared with unheated (20°C) specimens, the initial cohesive 
stress of all 100°C specimens is the same, whereas that of 200°C specimens is slightly high and that of 
specimens subjected to higher temperatures decreases as the temperature increases. Also, the cohesive 
stress decreases as the crack opening displacement (COD) increases, with the declining curve becoming 
gentler as the heating temperature increases. 

Figure 6. Tension softening curve 
 

Fracture properties 
 
Figure 7 shows the relationship between the initial cohesive stress on the tension-softening curve 

and the heating temperature. Though the initial cohesive stress of unheated specimens generally tends to 
increase as the concrete strength increases, those of 18 and 36 are 5.5 and 5.8 N/mm2, respectively, 
with the difference being not large. When comparing among different heating temperatures, the initial 
cohesive stress of heated specimens tends to be higher than that of unheated (20°C) specimens up to 
200°C, though with a considerable scatter. The initial cohesive stress of 200°C 18 specimens is 6.1 
N/mm2, whereas those of 200°C 27 and 36 specimens are 7.9 N/mm2. The initial cohesive stress of 
specimens subjected to higher temperatures decreases, with that of 800°C specimens being as low as 1.0 
N/mm2, regardless of the concrete strength. 

Since initial cohesive stress serves as a parameter representing the intrinsic tensile strength of 
materials, it expresses concrete’s resistance to cracking. In other words, concrete’s resistance to cracking 
is increased by heating up to around 200°C, but when heated up to 300°C, it decreases to a level equal to 
unheated (20°C) concrete. The cracking resistance is then sharply reduced by heating to higher 
temperatures. This can be explained as follows: When concrete is heated, aggregate expands and cement 
hydrates shrink, causing fine cracks at their boundaries, which reduces the strength and cracking 
resistance. Meanwhile, heating stimulates reaction of unhydrated cement. The strength-increasing effect 
of hydration predominates up to 200°C, increasing the cracking resistance.  
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Figure 7. Initial cohesive stress 

 
Figure 8 shows the fracture energy-heating temperature relationship. The fracture energy as a 

whole increases up to a heating temperature of 300°C, though varying depending on the concrete strength, 
and then decreases as the heating temperature increases. Fracture energy, which is the area enclosed with 
the tension-softening curve, increases when the initial cohesive stress is large and when the reduction in 
the cohesive stress due to the increase in the CMOD is moderate. The largest fracture energy of 300°C 
specimens can be attributed to the high initial cohesive stress and the moderate rate of its reduction due to 
increasing COD. As seen from Fig. 7, the initial cohesive stress of 300°C specimens tends to be higher 
than that of unheated specimens and retains the initial level. Also, the slow reduction in the cohesive 
stress due to the increase in the CMOD can be attributed to the effect of the presence of heating-induced 
fine cracks. When a crack develops, a fracture process zone is formed at the tip of the crack. If cracking 
occurring in this zone is dispersed, then the energy resulting from the crack propagation is also dispersed, 
thereby increasing the energy-absorbing capability at the time of fracture. Many fine cracks were present 
in the fracture process zones of specimens tested in this study due to heating. Therefore, cracking may 
have tended to be dispersed. 
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Figure 8. Fracture energy 

 
CONCLUSION 

 
In this study, fracture mechanics techniques were used for investigating the fracture properties of 

concrete specimens exposed to high temperature environments of 100°C to 800°C for a certain period. As 
a result, the following were found within the range of this study: 
(1) In regard to load-CMOD curves, the maximum load of 200°C specimens was highest, and that of 

300°C specimens slightly decreased. The maximum load then rapidly decreased as the heating 
temperature increased to 500°C and 800°C. Also, the shapes of the load peaks of lower temperature 
specimens were sharp but became rounded as the heating temperature increased, with the post-peak 
reduction in the load becoming more gradual. 

(2) In regard to tension-softening curves, the initial cohesive stress of 200°C specimens was higher than 
that of unheated specimens. Those of higher temperature specimens decreased as the heating 
temperature increased. While the cohesive stress decreased as the CMOD increased, the reduction 
became more gradual as the heating temperature increased. 

(3) The initial cohesive stress increased up to a heating temperature of 200°C but decreased as the 
heating temperature increased further. At 800°C, the initial cohesive stress of all concretes decreased 
to nearly the same level regardless of the strength. 

(4) The fracture energy increased up to a heating temperature of 300°C but decreased as the heating 
temperature increased further. 

 
REFERENCES 

 
Bazant Z. P., and Prat P. C. (1988). “Effect of Temperature and Humidity on Fracture Energy of 

Concrete,” ACI Materials Journal, July-August, 262-271. 
Graham Baker (1996). “The effect of exposure to elevated temperatures on the fracture energy of plain 

concrete,” Materials and Structures, Vol.29, 383-388. 
Binsheng Zhang, Nenad Bicanic, Christopher J. Pearce, and Gojko Balabanic (2000a). “Assessment of 

Toughness of Concrete Subject to Elevated Temperatures from Complete Load-Displacement 
Curve-Part II Experimental Investigations,” ACI Materials Journal, September-October, 556-566. 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division II 

Binsheng Zhang and Nenad Bicanic (2000b). “Residual Fracture Toughness of Normal- and High-
Strength Gravel Concrete after Heating to 600°C,” ACI Materials Journal, May-June, 217-226. 

B. Zhang，N. Bicanic，C. J. Pearce and G. Balabanic (2002). “Residual fracture properties of normal- 
and high-strength concrete subjected to elevated temperatures,” Magazine of Concrete Research, 52, 
No.2, Apr., 123-136. 

Jiangtao Yu, Kequan Yu, Zhoudao Lu (2012). “Residual fracture properties of concrete subjected to 
elevated temperatures,” Materials and Structures, DOI 10.1617/s11527-012-9823-4. 

Kitsutaka Y., Kamimura K., and Nakamura S. (1994). “Evaluation of aggregate properties on tension 
softening behavior of high strength concrete, High Performance Concrete,” American Concrete 
Institute, ACI SP 149-40, 711-727. 

Kitsutaka Y. (1997). “Fracture parameters by polylinear tension-softening analysis,” J. Engrg. Mech., 
ASCE., Vol. 123:5., 444-450. 

Kitsutaka Y.  and Takahashi Y. (2001). “Fracture mechanics based bending failure analysis for fiber 
reinforced light-weight concrete panel considering crack dispersion effect,” J. Struct. Constr. Eng., 
AIJ, No.541, 37-42. 

RILEM TC 129-MIT (2004). “Modulus of elasticity for service and accident conditions,” Materials and 
Structures, Vol.37, 139-144. 

JCI Standard (2003). “Method of test for fracture energy of concrete by use of notched beam” 
RILEM AAC13.1 (1994). “Determination of the specific fracture energy and strain softening of AAC,” 

RILEM Recommendations for the Testing and Use of Constructions Materials, 156-158 


