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Abstract. The analysis and modelling of concrete behaviour is complex because of its 
heterogeneous microstructure. The models based on fracture parameters need the 
experimental validation. The paper deals with the effect of internal frost damage on fracture 
mechanics parameters: critical stress intensity factor KIc and critical value of crack tip opening 
displacement CTODc. The fracture parameters were assessed on beams with initial notches in 
three-point bend test, after freeze-thaw cycles. The significant changes in the P–CMOD plot 
for specimens after different number of freeze-thaw cycles were observed. The results 
obtained allowed analyzing the variations in the fracture characteristics due to environmental 
influence. The analysis of results revealed the applicability of fracture mechanics methods for 
studying the process of freeze-thaw damage accumulation in concrete. Thus, they may be 
used for prediction of concrete structure durability.  
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1 INTRODUCTION 

Various issues relevant both to concrete properties and to the durability of concrete 
structures, including the service life prediction, are explained by the presence of flaws or by 
initiation and propagation of cracks in hardened cement paste in concrete [1,2]. The material 
heterogeneity causes the constrain stress fields which, together with the stress fields induced 
by external load, create the local stress concentrations. Each case of fracture is determined by 
different sorts of discontinuities or defects in material microstructure.  

The modelling of the behaviour, damage and fracture processes of concrete is extensively 
discussed in the literature [1-3, 5]. The fracture mechanics, as one of the most significant field 
of science, is widely used to analyze the material behaviour in structure. The relation between 
microstructure evolution and macroscopic response is crucial in design and modelling of 
heterogeneous materials. Considering the heterogeneous microstructure of concrete and other 
cement based materials and their low resistivity to initiation and propagation of cracks, the 
typical average strength parameters are not fully sufficient for description of their behaviour 
in structural element under load. The fracture mechanics methods allow analyzing the failure 
process of this sort of materials as well as the degradation evolution due to environmental 
influence [2, 6]. 

The fracture mechanics parameters are used in different applications to formulate the 
classic criteria of failure as well as in advanced computational methods to analyze the 
structures made from concrete and other brittle materials. 

Apart from the mechanical load, the environmental influence may also have to be taken 
into account for the appropriate analysis of concrete’s behaviour. The description of 
behaviour of concrete subjected to a variety of physical processes is an important engineering 
challenge. The hardened concrete microstructure is inherently unstable and subjected to 
different types of alterations depending upon its stress, which also pertains to its 
environmental history. Assuming the fracture parameters are strongly influenced by flaws 
development in concrete microstructure, they can be useful to assess the internal degradation 
process caused by the influence of environmental destructive factors. Frost damage is the 
typical deterioration in concrete structures in the countries with subzero temperature 
conditions [5, 7, 8]. The influence of freeze/thaw cycles on fracture parameters in comparison 
to strength parameters was investigated by Hanjari et al. [9]. As a result it was found that the 
frost damages had a significant influence on the plot of load – displacement curve. Cyclic 
freezing and thawing caused the decrease in tensile strength of concrete, but the fracture 
energy increased together with the increase in damage process in the range considered. 
Similar effects were observed by the author [3] studying variations in fracture energy due to 
cyclic freezing and thawing. Reis and Ferreira [10] adapted two parameters fracture model 
(TPFM) for assessment the changes of fracture parameters of polymer concretes exposed to 
cyclic freezing and thawing.  

The aim of the research work was the analysis of the effect of internal damages due to 
freezing and thawing on the fracture parameters of concrete KIc and CTODc, determined 
according to two parameters fracture model [11, 12]. In order to assess the value of fracture 
characteristics three-point bend tests were performed for a notched beams of Portland cement 
concrete. On the basis of load-displacement curves, after several number of freeze-thaw 
cycles, the changes in the post-peak behaviour of concrete were analyzed.  
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2 MATERIALS AND TEST METHODS 

2.1 Materials and specimen preparation 

The tests were performed for concretes of frequently used values of water to cement ratio 
equal to 0,40 and 0,50. The cement (CEM I 42,5 N-HSR/NA) content in concretes tested was 
constant – 350 kg/m3. The river sand, fraction 0-2 mm and the natural aggregate with 
maximum diameter of 8 mm were used. The aggregate mix consisted of 40% of 0-2 mm 
fraction, 25%of 2-4 mm fraction and 35% of 4-8 mm fraction.  

The specimen with sizes 100×100×400 mm were prepared for fracture parameters 
determination. The minimum size of specimen exceeded the maximum size of  aggregate 
more than tenfold. The specimens were vibrated in forms. After de-moulding they were stored 
in water at temperature 20 ± 2oC during 21 days. Then, during 7 days in 65± 5% RH. After 28 
days of water storage the part of specimens were subjected to cyclic freezing in air and 
thawing in water. The temperature changed from -18oC to 18oC. The duration of single cycle 
was 8 hours and the freezing period duration was 6 hours. The freezing and thawing process 
was finished one day before testing. The reference specimens were stored in water at 
temperature 20 ± 2oC until the time of testing. 

2.2 Fracture mechanics parameters determination 

The fracture parameters considered were the critical stress intensity factor KIc and the 
critical tip opening displacement CTODc. Both parameters were determined using procedure 
described in RILEM draft recommendation [13], based on the fracture model (TPFM) 
elaborated by Jenq and Shah [11, 12].  

The specimen sizes were 100×100×400 mm, and the initial saw-cut notch depth was equal 
to 30 mm and width was 3 mm. The geometry of specimen and the way of load were 
presented in Figure 1. The notches were sawn under wet conditions one day before the test. 

a) b) 

 

 

Figure 1: Fracture testing configuration and geometry of specimen: (a) the way of load; (b) the place of CMOD 
measurement 

The critical stress intensity factor is defined as the stress intensity factor calculated at the 
critical effective crack tip, using the measured maximum load. The critical crack tip opening 
displacement is defined as the crack tip opening displacement calculated at the original notch 
tip of the specimen, using the measured maximum load and the critical effective crack length. 
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The fracture parameters were assessed in three-point bend test on beams with initial notches. 
The testing machine (MTS 322) with closed-loop servo control was used to achieve a stable 
failure of specimens. The crack mouth opening displacement (CMOD) measured at the center 
of the notch was a feedback signal. Figure 2 shows the testing machine with beam specimen. 

 
Figure 2: Notched beam during testing 

The crack mouth opening displacement and the applied load were recorded continuously 
during the test. The clip gauge was used to measure the CMOD values. The length of gauge (5 
mm) was chosen in such a way that possible errors caused by the bending effects were 
avoided [13, 14]. The rate of loading was controlled by the constant rate of increment of crack 
mouth opening displacement. The applied load was automatically reduced (unloading phase) 
when the load passed the maximum value and was about 95% of the peak load. When the 
applied load was reduced to ca. 100 N, reloading was applied. The cycles of loading and 
unloading were repeated four times, and then the specimen was loaded up to failure.  

The test result is a load-CMOD curve with several loading-unloading cycles. Based on the 
load-CMOD relation, the fracture parameters were calculated. The full P-CMOD diagrams 
with at least four loading-unloading cycles, were used to analyze the changes in compliance 
of material during the fracture process. The definition of initial loading Ci, unloading Cu and 
loading compliance Cl is shown in Figure 3.  

 
Figure 3: The method for compliance determination 
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The loading compliance (Ci) was calculated as the inverse of the slope from 10% of the 
peak load until 50% of the peak load. This was estimated to be the linear elastic range and 
ignored any initial seating load discontinuities in the curve. The unloading compliance (Cu) 
was the inverse of slope of the unloading curve.  

The assessments for LEFM application by Jenq and Shah were described in details in [12]. 
The equations for fracture parameters calculation are given in Recommendation [13] and the 
way of their practical using was presented in [14]. 

The tests for fracture parameters determination were performed after 60, 90, 120, 150, 180 
and 210 cycles. The reference specimens, stored in water, were tested at the same terms. Each 
series was composed of 4 replicates.  

3 TEST RESULTS 

The fracture parameters were determined on the basis of P–CMOD curves obtained for 
concrete specimens. The effect of freezing and thawing on concrete properties was referee to 
the results obtained for reference specimens cured in water. The force P plotted versus 
CMOD measured for specimens after different number of cycles were presented in Figures 4 
and 5. The A curves were recorded for reference concrete specimens and B, C curves present 
typical plots obtained after n freeze-thaw cycles. 

 
Figure 4: P–CMOD curves for concrete (w/c=0,40): A – reference; B - after 120 cycles; C – after 210 cycles  

 
Figure 5: P–CMOD curves for concrete (w/c=0,50): A – reference; B – after 120 cycles; C – after 180 cycles 
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From the P–CMOD plot, one can see that the initial part of the curve for reference concrete 

(A curve) is the longest and almost linear and the strain of the notch tip under tension 
increases slightly with the increasing load. After the linear segment of P–CMOD curve, 
deviation from linear response is observed and the load reaches the maximum value, which 
indicates the onset of crack initiation at the tip of the notch. After the point of maximum 
tension, the curve exhibits increasing load until reaching the peak. Therefore, the load at 
which the tension reaches its maximum value is the initial cracking load.  

The post-critical part of P–CMOD curve can be described as follows. At the load P equal 
95% of maximum load the unloading starts. In the first part of unloading plot the short part 
can be extracted, when the load decreases with very small changes in initial crack mouth 
opening displacement. Then, the unloading plot becomes linear and CMOD decreases till the 
minimum load value in the cycle considered. Then, the next cycle of loading starts. At first 
the load increases without the changes in CMOD. Later, the reloading curve becomes less 
steep, and the crack mouth opening displacement increases. In the next segment the 
significant growth of CMOD together with slight changes in load is observed until reaching 
the intersection with the unloading curve. The first cycle of loading-unloading does not cause 
the failure of specimen. For each subsequent loading-unloading cycle the significant decrease 
in maximum value of load and the growth of CMOD were recorded. 

The analysis of P–CMOD plot after different number of freeze-thaw cycles (B and C 
curves) makes it possible to investigate the changes in concrete properties related to the loss 
of brittle material character. Cyclic freezing and thawing caused the reduction of maximum 
load and shortening the linear segment of P–CMOD plot. For extremely damaged concrete, 
the linear segment of P–CMOD curve is very short, the maximum load is achieved quickly, 
and the strain softening is observed. The unloading plot was curvilinear without the segments 
at which the CMOD value was constant. The crack mouth opening displacement, recorded for 
maximum load for individual specimens, increased when the number of cycles increased. 
Generally, the CMOD values were greater than recorded for control concrete specimens. The 
changes in maximum load for individual cycles of loading-unloading were slight in 
comparison to the initial cycle. In the process of degradation the concrete behaviour is more 
ductile in comparison to reference concrete but the maximum load (Pmax) is strongly limited. 

The changes in the loading and unloading compliance due to cyclic freezing and thawing 
were analyzed in relation to the initial loading compliance Ci. The relationships between Cu/Ci 
and CMOD as well as Cl/Ci and CMOD for the beginning value of following loading cycle 
for concrete of w/c=0,50 were presented in Figure 6 a and b, respectively. It was found that 
cyclic freezing and thawing caused the changes in compliance. Independently from the level 
of material degradation, the loading compliance was changing faster than the unloading 
compliance. 

The diagrams in Figure 6 could be divided into two groups of curves of similar course. The 
curve for control (not frozen) concrete and curves after 60 and 90 cycles form the first group 
and the other consist of curves for concrete after 120 and more number of cycles. For curves 
in this group, described with the lines with little slope, the significant increase in the crack 
mouth opening displacement was observed, providing the increase in the compliance. 
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Figure 6: Changes in compliance of concrete of w/c=0,50: a) during unloading; b) during loading 

The assessment of critical stress intensity factor KIc and critical crack tip opening 
displacement CTODc, obtained based on P–CMOD relation, for concrete specimens after 
different number of freeze-thaw cycles were presented in Figure 7 and Figure 8, respectively. 
The first test was conducted after 28 days of curing, before subjecting to frost action. The 
results obtained for the frozen concrete were compared with the values of fracture parameters 
for the reference concrete cured in water. The comparison of the average values considering 
the scatter of test results revealed the significant influence of freeze-thaw cycles on both 
parameters. 

The value of critical stress intensity factor KIc of concrete, stored in wet conditions, 
increased with age, similarly to other strength parameters of concrete. The greater values of 
KIc were obtained for concrete with smaller w/c ratio, and the average increase in KIc was 
about 20%. The results obtained for frozen concretes indicate the KIc sensitivity on changes in 
microstructure caused by cyclic freezing and thawing. After initial slight changes, the value of 
parameter decreased with the increase in number of cycles. The significant decrease in KIc for 
concrete of w/c=0,50 occurred after 90 cycles, and for concrete of w/c=0,40 – after 120 
cycles. After 210 cycles the damage process of concrete was advanced and the values of KIc 
were comparable and approximately 45% of parameter value after 28 days of curing. The 
decrease in KIc is related to the deterioration of strength parameters of concrete. 
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a) 
b) 

  
Figure 7: Variations in critical stress intensity factor KIc vs. number of freeze/thaw cycles n in comparison to 

reference concrete tested at the same times: a) w/c=0,40; b) w/c=0,50 

a) b) 

  

Figure 8: Variations in critical crack tip opening displacement CTODc vs. number of freeze/thaw cycles n in 
comparison to reference concrete tested at the same times: a) w/c=0,40; b) w/c=0,50 

The changes in CTODc (Figure 8) were not as intensive as the changes in KIc 
independently from the way of concrete specimens treatment. The results obtained for 
concrete stored in water revealed the slight decrease in CTODc with age, not exceeding 5% of 
value determined after 28 days of curing. Possibly together with the increase in tensile 
strength because of hardening, the concrete becomes more brittle and the failure by cracking 
takes place for smaller value of crack tip opening displacement and for smaller length of 
effective crack. 

Cyclic freezing and thawing caused the increase in CTODc. The significant differences in 
parameter’s values for the frozen concrete and the reference one, were observed after 120 
cycles for concrete of w/c=0,50 and after 150 cycles for concrete of w/c=0,40. The water to 
cement ratio had the strongest effect on the changes in the critical value of crack tip opening 
displacement. 

The increase in CTODc value due to cyclic freezing and thawing can be related to the 
increase in compliance of concrete, discussed above, and the increased length of  effective 
crack, which initiated the crack propagation. 
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4 DISCUSSION 

The process of concrete damage is the result of the progressive formation of different 
defects in its microstructure and the defects development to the critical sizes. The local 
concentration of defects (as a result of the physicochemical processes) and exceeding the 
critical size and number of defect cause the damage process: development of cracks, 
separation of microstructure components and loosing the aggregate grains from cement paste. 

According to Bažant and Prat [15], Hanjari et al. [9] the degradation of concrete should be 
reflected in the changes in mechanical properties of material determined on the basis of 
fracture mechanics. Fracture mechanics allows considering the effect of local defects in 
microstructure, such as internal cracking due to cyclic freezing and thawing. 

In the tests performed, where the rate of loading was controlled by the constant rate of 
increment of crack mouth opening displacement, during the stage of diffuse microcracking, 
the force applied to the specimen increases monotonically with the displacement, and is very 
nearly proportional to the displacement, if the number of defects in the volume of concrete 
element allows considering material as statistically homogenous (uniform strain and stress 
state). The progress in the degradation process causes the increase in the number and size of 
defects and the linear segment of load-displacement curve is reduced (the linear constitutive 
relationships cannot be used), what was observed on the diagrams obtained from the 
experiment. When the microcracking localizes to form macrocracks, the force increases, up to 
the maximum value, but in this event there is a slight non-linearity just before the peak load 
on the force-displacement curve. In case of concrete elements subjected to degradation 
process due to frost, the stage of macrocrack localization can be enlarged, because of the large 
number of macrocracks forming. Finally, the propagation of a macrocrack leading to failure 
of the specimen coincides with a decrease in the force as the displacement increases. This is 
what is called "post-peak" or "softening" behaviour. 

According to Karihaloo and Santhikumar [16] the knowledge of the evolution of tension 
softening in time, under environmental influence, is essential to the study of the subcritical 
crack growth in cementitious materials using the fictitious crack model. Marzouk and Jiang 
[17] notice that although the tension properties of concrete govern its cracking behaviour, 
they are ignored or treated only approximately in design and analysis. An accurate analysis of 
load-deflection characteristics, crack width, bond transfer and shear transfer is based on the 
post-cracking response of concrete. Concrete degradation due to frost was evident on the 
descending portion of the stress-strain curve, and in case of advanced damage process, also in 
the ascending portion of this relationship. 

It is advisable to validate the existing models considering the results of experimental 
investigation because not considering the variability of this parameter under service life 
conditions properly may lead to inadequacy of the model. 

6 CONCLUSIONS 

The combination of two fracture parameters was proposed to characterize the changes in 
fracture process of concrete subjected to cyclic freezing and thawing. The results obtained 
from the test, made it possible to analyze the variations in the critical coefficient of stress 
concentration and critical value of crack tip opening displacement.  

The accumulation of freeze-thaw damage has a significant effect on mechanical properties 
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and material behaviour during fracture process. The decrease in the value of maximum load 
and the limitation of linear initial part of P-CMOD curve were observed for the increased 
number of freeze-thaw cycles. The internal cracking in concrete microstructure caused the 
decrease in critical stress intensity factor and the increase in critical crack tip opening 
displacement. The analysis of various parameters allows assessing the resistance to fracture of 
quasi-brittle material in proper way. 

The data from the experimental tests are indispensable for proper understanding the 
physical phenomenon and provide the numerical tools (accurate and efficient models) for 
predicting its evolution in time. The experimental findings have to be used as an input to 
validate the proposed model formulation, which in turns provides a further physical 
understanding the material behaviour.  

 
This research work was financially supported by National Science Centre (Poland); project 
number 2011/03/B/ST8/06456.  
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