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Abstract 
 

Deteriorating concrete structures demand reliable methods for assessing and quantifying damage. 

In cold regions, concrete structures are susceptible to freeze and thaw cycles which cause frost 

damage.  Frost damage has been observed to cause most severe type of deterioration in concrete 

structures as it significantly reduces the strength, stiffness and durability.  Due to the climate 

conditions, concrete infrastructure in Canada is especially prone to frost damage.  Since the 1930s, 

entrained air was found to greatly increase the concrete resistance against surface scaling by de-

icing salts.  Air entrainment has since become an efficient measure against frost damage of 

concrete used in environments with freezing and thawing.  Currently, however, Canadian standards 

for concrete structures do not provide explicit guidelines for the evaluation of frost damage.  

Understanding the effects of frost damage on concrete structures is essential for developing 

methods to effectively quantify and assess the impact of this deterioration mode on the structural 

capacity of concrete infrastructure.  This study proposes a structural analysis method that accounts 

for the degradation of the load carrying capacity and stiffness of frost-damaged reinforced concrete 

flexural members.  The method is developed through nonlinear finite element analyses of 

reinforced concrete beams in which frost damage is accounted for by modifying mechanical 

properties according to existing analytical constitutive models for frost-damaged concrete in 

compression and tension, and for bond steel-concrete interaction.  The analysis procedure is 

validated with published experimental results of reinforced concrete beams subjected to frost 

damage.  A parametric analysis of design variables and level of frost damage is also presented in 

order to establish the importance of each in the behavior of damaged reinforced concrete beams. 
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Chapter 1. Introduction 

  

1.1 Background 

 

Structural concrete that has been properly specified can be quite resistant to low temperatures; it 

can even be used for containers that store liquid gas at cryogenic temperatures (Li 2016).  However, 

in Canada and in other cold climates, concrete infrastructure becomes vulnerable to frost damage 

when exposed to water and freeze-thaw cycles.  Successive freezing and subsequent thawing 

cycles result in the change of liquid water into ice inside the concrete pore system. This water 

phase change results in a 9% volume expansion.  The solid matrix of the material is not able to 

accommodate this volume expansion and as a result, internal stresses develop.  These stresses 

introduce micro and macro cracks in the concrete and can result in cracking and spalling of the 

concrete cover.  This is referred to as internal frost damage (Pigeon et al. 1996).   Change in the 

relative dynamic modulus of elasticity is used to quantify this internal frost damage.  ASTM C666 

is the published test method for measuring dynamic modulus of elasticity of concrete specimens 

subjected to rapidly repeated freeze-thaw cycles.   

 

Hydraulic structures such as dams, especially at the waterline, and highway bridges exposed to 

water are prone to frost damage when subjected to freeze-thaw cycles.  These structures can have 

a high saturation degree due to their exposure to water. As the external temperature drops, the 

water in the concrete pores freezes and subsequently thaws back to its liquid state when the 

temperature rises. This process of water freezing introduces pressure in the concrete pores, and ice 

thawing relieves the pores of this pressure. These cycles of increase and subsequent alleviation of 

pore pressure induces damage in the concrete. Nineteen percent of dam deterioration was reported 

to be caused by frost damage (ICOLD 1984).  Likewise, concrete highway bridges can have a high 

degree of saturation in the winter season and experience severe damage as they are subject to 

freezing and subsequent thawing.  Figure 1.1 shows frost damage in concrete piers of a highway 

bridge. 
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Figure 1.1. Concrete piers of a highway bridge subject to frost damage (reproduced from Li 2016) 

 

Furthermore, freeze-thaw cycles in the presence of salts cause severe surface damage in concrete. 

In Canada, during the cold months, de-icing salts are commonly used on roads and pavements.  

Deterioration of concrete bridge decks and road slabs is often observed as a result of successive 

freezing and thawing in the presence of these de-icing salts.  This type of frost damage is also 
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prevalent in concrete elements that are in contact with saline water bodies such as sea water or 

ground water with high salt content. Surface damage caused by salts is treated differently 

compared to frost damage without salts (Li 2016). 

 

1.2 Scope of Research 

 

Frost-damaged concrete structures demand reliable methods for quantifying damage and loss of 

capacity.  Previous research on this subject has primarily focused on the causes and mechanisms 

of frost deterioration and its effects at the material level, while less attention has been given to 

assess its impact on the structural behaviour of damaged structures built with no air-entrained 

concrete.  Several studies have investigated the influence of internal frost damage on material 

properties of concrete and steel-concrete bond (Hanjari et al. 2011, Qin et al. 2016), but only few 

studies have focused on the structural response of frost-damaged concrete structures (Hassanzadeh 

and Fagerlund 2006, Tang and Petersson 2004).  In order to effectively assess existing frost-

damaged reinforced concrete structures, methods to accurately predict the load carrying capacity 

and the remaining service life are needed.   

 

The aim of this research is to propose a structural analysis method that accounts for the degradation 

of the load carrying capacity and stiffness of frost-damaged reinforced concrete flexural members.  

The scope of this work includes the following:  

(i) a literature review of previous experimental studies on the effect of freeze-thaw cycles 

on concrete compressive and tensile strengths, on concrete stiffness, and on the bond-

slip relationship between reinforcement and concrete as well as on the structural 

behaviour of reinforced concrete members;  

(ii) nonlinear finite element analyses of reinforced concrete beams in which frost damage 

is accounted for by modifying existing analytical constitutive models for concrete in 

compression and tension and for bond steel-concrete interaction, by modifying the 

member’s geometry to account for surface scaling, and by applying an uneven damage 

distribution on the member;  

(iii) validation of the analysis procedure with published experimental results of reinforced 

concrete beams subjected to frost damage; and,  
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(iv) a parametric analysis of design variables and level of frost damage to establish the 

importance of each in the behavior of damaged reinforced concrete beams. 

 

1.3 Organization of Thesis 

 

In chapter two, background information on the deterioration of reinforced concrete structures due 

to frost damage is provided.  The literature pertaining to the effects of frost damage on the bond 

and material properties as well as the capacity of flexural members is discussed.  The current 

measures against frost damage are also discussed and research needs are presented.   

  

The methodology implemented to model frost damage in the finite element analysis of reinforced 

concrete structures is presented in chapter three.  The mechanical behaviour of concrete is 

modified, which allows for frost damage to be quantified and the structural response of frost-

damaged reinforced concrete members to be understood.     

 

In chapter four, the methodology developed in chapter three for modeling frost-damaged beams is 

validated.  The proposed methodology is used in the non-linear finite element analysis of frost 

damaged beams that were tested by Hassanzadeh and Fagerlund (2006) as part of a research study 

to investigate the behaviour of frost-damaged reinforced concrete beams.  The load-carrying 

capacity and failure mode of the beams predicted by the numerical analysis are compared with the 

available experimental data in order to validate the proposed methodology. 

 

Chapter five presents a parametric study of external and internal parameters using the methodology 

that was proposed and validated in the previous chapters.  The influence of each parameter on the 

damage degree and the subsequent reduction in the load capacity is investigated.  The test specimen 

used for the parametric analysis was designed in accordance with CSA A23.3.  The results and a 

discussion of the results are also presented in this chapter.  

    

Lastly, the thesis conclusions are discussed in chapter six, in which considerations for future 

research are also presented.    
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Chapter 2. Literature Review  
 

2.1 Introduction 

 

In this chapter, background information on the deterioration of reinforced concrete structures due 

to frost damage is provided.  The literature pertaining to the effects of frost damage on the steel-

concrete bond and concrete material properties as well as the capacity of flexural members is 

discussed. The current measures against frost damage are also discussed and research needs are 

presented.    

 

2.2 Frost Damage 

 

In cold regions, concrete structures are susceptible to freeze and thaw cycles which cause the most 

severe type of deterioration (Nili et al. 2017).  Due to the climate conditions, concrete 

infrastructure in Canada is especially prone to frost damage.  The damage caused by freeze-thaw 

cycles is related to the water phase change in concrete pores; the pore system cannot accommodate 

the volume expansion of freezing water, which is restrained by the surrounding concrete.  The 

resulting tensile stresses induce micro and macro cracks in the concrete, causing damage known 

as internal frost damage.  In addition, concrete surfaces exposed to freeze-thaw cycles in the 

presence of moisture and/or de-icing salts are also susceptible to scaling.  This type of damage is 

termed “surface scaling” or “salt scaling.”  

 

Frost-damaged concrete has been researched for more than half a century.  Much of the early works 

have focused primarily on explaining the mechanisms responsible for frost deterioration.  These 

publications have established concepts that aid in the understanding of the deterioration processes 

that takes place when concrete is subjected to freeze-thaw cycles. Powers (1949) proposed the 

hydraulic pressure theory, which states that frost damage is caused by the increase in pore pressure 

when there is liquid water flow due to the ice volume expansion of 9% in the pores. The osmotic 

theory was later suggested by Powers and Helmuth (1953) to further explain that the local 

condensation of pore solution is responsible for driving the liquid water to the freezing site in pores 

and thus, severe scaling can be observed with the presence of salt. The micro lens theory proposed 

by Setzer (2001) considered the water-vapour-ice equilibrium in pores during freezing and verified 

the suction effect of external water during one sided thawing. The phenomenon of water absorption 
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and the damage accompanying freeze-thaw cycles have been addressed by the critical pore 

saturation theory (Fagerlund 1993) and the low-cycle fatigue theory (Fagerlund 2002).  The pore 

crystallization theory (Scherer 1999) and poromechanics theory (Coussy 2005) have been 

developed to investigate more formally the pore phase change. 

 

Since the early works of Power and the development of the hydraulic pressure theory, a group of 

experimental studies have investigated the influence of freeze-thaw cycles on material properties 

of concrete and steel-concrete bond. A few studies have focused on modeling the structural 

response of frost-damaged reinforced concrete structures. These experimental works have shown 

that frost damage significantly reduces the strength, stiffness and durability of concrete structures 

(Ma et al. 2017).  

 
2.3 Mechanical Properties of Frost-Damaged Concrete 

 

2.3.1 Frost-Damaged Concrete in Compression  

 

Published results show that there is a significant influence of freeze–thaw cycles on the 

compressive strength of concrete. The compressive stress–strain curve of frost-damaged concrete 

is shown to be significantly different from that of undamaged concrete.  When compared with the 

undamaged concrete, the frost-damaged concrete exhibits lower initial elastic modulus, a larger 

strain at the peak stress and a more ductile behaviour in the descending branch as shown in Figure 

2.1.   

 

Figure 2.1. Compressive stress-strain curves of 200×100 mm cylinder specimens (reproduced from 

Hanjari et al. 2011) 
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As part of an experimental study, Hanjari et al. (2011) carried out compression tests on cylinders 

of 200×100 mm (Figure 2.1).  Reference specimens as well as frost-damaged specimens were 

tested.  The level of frost damage was quantified by a reduction in the compressive strength. 

Damage level I refers to specimens that underwent freeze-thaw cycles and experienced a 25% 

reduction in compressive strength. Damage level II refers to specimens that underwent freeze-thaw 

cycles and experienced a 50% reduction in compressive strength.  A 43% and 84% reduction in 

the elastic modulus was observed in specimens with damage level I and damage level II, 

respectively.  The authors noted that the frost-damaged concrete had larger strains at peak stresses 

and exhibited a more ductile behaviour in the post-peak range compared to the undamaged 

concrete. A change in the stiffness was also noted in the pre-peak curves of the frost-damaged 

concrete. This was attributed to the randomly oriented cracks in the frost-damaged specimens 

resulting from freeze-thaw cycles. The frost-damaged specimens were initially loaded with low 

stiffness, but as loading continued and the cracks perpendicular to the loading direction closed, the 

concrete experienced a slight increase in stiffness. However, it was noted that the stiffness never 

fully recovered and a permanent stiffness loss was observed. 

 

In a study where the main focus was to investigate fracture behavior of concrete exposed to freeze-

thaw cycles, Ma et al. (2017) also carried out compression tests on frost-damaged concrete.  The 

compression tests were carried out on specimens with dimensions of 100 × 100 × 100 𝑚𝑚3 using 

a servo-controlled testing machine. It was observed that the compressive strength decreased as the 

number of freeze-thaw cycles increased.  After 100 freeze-thaw cycles, the compressive strength 

of the concrete specimen decreased by approximately 55%.  The maximum applied load for the 

specimen without frost damage was 1.11 times higher than for the specimen which had undergone 

100 freeze-thaw cycles. Furthermore, it was observed that with increasing freeze-thaw cycles, the 

slopes and area of the load-deformation curves decreased. These experimental results are in 

agreement with the observations of Hanjari et al. (2011)   

 

The relationship between mechanical properties of undamaged concrete and its compressive 

strength are well established and widely used.  Li et al. (2017) proposed similar relationships for 

frost-damaged concrete.  The index of relative compressive strength (RCS) was established as the 

indicator of frost damage.  RCS is the ratio of compressive strength of frost-damaged concrete to 
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compressive strength of undamaged concrete.  Experimental data on the mechanical performance 

of frost-damaged concrete was collected from the literature and analyzed in order to propose a 

method for the estimation of the mechanical performance of frost-damaged concrete. The plots in 

Figure 2.2 were produced to show the dimensionless data of the elastic modulus under 

compression, strain at peak compressive stress, and biaxial compressive strength versus RCS.  It 

was noted that as the RCS decreases, so does the relative initial elastic modulus and relative biaxial 

compression strength, while the strain at peak compressive stress increases. 

 

 

 
    (a)                                                                          (b) 

 

 
                                         (c) 

 
Figure 2.2. Relative compressive strength, RCS versus (a) Relative elastic modulus (b) Relative strain at 

peak compressive stress (c) Relative biaxial compressive strength (reproduced from Li et al. 2017) 
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The following relationships for the elastic modulus under compression, the strain at the peak 

compressive stress, and the biaxial compressive strength of frost-damaged concrete were proposed 

(Li et al. 2017):  

𝐸𝑐
𝑑 =

105

2.2 + 2.64/𝑓𝑐
 (1.4238

𝑓𝑐
𝑑

𝑓𝑐
− 0.4238) 

 

(2.1) 

𝜖𝑐,𝑝
𝑑 = (0.833 + 0.135√𝑓𝑐) (

𝑓𝑐
𝑑

𝑓𝑐
)

−1.5045

× 10−3 

 

(2.2) 

𝑓𝑐𝑐
𝑑 = (1.15 − 1.35) (0.77852

 𝑓𝑐
𝑑

𝑓𝑐
+ 0.22148)𝑓𝑐    

 

(2.3) 

where 𝐸𝑐
𝑑 is the secant elastic modulus of frost-damaged concrete, 𝑓𝑐

𝑑 is the compressive strength 

of frost-damaged concrete, 𝑓𝑐  the compressive strength of concrete, 𝜖𝑐,𝑝
𝑑  is the strain at peak 

compressive stress of frost-damaged concrete and 𝑓𝑐𝑐
𝑑  is the biaxial compressive strength of frost-

damaged concrete. 

 

2.3.2 Frost-Damaged Concrete in Tension  

 

Frost damage has been reported to have a larger effect on the tensile strength of concrete than on 

the compressive strength. In the same study discussed above, Hanjari et al. (2011) conducted 

splitting tensile and wedge splitting tests to investigate the tensile strength of frost-damaged 

concrete.  The wedge splitting test results were used in an inverse analysis to estimate the tensile 

strength.  The results show that a 25% and 50% (damage level I and damage level II) reduction in 

compressive strength due to frost damage correspond to approximately 29% and 63% reduction in 

splitting tensile strength. A 10% difference was observed between the tensile strength estimated 

by the splitting tensile test and the tensile strength estimated by wedge splitting test.  The effects 

of frost damage were greater on tensile strength than on compressive strength.  The author noted 

that these results agree with what has been previously observed by other researchers and attributed 

the slightly larger reduction of tensile strength to the cracks formed during the freeze-thaw cycles. 

When the frost-damaged concrete experiences compression, cracks perpendicular to the direction 

of the applied force are closed, whereas in tension, these cracks contribute to the failure of the 

concrete specimen.       
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As with the dimensionless data of relative elastic modulus, relative strain at peak compressive 

stress and relative biaxial compressive strength for frost-damaged concrete, Li et al. (2017) also 

plotted the dimensionless data of tensile strength and strain at peak tensile stress against the relative 

compressive strength (RCS).  These plots are shown in Figure 2.3. 

 

 
  (a)                                                                                    (b) 

 
Figure 2.3. Relative compressive strength, RCS versus (a) Relative tensile strength (b) Relative strain at 

peak tensile stress (reproduced from Li et al. 2017) 

 

The following relationships were proposed by Li et al. (2017) for calculating the tensile strength 

and strain at peak tensile stress of frost-damaged concrete:  

𝑓𝑡
𝑑 = 0.302𝑓𝑐

2
3(1.04125

𝑓𝑐
𝑑

𝑓𝑐
− 0.04125) 

 

(2.4) 

𝜖𝑡,𝑝
𝑑 = 34.03 × 10−6𝑓𝑐

0.36(0.97902
𝑓𝑐
𝑑

𝑓𝑐
+ 0.02098)   

 

(2.5) 

where 𝑓𝑡
𝑑 is the tensile strength of frost-damaged concrete, and 𝜖𝑡,𝑝

𝑑 is the strain at peak tensile 

stress of frost-damaged concrete. 

 

2.4 Effects of Frost Damage on Bond Strength 

 

Frost damage in the concrete cover is an indicator of change in the bond behaviour between steel 

reinforcement and concrete.  This is due to the ring tension stress present during bond action.  

When this tension is greater than the capacity of the concrete cover to resist it, bond failure takes 

place and cracks form along the reinforcement as a result of this failure.  The concrete cover has 
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the smallest cross section of concrete resisting the ring tension stress and is the area where this 

mechanism of crack initiation takes place (Petersen et al. 2007). 

 

Petersen et al. (2007) carried out pull-out tests to investigate this bond behaviour. The reinforcing 

bars were eccentrically placed in the pull-out specimen in order to simulate the bond in flexural 

reinforced concrete members. The results from the pull-out test indicated that bond behaviour 

changes with deterioration, which was quantified by the relative dynamic modulus of elasticity.  

The deterioration caused by successive freeze-thaw cycles lengthens the time required for an 

ultrasonic wave to travel through the concrete. The relative dynamic modulus of elasticity can be 

derived from this and hence is used to quantify the internal damage. The dynamic modulus of 

elasticity describes the deformation resistance under impulsive load, which is similar to ultrasound 

in that it spreads wavelike in the concrete. From the results of the experiments, it was observed 

that there is a decrease of the maximum bond tension corresponding to the pull-out load. Also, at 

the maximum bond tension, there is a change in the observed slip. It was also observed that there 

is some reduction in slip values at the maximum bond tension when the amount of damage is small 

and only the area of the concrete cover is included.  However, when the damage is at a greater 

depth and affecting the area near the reinforcement, the slip values at the maximum bond tension 

increase rapidly (Figure 2.4). 

 

 
 

Figure 2.4. Variation of the slip values at the maximum bond tension in relation to the level of the internal 
damage (reproduced from Petersen et al. 2007) 
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The variation of the slip values at the maximum bond tension was explained using the four 

specifically measured bond tension-slip curves as presented in Figure 2.5. The curve identified as 

“undamaged” represents the results of the pull-out test on an undamaged specimen.  The results of 

the pull-out test on specimens with varying degrees of damage are represented with curves A, B, 

and C.  The degree of damage increases from specimen A to C.  In the case of curve A, the frost 

damage in the specimen is only in the area of the concrete cover. The concrete area surrounding 

the reinforcement is undamaged, and thus the stress-strain behaviour of concrete remains 

unchanged.  Until the point of maximum bond-tension, the curve follows the path of the curve of 

the undamaged specimen.  The decrease in the maximum bond tension is due to the frost damage 

in the concrete cover.  Thus, specimens with a relative low degree of damage have a smaller slip 

values at the maximum bond tension.   

 
 

Figure 2.5. Bond-slip curves reflecting freezing and thawing induced changes of bond behavior 
(reproduced from Petersen et al. 2007) 

 

Curves B and C represent results for specimens that experienced frost damage reaching the 

reinforcing steel. These curves show the maximum bond tension decreasing and the slip increasing 

rapidly. This behavior is evident both before and after the maximum bond tension.  Considering 

these results, it was concluded that frost damage can have a significant influence on the bond 

behavior, even if the damage is limited to the concrete cover and has not progressed to the concrete 

surrounding the reinforcing steel. The maximum bond tension can be reduced considerably if there 

is even slight damage in the concrete cover.  
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Hanjari et al. (2011) also conducted pull-out tests designed to investigate the effects of frost 

damage on the local bond-slip relationship.  It was noted that pull-out failure occurred at steel 

stresses below the yield strength, and the failure mode was identified as shear sliding along the 

perimeter of the reinforcing steel. From the average bond stress-slip response of the reference 

specimen and specimens with frost damage level I and level II,  it was found that the bond capacity 

is reduced by 14% and 50% for damage levels I and II, respectively.  A decrease in the stiffness 

of the ascending branch of the bond-slip response was also observed with frost damage.  

Furthermore, as the level of frost damage increased, so did the slip at the maximum bond force.  

The slip at the maximum force for reference and damage levels I and II was 0.39, 0.48, and 0.60 

mm, respectively.   

 

Xu et al. (2017) investigated the bond behaviour of deformed steel bars in frost-damage concrete 

subjected to monotonic and reversed cyclical loading. The bond properties of specimens with 

varying strength grades and levels of frost damage were observed. The experimental results 

showed that for specimens of same strength grade, the initial bond stiffness, the maximum bond 

resistance and the remaining bond strength decreased as the number of freeze and thaw cycles 

applied to the specimens increased; the slip at peak bond, however, increased.  Furthermore, the 

bond strength decay, the progressive acceleration of bond stiffness degeneration and the loss of 

energy dissipation capacity were observed for specimens of same strength grade but higher levels 

of frost damage.  The authors also noted that for the same level of frost damage, specimens with 

higher concrete strength showed an increase in the initial bond stiffness, the slip at peak bond 

stress, the maximum bond resistance and the remaining bond strength.   

 

2.5 Distribution of Frost Damage  

 

Internal frost damage progresses from the surface into the concrete subjected to freeze-thaw cycles 

and is therefore unevenly distributed over the cross section of a structural element.  Lohaus and 

Petersen (2002) carried out research to observe the influence of frost deterioration on concrete 

properties.  The data from their experimental work was adapted and is presented in Figure 2.6.  It 

shows the distribution of the internal damage expressed as relative dynamic modulus of elasticity 

at various distances from the surface in relation to the number of freezing and thawing cycles.  The 
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extension and distribution of the damage shows that the exposed concrete surface is most severely 

affected.  The damage lessens as the distance from the freeze-thaw stressed surface increases.  

 

 
 

Figure 2.6. Distribution of internal damage in a specimen (reproduced from Petersen et al. 2007) 

 

2.6 Effect of Frost Damage on Structural Behaviour of Reinforced Concrete Members 

 

In an experimental study by Qin et al. (2017), the influence of freeze-thaw cycles on the seismic 

behavior of reinforced concrete columns was investigated.  The authors analysed the effects of the 

numbers of freeze-thaw cycles on the failure modes, hysteretic response, and skeleton curves of 

the specimens.  It was observed that freeze-thaw cycles did not affect the failure mode of the 

columns as all specimens failed due to bending. Furthermore, the authors visually observed uneven 

distribution of frost damage in the outer and inner part of the columns.  It was also noted that the 

hysteretic response of specimens subjected to different degrees of frost damage was similar. The 

load bearing capacity of specimens decreased gradually with the increase of freeze-thaw cycles; 

there was, however, a slight increase in displacements for different damage degrees, and a gradual 

decline in the corresponding ductility factors; see Table 2.1 and Figure 2.7. 
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Table 2.1. Force and deformation of the tested columns (reproduced from Qin et al. 2013) 

Specimen Cycles 𝐹𝑦 (kN) 
𝛥𝑦 

(mm) 

𝐹𝑚𝑎𝑥    

(kN) 

𝛥𝑚𝑎𝑥   

(mm) 

𝐹𝑢 (kN) 

(0.85𝐹𝑚𝑎𝑥) 

𝛥𝑢 

(mm) 
𝛥𝑢/𝛥𝑦 

Z-C1 0  55.99  7.26  66.92  14.42  56.88  38.45  5.30 

Z-C2  100  50.55  7.14  60.60  14.58  51.51  44.03  6.16 

Z-C3  200  47.65  7.40  56.47  14.6  48.00  44.48  6.01 

Z-C4  300  47.20  8.50  54.42  14.28  46.26  42.64  5.02 

Note: 𝐹𝑦 and 𝛥𝑦 are the yield load and displacement; 𝐹𝑚𝑎𝑥 and 𝛥𝑚𝑎𝑥 are the peak load and displacement; 𝐹𝑢 and 𝛥𝑢 

are the ultimate load and displacement; 𝛥𝑢/𝛥𝑦 is the displacement ductility coefficient. 

 

 
Figure 2.7. Experimental skeleton curves (reproduced from Qin et al. 2013) 

 

Hassanzadeh and Fagerlund (2006) studied the structural effects of the internal frost damage on 

large reinforced concrete beams by subjecting them to frost damage. Freeze-thaw cycles in 

combination with high degree of saturation induced internal cracks in the reinforced concrete 

beams.  Results from the experimental tests showed that internal frost damage not only caused loss 

of strength but also caused reduction of the stiffness and extensive visible cracking.  In some cases, 

frost damage also affected the failure mode of the beams. For instance, frost-damaged beams that 
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were designed to fail due to yielding of the reinforcement instead failed as a result of the 

compression crushing of concrete.  Furthermore, the authors noted that given the level of 

deterioration, the remaining load-bearing capacity of the beams was remarkably high. 

 

The investigation also showed that when the saturation degree was above the critical value and the 

structural element experienced freeze-thaw cycles, the damage was severe and caused dramatic 

reduction of the load-bearing capacity and stiffness of the structural member. In practice, however, 

unless very high moisture conditions are reached in the structure, internal frost damage increases 

gradually. 

 

2.7 Modeling the Behaviour of Frost-Damaged Concrete 
 

Nili et al. (2017) proposed an analytical model for predicting frost damage of concrete exposed to 

freeze-thaw cycles with one parameter that can be identified on the stress-strain curve of a uniaxial 

tension test.  Results from a sample of 55 experimental tests were used to compare and validate 

the authors’ propositions and analytical results. It was shown that the proposed model can serve 

as an effective tool to evaluate concrete deterioration due to frost damage.  However, this 

development is only applicable to normal concrete with water-cement ratio of 0.4–0.5 without any 

air-entraining agents or pozzolanic materials.  Investigating the frost damage model of other types 

of concrete is required to be undertaken as the focus of further research. 

 

Berto et al. (2015) reformulated the coupled mechanical-environmental damage model developed 

previously by the authors and proposed a freeze and thaw degradation model that had the capacity 

of better simulating the different aspects of the physical phenomenon.  The model introduced a 

relationship that accounts for the effects of frost damage on the tensile strength separately from 

the compressive strength.  This allows for the various effects of frost degradation in relation to the 

tensile and compressive strength to be accurately simulated.  The model was validated by 

simulating experimentally tested frost-damaged beams. The simulations of a number of four-point 

bending tests of reinforced concrete beams subjected to frost degradation accurately reproduced 

the failure load, ultimate displacement, and failure mode.  The model was concluded to be a 

reliable numerical tool for analysis of reinforced concrete structures subjected to freeze-thaw 

cycles.  
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Methodologies presented in the literature to model the effects of internal frost damage have been 

done on the premise that the effects of internal frost damage can be modelled as changes in material 

and bond properties.  In one study, Hanjari et al. (2013) proposed a methodology to predict the 

damage caused by freeze-thaw cycles in terms of mechanical behaviour.  The following is a 

discussion on the suggestions that were made on how to account for the changes in the material 

properties of frost-damaged concrete. 

 

2.7.1 Stress-Strain Response of Frost-Damaged Concrete in Compression 

 

To take the effects of frost damage into account, Hanjari et al. (2013) proposed modifications to a 

model by Thorenfeldt et al. (1987) for the stress-strain relationship of undamaged concrete.  With 

the modifications, it is suggested that the model can be used for frost-damaged concrete, and it is 

as follows: 

 

σ = 𝑓𝑐
𝑑 (

𝜖

𝜖𝑐,𝑝
𝑑
)

(

 
 𝑛

𝑛 − 1 + (
𝜖
𝜖𝑐,𝑝
𝑑 )

𝑛𝑘

)

 
 

 (2.6) 

 

where σ and ϵ are the stress and strain in the concrete, respectively.  The n and k correction factors 

are calculated using the following equations 

 

𝑛 =
𝐸𝑐
𝑑

𝐸𝑐
𝑑 − 𝐸0

𝑑 (2.7) 

𝑘 = {
1

0.67 +
𝑓𝑐
𝑑

62

 

For 0 < 𝜖 < 𝜖𝑐,𝑝
𝑑  

For 𝜖 > 𝜖𝑐,𝑝
𝑑  

(2.8) 

 

 

where 𝐸𝑐
𝑑 and 𝐸0

𝑑are the secant and tangential elastic modulus of the damaged concrete, 

respectively. 
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The curves in Figure 2.8 provide estimation for the strain at the maximum stress and the tangential 

elastic modulus of the damaged concrete based of the dynamic modulus of elasticity, respectively.  

The secant elastic modulus is calculated as𝑓𝑐
𝑑/𝜖𝑐,𝑝

𝑑 .  

 

 
(a)                                                                         (b) 

 

Figure 2.8.  An approximation of (a) strain at maximum stress and (b) the tangential elastic modulus of 

the damaged concrete based on the dynamic modulus of elasticity (reproduced from Hanjari et al. 2013) 
 

Li et al. (2017) also accounted for frost damage by modifying the stress-strain relationship 

proposed by Zhenhai et al. (2003) for undamaged concrete.  A parameter to account for the frost 

damage was introduced.  The relationship is as follows: 

 

𝑦 =
𝜎

𝑓𝑐
𝑑
= {

𝑎𝑑𝑥 + (3 − 2𝑎𝑑)𝑥
2 + (𝑎𝑑 − 2)𝑥

3

𝑥

𝑏𝑑(𝑥 − 1)2 + 𝑥
 

For 0 ≤ 𝑥 =
𝜖

𝜖𝑐,𝑝
𝑑  ≤ 1 

For 𝑥 =
𝜖

𝜖𝑐,𝑝
𝑑  > 1 

(2.9) 

 

where 𝑎𝑑 and 𝑏𝑑 in the above equation reflect the “compaction effect” during the ascending branch 

of the stress-strain response and the post-peak behaviour, respectively. Parameters 𝑎0 and 𝑏0 are 

special cases of 𝑎𝑑 and 𝑏𝑑, respectively, where the number of freeze-thaw cycles is 0.  The values 

of 𝑎𝑑 and 𝑏𝑑 of concrete prisms with different damage degrees were collected from previous works 

and plotted in the forms of 𝑎𝑑/𝑎0 and 𝑏𝑑/𝑏0 in relation to RCS.   
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Through curve fitting, the following relations are established to calculate 𝑎𝑏 and 𝑏𝑑: 

 

𝑎𝑑/𝑎0 = {
2.2268 𝑓𝑐

𝑑/𝑓𝑐 − 1.2268 
0.1093

 

For 0.6 ≤ 𝑓𝑐
𝑑/𝑓𝑐 ≤ 1 

For 𝑓𝑐
𝑑/𝑓𝑐< 0.6 

(2.10) 

𝑏𝑑/𝑏0 = {
−3.395 𝑓𝑐

𝑑/𝑓𝑐 + 4.395 
2.358

 

For 0.6 ≤ 𝑓𝑐
𝑑/𝑓𝑐 ≤ 1 

For 𝑓𝑐
𝑑/𝑓𝑐< 0.6 

(2.11) 

 

 

2.7.2 Stress-Crack Opening Relation of Frost-Damaged Concrete in Tension 

 

A bi-linear relationship between tensile stress and crack opening shown in Figure 2.9 was proposed 

by Hanjari et al. (2011); the results from the wedge splitting test were used for an inverse analysis 

in order to determine the 𝜎𝑐𝑡 − 𝑤 relationship.  The wedge splitting test results showed an 

increase in the fracture energy due to frost damage.  This is because several cracks were 

introduced by freeze-thaw cycles prior to mechanical testing and so, greater energy was 

dissipated, by opening several dominant cracks, to fully fracture the specimen. The tensile 

stress–crack opening relation, 𝜎𝑐𝑡 −𝑤, shows a very large ultimate crack opening.  The bi-

linear relationship can be used in numerical analyses of frost-damaged reinforce concrete elements. 

  

 
 

Figure 2.9. Bi-linear relationship between tensile stress and crack opening (reproduced from Hanjari et al. 
2013) 



20 
 

2.8 Frost Damage Mitigation Measures  
 

Since the 1930s, entrained air was found to increase greatly the concrete resistance against surface 

scaling by de-icing salts.  Air entrainment has since become an efficient measure against frost 

damage of concrete used in environments with freezing and thawing.   

 

CSA A23.1 - Concrete materials and methods of concrete construction/Test methods and standard 

practices for concrete stipulates that consideration must be given to the exposure conditions to 

which the concrete will be subjected.  Exposure class F pertain to concrete exposed freezing and 

thawing without chlorides.  Table 1 of the standard goes on to specify additional sub-classes of 

concrete exposure based on additional concrete exposure condition.  Exposure classes F-1 and F-

2 are defined as concrete exposed to freezing and thawing in a saturated condition, but not to 

chlorides, and concrete in an unsaturated condition exposed to freezing and thawing, but not to 

chlorides, respectively.  The standard sets the requirement for air content, in Table 4, based on 

these various exposures.     

 

2.9 Need for Research 
 

The reliability of methods to assess concrete structures exposed to freeze-thaw cycles is of 

significant concern to asset managers as it affects the service life prediction of such structures. 

Currently, existing Canadian standards for concrete structures do not provide explicit guidelines 

to evaluate the effect of frost damage over time to ensure the structures meet their design lifetime. 

Researching the effects of frost damage on concrete structures is essential for developing methods 

to effectively quantify and assess the impact of this deterioration mode on the structural capacity 

of concrete infrastructure.  The development of these methods is imperative, now more than ever 

before, because of climate change.  The IPCC (2001) has suggested that within the next century, 

average temperatures in North America will increase by 1.5℃ to 3.0℃.  Under a higher emissions 

scenario, average North American temperatures could increase by 3.5–7.5℃ (IPCC, 2001).  

Changing temperatures and increased frequencies of freeze thaw cycles make Canada’s reinforced 

concrete structures more vulnerable to frost damage and so, there is a need to develop finite 

element methods for evaluating the residual load-carrying capacity of frost damaged concrete 

structures. 
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Chapter 3. Finite Element Modeling  
 

3.1 Introduction 

 

In this chapter, the methodology implemented to model frost damage in the finite element analysis 

of reinforced concrete structures is presented.  The mechanical behaviour of concrete is modified, 

which allows for frost damage to be quantified and the structural response of frost-damaged 

reinforced concrete members to be understood.     

 

3.2 Nonlinear Finite Element Analysis Software  

 

VecTor2 is the nonlinear finite element software used in this study for the analysis of frost-

damaged reinforced concrete members. The program was developed at the University of Toronto 

and predicts the response of reinforced concrete elements under in-plane normal and shear stresses.  

It is based on the Modified Compression Field Theory (Vecchio and Collins 1986) and the 

Disturbed Stress Field Model (Vecchio 2000).  Cracked concrete is treated as an orthotropic 

material with smeared, rotating cracks. The program implements displacement-based finite 

element methods by generating the structure stiffness matrix and relating the unknown nodal 

displacements to specified forces. Figure 3.1 illustrates the VecTor2 algorithm for nonlinear finite 

element analysis.  VecTor2 was selected as the nonlinear finite element software to be used for the 

purposes of this work, because it offers nonlinear models for reinforced concrete with the 

analytical capabilities of finite element analysis.  It also offers constitutive models for a variety of 

phenomena including compression softening, tension stiffening, and tension softening.  

 

3.3 Finite Element Model 

 

The VecTor2 element library includes planar triangular, rectangular and quadrilateral elements for 

modeling concrete with or without smeared reinforcement, linear truss bar element for modeling 

discrete reinforcement and link and contact elements for modeling bond-slip. 

 

Concrete was modeled using the plane-stress rectangle.  It is a four-node element and has eight 

degrees of freedom; each node translates in the x and the y directions.  The orientation of the 

element is parallel to the x and the y axis.  The element can be of any width or height; however, 
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the accuracy of the solution is compromised when its dimensions deviate from a square.  The 

maximum aspect ratio was, therefore, specified to be 1.5.   

 

 
 

Figure 3.1.  VecTor2 algorithm for nonlinear finite element analysis (reproduced from VecTor2 manual) 
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Steel reinforcement can be modeled as either smeared or embedded in the VecTor2 program.  The 

use of smeared reinforcement is appropriate for cases where the longitudinal or transverse bars are 

sufficiently well distributed. Although this technique produces results with an acceptable level of 

accuracy, it does not allow for modeling the bond behaviour between the steel and concrete. The 

use of discrete truss elements is necessary in cases where bond-slip of reinforcement is to be 

considered. The truss element is a two-node element with four degrees of freedom, and it was used 

here to model both the longitudinal and transverse steel reinforcement.  

 

In regions where bond stresses are low, the change in reinforcement strain, during loading, is 

equivalent to the change in total concrete strain; perfect bond can therefore be assumed.   However, 

in regions where high reinforcement stresses result in large bond stresses, the consideration of 

bond action is critical. These large bond stresses facilitate imperfect bond action.  VecTor2 allows 

for modeling imperfect bond through the use of bond elements.  These elements eliminate the 

perfect bond relationship between the steel and concrete by acting as a deformable interface 

between concrete and discrete reinforcement elements. The link element was used across the 

concrete and reinforcement interface to model the influence of localized bond-slip on the load-

deformation response of frost-damaged reinforced concrete beams. Figure 3.2 shows a typical 

finite element mesh.    

 

 

Figure 3.2. Typical finite element mesh 
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3.4 Modeling Frost Damage 

  

The degree and the extent of damage in concrete due to successive freeze-thaw cycles are 

constituted by the concrete microstructure (porosity, degree of saturation, etc.) and environmental 

factors (freezing rate and duration, amplitude of temperature, etc.). The successive freezing and 

thawing of water within concrete’s pore system introduces micro and macro cracks and changes 

the internal structure of the concrete. Internal frost damage was, therefore, modeled as a change in 

the mechanical behaviour, which relates to the material properties and bond behaviour of frost 

damaged concrete.  The damage caused by freezing of concrete in the presence of a chloride 

solution causes surface scaling and was modeled as a reduction of the concrete cover. Figure 3.3 

below illustrates the parameters considered in simulating internal frost damage and surface scaling. 

 

 

 
 

Figure 3.3.  Parameters modified to simulate frost damage 
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3.4.1 Mechanical Properties  

  

The material properties of frost-damaged concrete were used as input for the analysis.  

Consequently, the mechanical behaviour of concrete was modified to simulate frost damage.   

 

To assess deterioration in a concrete structure at any given time, the measured compressive 

strength is required as an indicator of the damage. Core samples of the concrete specimen must 

undergo compression strength testing in the process of evaluating the damaged compressive 

strength, 𝑓𝑐
𝑑.  Once the compressive strength of the frost-damaged concrete, 𝑓𝑐

𝑑 is determined, it 

can be related to the other mechanical properties of the frost-damaged concrete, including modulus 

of elasticity, 𝐸𝑐
𝑑, and tensile strength, 𝑓𝑡

𝑑. 

 

The relationship between compressive strength of undamaged concrete, 𝑓𝑐 , and its mechanical 

properties have been established and are used in the analysis and design of concrete structures.  In 

an attempt to establish relationships of the same nature for frost-damaged concrete, authors 

including Li (2017) compiled and analysed experimental data from various research programs.   

 
Li (2017) noted that data from the different experimental studies used specimens with varying 

geometry and freeze-thaw exposure in their respective controlled environments. Establishing the 

relationships between compressive strength and other mechanical properties for frost-damaged 

concrete from regression analysis would require the conversion of experimental data obtained from 

different research programs and would not be feasible.  To overcome this, Li (2017) adopted 

dimensionless mechanical properties (relative elastic modulus, relative tensile strength, etc.) and 

related them to the relative compressive strength. The following are the relationships the author 

proposed for frost-damaged concrete. 

 

𝐸𝑐
𝑑 =

105

2.2 + 2.64/𝑓𝑐
 (1.4238

𝑓𝑐
𝑑

𝑓𝑐
− 0.4238) 

 

(3.1) 

𝑓𝑡
𝑑 = 0.302𝑓𝑐

2
3(1.04125

𝑓𝑐
𝑑

𝑓𝑐
− 0.04125) (3.2) 
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3.4.2 Bond Capacity  
 

For modeling the effects of frost damage on reinforced concrete structures, the perfect bond 

assumption of the MCFT is not appropriate as experimental studies have shown that frost damage 

influences bond strength.  The stress-slip response of the bond elements is governed by the bond 

stress-slip curve. In order to account for the reduction in bond capacity and the subsequent 

modifications to the internal stress distribution and load-deformation response, the bond stress-

slip relation proposed by Eligehausen et al. (1983) was modified to incorporate frost-damage 

effects.  The Eligehausen bond stress-slip curve is defined by a non-linear ascending branch 

followed by a plateau, a linear descending branch and final a residual stress branch, as illustrated 

in Figure 3.4.   

 

The bond model determines the stress-slip relationship for two distinct cases: confined bars and 

unconfined bars. The relationship for confined bars corresponds to pullout type bond failure, and 

the relationship for unconfined bars corresponds to splitting failure. Both the confined and 

unconfined bond stress-slip relationships are defined by a series of reference bond stresses, 𝜏, and 

bond slips, Δ. Those pertaining to pullout failure are subscripted as 𝜏𝑝,  Δ𝑝, while those pertaining 

to splitting failure are subscripted, 𝜏𝑠, Δ𝑠.  The actual bond stress-slip model is defined by a series 

of reference bond stresses and slips, 𝜏𝑠𝑝,  Δ𝑠𝑝 that are determined by linearly interpolating between 

the unconfined and confined reference bond stresses and slips.  

 

The confined stress-slip relationship is as follows: 

 

𝜏 =

{
  
 

  
 𝜏𝑝1(

∆

∆𝑝1
)𝛼                                                                𝑓𝑜𝑟∆≤ ∆𝑝1

𝜏𝑝2                                                               𝑓𝑜𝑟 ∆𝑝1< ∆ ≤ ∆𝑝2 

𝜏𝑝2 − [
(∆ − ∆𝑝2)

(∆𝑝3 − ∆𝑝2)
(𝜏𝑝2 − 𝜏𝑝𝑓) ]         𝑓𝑜𝑟 ∆𝑝2< ∆ ≤ ∆𝑝3 

𝜏𝑝𝑓                                                                             𝑓𝑜𝑟 ∆𝑝3< ∆

 (3.3) 

where  

𝜏𝑝1 = (20 −
𝑑𝑏
4
)√

𝑓𝑐
30

 (3.4) 
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𝜏𝑝2 = 𝜏𝑝1 (3.5) 

𝜏𝑝𝑓 = (5.5 − 0.07
𝑆

𝐻
)√

𝑓𝑐
27.6

 (3.6) 

∆𝑝1= √
𝑓𝑐
30
  (3.7) 

∆𝑝2= 3.0 𝑚𝑚 (3.8) 

∆𝑝3= 𝑆 (3.9) 

𝛼 = 0.4 (3.10) 

where 𝑆 is the lug spacing, 𝐻 is the lug height, and 𝑑𝑏 is the reinforcement bar diameter. 

 

The unconfined stress-slip relationship is as follows: 

 

𝜏 =

{
  
 

  
 𝜏𝑠1(

∆

∆𝑠1
)𝛼                                                                 𝑓𝑜𝑟∆≤ ∆𝑠1

𝜏𝑠2                                                               𝑓𝑜𝑟 ∆𝑠1< ∆ ≤ ∆𝑠2 

𝜏𝑠2 − [
(∆ − ∆𝑠2)

(∆𝑠3 − ∆𝑠2)
(𝜏𝑠2 − 𝜏𝑠𝑓) ]         𝑓𝑜𝑟 ∆𝑠2< ∆ ≤ ∆𝑠3 

𝜏𝑠𝑓                                                                              𝑓𝑜𝑟 ∆𝑠3< ∆

 (3.11) 

where  

𝜏𝑠1 = 0.748√
𝑓𝑐  ∙ 𝑐

𝑑𝑏
 ≤ 𝜏𝑝1 (3.12) 

𝜏𝑠2 = 𝜏𝑠1 (3.13) 

𝜏𝑠𝑓 = 0.234√
𝑓𝑐  ∙ 𝑐

𝑑𝑏
 ≤ 𝜏𝑝𝑓 (3.14) 

∆𝑠1=  ∆𝑝1exp [
1

𝛼
 ln (

𝜏𝑠1
𝜏𝑝1
)]  (3.15) 

∆𝑠2= ∆𝑝2 (3.16) 

∆𝑠3= ∆𝑝3 (3.17) 

 
where 𝑐 is the minimum concrete cover.  
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Modifications were made to the Eligehausen bond stress-slip relationship according to the 

subsequent discussion in order to define a multilinear relationship for frost-damaged concrete.  

Three reference bond stresses, 𝜏𝑖, and corresponding slips, ∆𝑖, were used as input in VecTor2 to 

define the multilinear bond stress-slip relationship for frost-damaged concrete.  

 

Figure 3.4.  The Eligehausen bond stress-slip curve 

 
Petersen et al. (2007) proposed the following relationship which relates the variation in the 

maximum bond stresses to the relative dynamic modulus of elasticity, 𝐸𝐷,𝑟𝑒𝑙
𝑑 .  Frost damage is 

quantified with the relative dynamic modulus of elasticity in the proposed relationship.  

 

𝜏𝑚𝑎𝑥
𝑑 = (0.17 + 0.007 𝐸𝐷,𝑟𝑒𝑙

𝑑 )𝜏𝑚𝑎𝑥 

 
(3.18) 

where 𝜏𝑚𝑎𝑥
𝑑  is the maximum bond strength for damaged concrete, 𝜏𝑚𝑎𝑥is the maximum bond 

strength for undamaged concrete, and 𝐸𝐷,𝑟𝑒𝑙
𝑑  is the relative dynamic modulus of elasticity for 

damaged concrete, with values ranging from 40% to 100% (Petersen et al. 2007). 

 
The reference stress, 𝜏1,  defining the multilinear bond stress-slip relationship for confined frost-

damaged concrete was then determined according to the following: 
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𝜏1 = (0.17 + 0.007 𝐸𝐷,𝑟𝑒𝑙
𝑑 )𝜏𝑝1 

 
(3.19) 

where 𝜏𝑝1 is calculated from Eq. 3.4. 

For unconfined concrete, the reference stress, 𝜏1, that defines the multilinear bond stress-slip 

relationship is determined as follows: 

 

𝜏1 = (0.17 + 0.007 𝐸𝐷,𝑟𝑒𝑙
𝑑 )𝜏𝑠1 

 
(3.20) 

where 𝜏𝑠1 is obtained from Eq. 3.12. The reference stress,𝜏2, was defined as per the Eligehausen 

bond stress-slip curve: 

𝜏2 = 𝜏1 

 
(3.21) 

The following relationship was proposed by Hanjari (2013) to determine the residual bond 

strength, 𝜏𝑓, which is reduced proportionally to the reduction in the bond capacity. 

  

𝜏𝑓
𝑑 = (

𝜏𝑚𝑎𝑥
𝑑

𝜏𝑚𝑎𝑥
)𝜏𝑓  

 

(3.22) 

For confined concrete, the reference stress, 𝜏3, defining the multilinear bond stress-slip 

relationship, is then determined as follows: 

 

𝜏3 = (
𝜏1
𝜏𝑝1
)𝜏𝑝𝑓  

 

(3.23) 

The reference stress, 𝜏3,  for unconfined concrete is determined according to the following: 

 

𝜏3 = (
𝜏1
𝜏𝑠1
) 𝜏𝑠𝑓 

 

(3.24) 
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For confined concrete, Δ1, Δ2, and Δ3 are calculated from Eqs. 3.7, 3.8 and 3.9, respectively.  For 

unconfined concrete, Δ1, Δ2, and Δ3 are calculated from Eqs. 3.15, 3.16 and 3.17, respectively.  

For a level of frost damage corresponding to ≈50% reduction in compressive strength, the values 

of the reference bond stresses, 𝜏1, 𝜏2, and 𝜏3 and corresponding slips, 𝛥1<𝛥2<𝛥3 defining the 

confined and unconfined multilinear bond stress-slip relationships for frost-damaged concrete are 

presented in Table 3.1.  Figure 3.5 shows the confined and unconfined multilinear bond stress-slip 

relationships for both undamaged and frost-damaged concrete. 

 

Table 3.1. Unconfined and confined reference bond stresses and corresponding slips to define multilinear 
bond stress-slip relationships 

 

𝑖 Confined Unconfined 

𝜏𝑖 (MPa) ∆𝑖 (mm) 𝜏𝑖 (MPa) ∆𝑖 (mm) 
1 1.12 3.72 0.09 1.34 

2 3 3.72 3.00 1.34 

3 13.6 1.17 13.60 0.42 
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(a) 

 

 

(b) 

Figure 3.5. Bond stress-slip relationship for (a) confined bars and (b) unconfined bars 
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3.4.3 Surface Scaling 

 

Scaling is a function of: 

I. salt concentration   

II. minimum temperature reached during a freeze-thaw cycle. 

 

To estimate future salt scaling, Fagerlund (2005) proposed salt scaling tests, in which the surface 

of test specimens is exposed to freeze-thaw cycles in a salt solution. The weight loss is then 

measured. 

It was stated that given undamaged concrete, the dry-weight loss per unit area, ∆𝑄 (kg/m2) can be 

expressed by the following linear relationship: 

∆𝑄 =  𝐾 × 𝑁 

 

(3.25) 

where 𝐾 is the slope of the scaling curve, and 𝑁 is the number of freeze-thaw cycles.   

 

Results from an experimental study by Lindmark (1993) have been adapted and plotted in Figure 

3.6. It was found that concrete with water-cement ratio of 0.4 has 𝐾=0.043 for a salt concentration 

of 3% NaCI-solution and for a minimum temperature of -22°C. 

 

 
 

Figure 3.6.  The effect of freeze-thaw cycles on salt scaling for a concrete with w/c = 0.4 (reproduced 

from Lindmark 1993) 
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The weight loss is translated to a scaling depth s (m), using the dry-bulk density, 𝛾: 

𝑠 =  
𝐾 × 𝑁

𝛾
 

(3.26) 

 

3.5 Constitutive Models for Concrete 

 

Accounting for the behaviour of frost-damaged concrete through appropriate constitutive models 

is critical in simulating frost damage in reinforced concrete and obtaining an accurate 

representation of the load-carrying capacity.  These behavioural models determine the stress and 

strain from which the structure stiffness is determined at each load step.  Inclusion or exclusion of 

analysis models allow for the option of including relevant behaviours and omitting behaviours that 

are not applicable to the analysis. In this section, the investigation of constitutive models available 

in VecTor2 and their effect on the simulation of frost-damaged beams is presented.  The effects of 

the input parameters on the constitutive models’ ability to simulate frost-damaged beams is also 

investigated and presented in this section.  

 

A flexure-governed frost-damaged beam, D1, and a shear-governed frost-damaged beam, D5, were 

used for the purpose of the investigation. These beams were tested as part of an experimental 

program carried out by Hassanzadeh and Fagerlund (2006).  In the experimental program, frost 

damage was introduced to the beams through vacuum treatment for a week, followed by 

submerging them in water and then subjecting them to two freeze–thaw cycles (3 days at -20°C 

followed by 2 days submerged in water at room temperature).  Frost damage in the form of 

cracking was observed after the first freeze-thaw cycle. Both beams have a span of 4.4 m. The 

cross section of the beams is 0.2 m by 0.5 m. The longitudinal reinforcement in the beams consists 

4∅20 longitudinal bars.  Beam D1 has 28∅8 stirrups with a shear span of 1.7 m. Beam D5 has 4∅8 

stirrups at each support to prevent the cracking of the beams due to the concentrated load at the 

support. Two concentrated loads were applied to the beams at a third of the span. The compressive 

strength of the concrete in the frost-damaged beams, 𝑓𝑐
𝑑 , was reported by the authors to be 17.5 

MPa. 
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Figures 3.7 and 3.8 show the geometry and finite element mesh of the beams, respectively.  Half 

of the beams were modeled due to symmetry of geometry, boundary conditions and loading. 

 

 
(a) 

 

 
 

(b) 
 

Figure 3.7. Geometry of beams (a) D1 and (b) D5 (reproduced from Hassanzadeh and Fagerlund 2006) 

 

 
(a) 

 

 
(b) 

 

Figure 3.8. Finite element mesh of beams (a) D1 and (b) D5 
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3.5.1 Compression Response 

 

VecTor2 offers various pre-peak and post-peak response models to be used in the analysis of 

reinforced concrete members. These models compute the principal compressive stress, 𝑓𝑐𝑖, for the 

compressive principal strain, 𝜀𝑐𝑖.  They determine the strain, 𝜀𝑝, corresponding to the peak 

compressive stress, 𝑓𝑝 , by adjusting the unconfined uniaxial concrete cylinder strength, 𝑓𝑐 , and the 

corresponding strain, 𝜀𝑜, for compression softening due to transverse tensile strains and strength 

enhancement due to confinement.  

 

The Hognestad, Popovics and Smith-Young pre-peak response models and the effects of input 

parameters, including modulus of elasticity, 𝐸𝑐  and tensile strength, 𝑓𝑡, on the load-deformation 

response of the beams using these models are explored in this section. The Hognestad stress-strain 

curve is defined by the following relationship: 

 

𝑓𝑐𝑖 = −𝑓𝑝 (2(
𝜀𝑐𝑖

𝜀𝑝
) − (

𝜀𝑐𝑖

𝜀𝑝
)
2

) < 0 𝑓𝑜𝑟 𝜀𝑐𝑖 < 0 

 

(3.27) 

Formulation of the Popovics stress-strain curve is as follows: 

 

𝑓𝑐𝑖 = −(
𝜀𝑐𝑖

𝜀𝑝
) 𝑓𝑝 (

𝑛

𝑛−1+(
𝜀𝑐𝑖
𝜀𝑝
)
𝑛𝑘) < 0 𝑓𝑜𝑟 𝜀𝑐𝑖 < 0 

 

(3.28) 

Parameters 𝑛 and 𝑘 diminish the difference between the initial tangent stiffness, 𝐸𝑐  and secant 

stiffness, 𝐸𝑠𝑒𝑐  to account for increased linearity of higher strength concrete and increase the post-

peak decay in stress, respectively.  The following relationship defines the Smith-Young pre-peak 

curve:  

 

𝑓𝑐𝑖 = 𝑓𝑝 (
𝜀𝑐𝑖

𝜀𝑝
) exp (1 − (

𝜀𝑐𝑖

𝜀𝑝
))  

 

(3.29) 

The modulus of elasticity, 𝐸𝑐 , was varied according to the equation proposed by Li (2017) as well 

as the default value calculated by VecTor2 when 𝐸𝑐  is not specified. According to the relationship 
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proposed by Li (2017), 𝐸𝑐  for frost-damaged concrete is determined using Eq. 3.1.  Given that 𝑓𝑐  

and 𝑓𝑐
𝑑 for beams D1 and D5 were 37.6 MPa and 17.5 MPa, respectively, 8 GPa was used as input 

for 𝐸𝑐 .  In the absence of information, VecTor2 estimates 𝐸𝑐  as 5,500√𝑓𝑐.  For beams D1 and D5, 

this value is 23 GPa, which was also used as input in order to determine the effects of varying the 

concrete elastic modulus, 𝐸𝑐  on the load deformation response of reinforced concrete beams. 

 

Figures 3.9, 3.10 and 3.11 show the effects of varying 𝐸𝑐  on the load-deformation response of 

flexure-governed beam, D1, simulated using Hognestad, Popovics and Smith-Young compression 

models, respectively.  From these figures, it was noted that varying 𝐸𝑐  significantly changes the 

initial stiffness of the load-deformation curve when the Hognestad and the Popovic models are 

used. The elastic modulus 𝐸𝑐  estimated using the relationship proposed by Li (2017) provides a 

relatively accurate response of the beam, whereas the default value calculated by VecTor2 grossly 

overestimated the initial stiffness, and underestimated the load and deflection at failure. When the 

Smith-Young model is used, however, the load-deformation curve is not affected by the change in 

𝐸𝑐 ; a reduction in 𝐸𝑐  does not lead to a reduction of flexural stiffness.       

 

  
 

Figure 3.9. Effects of elastic modulus on the load deformation response of beam D1 using Hognestad 

model 
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Figure 3.10. Effects of elastic modulus on the load deformation response of beam D1 using Popovic 
model 

 
 

 
 

Figure 3.11. Effects of elastic modulus on the load deformation response of beam D1 using Smith-Young 

model 
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when both models are used, however, through the implementation of the Hognestad model, 

deflection at failure is more accurately represented; see Table 3.2. Therefore, the Hognestad stress-

strain was selected to model the compression response of flexure-governed frost-damaged beams.   

 

 
 

Figure 3.12. Effects of compression response models on load-deformation response of flexure-governed 

beam 

 
Table 3.2. Comparison of beam D1 peak load and deflection at peak load predicted by FE analysis using 

various compression response models  
 

Compression Response Model  
𝑃𝑚𝑎𝑥 

(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  

(mm) 

∆𝑚𝑎𝑥FE/Exp. 

Hognestad  252.26 0.83 35.92 0.94 

Popovics  274.54 0.90 43.36 1.14 

Smith-Young  211.02 0.69 20.20 0.53 

 

The effects of varying 𝐸𝑐  on the load-deformation response of shear-governed beam, D5, simulated 

using Hognestad, Popovics and Smith-Young compression models are shown in Figures 3.13, 3.14 

and 3.15, respectively. As was seen in the response of beam D1, when the Hognestad and the 

Popovic models are used, varying 𝐸𝑐  noticeably changes the initial stiffness of the load-

deformation curve. However, when the Smith-Young model is used, the load-deformation curve 

is insignificantly affected by the change. From using the Hognestad and Popovics models, a 

relatively accurate response of the beam is generated when the value of 𝐸𝑐  is given by the Li (2017) 
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relationship. The value of 𝐸𝑐  equivalent to the VecTor2 default value grossly overestimated the 

initial stiffness, as was also seen in the results for beam D1.   

 

 
 

Figure 3.13. Effects of elastic modulus on the load-deformation response of beam D5 using Hognestad 

model 

 
 

 

Figure 3.14. Effects of elastic modulus on the load-deformation response of beam D5 using Popovic 

model 
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Figure 3.15. Effects of elastic modulus on the load-deformation response of beam D5 using Smith-Young 

model 

The load-deformation curves for beam D5, using the different compression response models, is 

presented in Figure 3.16. As was observed from the response curves of beam D1 (Figure 3.12), the 

Hognestand and the Popovics load-deflection response is nearly identical; the curves show that the 

stiffness remains unchanged when either of the models is used. There is, however, a variation in 

the deflection at failure.  With using both models, deflection is underestimated, but the Popovics 

model provides a slightly more accurate value of deflection at failure; see Table 3.3.  In comparison 

with the curves generated using the Hognestand and the Popovics model, using the Smith-Young 

model reduces the deformation capacity of the beam and increases the stiffness significantly.  For 

these reasons, the Popovics stress-strain curve was selected to model the compression response of 

shear-governed frost-damaged beams.   
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Figure 3.16. Effects of compression response models on load-deformation response of shear-governed 

beam 

 
Table 3.3. Comparison of beam D5 peak load and deflection at peak load predicted by FE analysis using 

various compression response models  

 

Compression Response Model  
𝑃𝑚𝑎𝑥 

(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  

(mm) 

∆𝑚𝑎𝑥FE/Exp. 

Hognestad  
149.65 0.93 19.92 0.64 

Popovics  
148.23 0.92 30.59 0.98 

Smith-Young  
153.70 0.96 14.57 0.47 

 

Similar to the elastic modulus, 𝐸𝑐 , the tensile strength, 𝑓𝑡, was also varied in order to investigate 

the effects of this parameter on the load-deformation response of the beams using different 

compression response models. The authors of the experimental program, Hassanzadeh and 

Fagerlund (2006), reported a splitting tensile strength of 0.95 MPa for frost-damaged concrete and 

thus, it was used as an input for the analysis. Another input value was calculated from Eq. 3.2 

proposed by Li (2017); according to the equation, 1.5 MPa is the approximated value for 𝑓𝑡 that 

was used as an input. 

 

Figures 3.17, 3.18 and 3.19 show the effects of varying 𝑓𝑡 on the load-deformation response of 

flexure-governed beam, D1, simulated using Hognestad, Popovics and Smith-Young compression 

models, respectively. Varying 𝑓𝑡 from 0.95 MPa to 1.5 MPa does not have significant impact on 
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the load-deformation response when the different compression response models are used.  Hence, 

the relationship proposed by Li (2017) is valid to use for determining the input parameter, 𝑓𝑡, when 

modeling flexure-governed frost-damaged concrete.     

 

The effects of tensile strength on the load-deformation response using Hognestad model show no 

increase in stiffness for higher tensile strength, however, there is an increase in the load and 

deflection at failure. The same is not observed when effects of tensile strength on the load-

deformation response using both the Popovics and Smith-Young models are considered.  On the 

contrary, when the Popovics model is used, there is a decrease in deflection for higher tensile 

strength, while there is a decrease in both the ultimate strength and deflection when the Smith-

Young model is used.  

 

 
 

Figure 3.17. Effects of tensile strength on the load-deformation response of beam D1 using Hognestad 

model 
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Figure 3.18. Effects of tensile strength on the load-deformation response of beam D1 using Popovic 

model 

 
 

 
 

Figure 3.19. Effects of tensile strength on the load-deformation response of beam D1 using Smith-Young 
model 

 

The effects of varying 𝑓𝑡 on the load-deformation response of shear-governed beam, D5, simulated 
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and 3.22, respectively.  Similar to the results of the parametric analysis for beam D1, when 𝑓𝑡 is 
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proposed by Li (2017) is again validated and can be used for determining the input parameter, 𝑓𝑡, 

when modeling frost-damaged beams. 

  

The effects of tensile strength on the load-deformation response using both the Hognestad and the 

Popovics models show an increase in the load and deflection at failure for higher tensile strength. 

This increase is slightly larger than what was observed for beam D1, suggesting that shear-

governed beams are more sensitive to this input parameter when the Hognestad model is used. The 

tensile strength 𝑓𝑡 obtained from the splitting tensile test provides a better approximation of load 

at failure, but the deflection at failure is better estimated with the approximated 𝑓𝑡.  However, when 

the Smith-Young model is used, the load-deformation curve is insignificantly affected by the 

change in 𝑓𝑡.      

 

 
 

Figure 3.20. Effects of tensile strength on the load-deformation response of beam D5 using Hognestad 

model 
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Figure 3.21. Effects of tensile strength on the load-deformation response of beam D5 using Popovic 

model 

 
 

 
 

Figure 3.22. Effects of tensile strength on the load-deformation response of beam D5 using Smith-Young 
model 

 

3.5.2. Compression Softening 
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softening models calculate the softening parameter, 𝛽𝑑, which has a value between zero and one.  

A value of one indicates that the compression response is independent of the coexisting tensile 

strains. 

 

The impact of Vecchio-Collins (1982) and Vecchio (1992-A) models on the load-deformation 

response of frost-damaged beams is explored in this section. Both are strength-and-strained 

softened models, which means that they use 𝛽𝑑 to reduce both the compressive strength, 𝑓𝑐 , and 

corresponding strain, 𝜀0, to determine the peak compressive strength, 𝑓𝑝 , and corresponding strain, 

𝜀𝑝, used in the compression response model.  

 

The compression softening model proposed by Vecchio and Collins (1982), which was originally 

developed for the Hognestad compression stress-strain curve, does not take into account the 

softening effects of shear slip if included in the analysis. On the other hand, the model by Vecchio 

(1992-A), which was originally developed for the Popovics compression response, includes a 

factor that takes into consideration shear slip deformations, if included in the analysis.  

 

The Vecchio-Collins (1982) compression softening model computes the softening parameter, 𝛽𝑑, 

the peak compressive strength, 𝑓𝑝 , and corresponding strain, 𝜀𝑝 as follows: 

 

𝛽𝑑 = 
1

0.85 − 0.27 (
−𝜀𝑐1
𝜀𝑐2

)
 ≤ 1 (3.30) 

𝑓𝑝 =  𝛽𝑑  𝑓′𝑐 

 
(3.31) 

𝜀𝑝 = 𝛽𝑑  𝜀𝑜 (3.32) 

 
where 𝜀𝑐1 and 𝜀𝑐2 are the principal tensile and compressive strains in the concrete, respectively. 

The Vecchio (1992-A) compression softening model computes the softening parameter, 𝛽𝑑, the 

peak compressive strength, 𝑓𝑝 , and corresponding strain, 𝜀𝑝 as follows: 

 

𝛽𝑑 = 
1

1 + 𝐶𝑠 𝐶𝑑
 ≤ 1 (3.33) 
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𝐶𝑑 = {
0                                  𝑖𝑓 𝑟 < 0.28

0.35 (𝑟 − 0.28)0.80 𝑖𝑓 𝑟 > 0.28
 

 

(3.34) 

𝑟 =  
−𝜀𝑐1
𝜀𝑐2

 ≤ 400 

 

(3.35) 

𝐶𝑠 = {
0   𝑖𝑓 𝑠ℎ𝑒𝑎𝑟 𝑠𝑙𝑖𝑝 𝑛𝑜𝑡 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑
0.55     𝑖𝑓 𝑠ℎ𝑒𝑎𝑟 𝑠𝑙𝑖𝑝 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑

 

 

(3.36) 

𝑓𝑝 =  𝛽𝑑  𝑓′𝑐 

 
(3.37) 

𝜀𝑝 = 𝛽𝑑  𝜀𝑜 (3.38) 

 

As shown in Figure 3.23, using either compression softening model produces a similar load-

deflection response for the flexure-governed beam.  However, the Vecchio-Collins (1982) model 

provides a better approximation of the deflection at failure for the shear-governed beam, D5; see 

Table 3.5 and Figure 3.24.  Hence, the Vecchio-Collins (1982) model was used in the analysis of 

both the flexure-governed and shear-governed beams. 

 

 
 

Figure 3.23. Effects of compression softening models on the load-deformation response of beam D1 
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Table 3.4. Comparison of beam D1 peak load and deflection at peak load predicted by FE analysis using 
various compression softening models 

 

Compression Softening Model  
𝑃𝑚𝑎𝑥 

(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  

(mm) 

∆𝑚𝑎𝑥FE/Exp. 

Vecchio (1992-A)   
252.26 0.83 35.92 0.94 

Vecchio-Collins (1982)   
248.03 0.81 35.93 0.94 

 

 

 
 

Figure 3.24. Effects of compression softening models on the load-deformation response of beam D5 

 

Table 3.5. Comparison of beam D5 peak load and deflection at peak load predicted by FE analysis using 
various compression softening models 

 

Compression Softening Model  
𝑃𝑚𝑎𝑥 
(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  
(mm) 

∆𝑚𝑎𝑥FE/Exp. 

Vecchio (1992-A)   
153.52 0.96 20.71 0.66 

Vecchio-Collins (1982)   
148.23 0.92 30.59 0.98 

 

 

3.5.3 Tension Response 

 

Concrete behaves in a brittle manner when it is in tension. The response of concrete prior to 

cracking is assumed to be linear elastic as defined by the following relationship: 
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𝑓𝑐1 = 𝐸𝑐𝜀𝑐1  for 0 < 𝜀𝑐1 < 𝜀𝑐𝑟  

 
(3.39) 

𝜀𝑐𝑟 = 
𝑓𝑡
𝐸𝑐

 

 

(3.40) 

where fc1 is the principal tensile stress in concrete, 𝜀𝑐1 is the principal tensile strain , 𝑓𝑡 is the 

cracking stress of the concrete determined by the cracking criterion model, and 𝜀𝑐𝑟 is the cracking 

strain.  When reinforced concrete experiences cracking, there are no tensile stresses at the surface 

of the cracks. Concrete which remains uncracked in the tributary area of the reinforcement, 

however, continues to be subjected to average tensile stresses due to bond action.  As tensile 

straining continues, the crack widths increase and the bond between steel and concrete weakens. 

The average concrete tensile stresses slowly diminish. These average tensile stresses (<𝑓𝑡) exist in 

relatively large regions surrounding the tensile reinforcement and thus, the reinforcement is not 

alone in contributing to the stiffness of the reinforced concrete in tension.  This is referred to as 

tension stiffening. Failing to account for tension stiffening reduces the concrete tensile stresses to 

zero at the instance cracking occurs and assumes that the reinforcement alone is resisting the tensile 

stress. 

 

VecTor2 includes tension stiffening effects in the analysis through a gradual decrease of average 

stress-strain response of concrete in tension. The average concrete tensile stress determined is 

denoted by 𝑓𝑐1
𝑎 , to distinguish it from the average concrete tensile stress due to tension softening 

effects, denoted by 𝑓𝑐1
𝑏 . The magnitude, 𝑓𝑐1

𝑎  is always limited by the yielding of the reinforcement 

of the crack, and additionally by the maximum shear stress at the crack when slip deformations 

are not included. The larger of the two tensile stresses is assumed to be the average post cracking 

concrete tensile stress: 

 

𝑓𝑐1 = max (𝑓𝑐1
𝑎 , 𝑓𝑐1

𝑏 ) (3.41) 

 

The effects of no tension stiffening as well as the effects of the Vecchio (1982) and the Modified 

Bentz (2003) models on the load-deformation response of frost-damaged beams are explored in 

this section.  The model proposed by Vecchio (1982) was developed based on results of tests 
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conducted on thirty panel elements with welded wire mesh reinforcement at the University of 

Toronto and was originally used in the Modified Compression Field Theory. According to this 

model, the average concrete tensile stress-strain curve is determined as follows: 

 

𝑓𝑐1
𝑎 = 

𝑓𝑡

1 + √200𝜀𝑐1
 𝑓𝑜𝑟 0 < 𝜀𝑐𝑟 < 𝜀𝑐1 (3.42) 

 

The Bentz (2003) formulation takes into account the percentage of reinforcement and bond 

characteristics. It is as follows: 

 

𝑓𝑐1
𝑎 = 

𝑓𝑡

1 + √𝑐𝑡𝜀𝑐1
 𝑓𝑜𝑟 𝜀𝑐1 > 𝜀𝑐𝑟   

 

(3.43) 

where 

𝑐𝑡 = 3.6 𝑡𝑑 ∙ 𝑚 

 
(3.44) 

𝑡𝑑 = 0.6 

 
(3.45) 

1

𝑚
= ∑

4𝜌𝑖
𝑑𝑏𝑖

𝑛

𝑖=1

∙ |cos (𝜃 − 𝛼𝑖)| 

 

(3.46) 

where 𝜌𝑖is the reinforcement ratio, 𝑑𝑏𝑖 is the rebar diameter, 𝜃 is the inclination of the principal 

direction, and 𝛼𝑖is the inclination of reinforcement. 

 

Figure 3.25 shows the effects of tension stiffening models on the load-deformation response of 

beam D1.  The load deflection curves generated with no tension stiffening as well as with the 

tension stiffening models are noticeably similar and do not deviate significantly from one another.  

Similarly, for beam D5, Figure 3.26 shows the effects of tension stiffening models on the load-

deflection curves.  It is observed that the load capacity is more accurately estimated with the 
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Vecchio (1982) model; see Table 3.7.  Hence, the Vecchio (1982) tension stiffening model was 

considered in the analysis of frost-damaged beams.        

 

 
 

Figure 3.25. Effects of tension stiffening models on the load-deformation response of beam D1 

 

Table 3.6. Comparison of beam D1 peak load and deflection at peak load predicted by FE analysis using 
various tension stiffening models 

 

Tension Stiffening Model  
𝑃𝑚𝑎𝑥 

(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  

(mm) 

∆𝑚𝑎𝑥FE/Exp. 

No tension stiffening  
 

247.51 0.81 36.46 0.96 

Vecchio (1982)  
 

251.52 0.83 35.41 0.93 

Modified Bentz (2003)  
 

248.03 0.81 35.93 0.94 
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Figure 3.26. Effects of tension stiffening models on the load-deformation response of beam D5 

 
Table 3.7. Comparison of beam D5 peak load and deflection at peak load predicted by FE analysis using 

various tension stiffening models 

 

Tension Stiffening Model  
𝑃𝑚𝑎𝑥 
(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  
(mm) 

∆𝑚𝑎𝑥FE/Exp. 

No tension stiffening  
 

140.62 0.88 17.87 0.57 

Vecchio (1982)  
 

148.23 0.92 30.59 0.98 

Modified Bentz (2003)  
 

158.38 0.99 19.22 0.61 

 

3.5.4 Tension Softening  

 

After cracking, tensile stresses are present in plain concrete. These tensile stresses diminish from 

increased tensile straining. This phenomenon is known as tension softening and occurs because 

concrete is not a perfectly brittle material.  In terms of fracture mechanics, energy is required for 

a localized crack to form.  As the crack grows, it dissipates energy which propagates to the crack 

tip. 

 

Including tension softening in the analysis of reinforced concrete structures can have significant 

implications. The inclusion of post cracking stress-strain curve for plain concrete allows for a more 

accurate load-deformation response as well as ductility of the structure.   
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In VecTor2, the post cracking average tensile stress-strain curve constitutes the tension softening 

effects.  As mentioned previously, the average concrete tensile stress due to tension softening is 

denoted by 𝑓𝑐1
𝑏  , to distinguish it from the average concrete tensile stress due to tension stiffening 

effects, denoted by a 𝑓𝑐1
𝑎 .  As per Eq. 3.41, the larger of the two tensile stresses is assumed to be 

the average post-cracking concrete tensile stress. 

 
The nonlinear Hordijk model and the nonlinear Yamamoto (1999) models were both used in the 

analysis in order to investigate the effects of tension softening on the load-deflection response of 

frost-damaged beams. The nonlinear Hordijk model, appropriate for both normal-weight and light-

weight concrete, is implemented in VecTor2 with the following formulation: 

 

𝑓𝑐1 = 𝑓𝑡 [(1 + (𝐶1
𝑤𝑐𝑟𝑥
𝑤𝑢𝑙𝑡

)
3

) 𝑒𝑥𝑝 (−𝐶2
𝑤𝑐𝑟𝑥
𝑤𝑢𝑙𝑡

) −
𝑤𝑐𝑟𝑥
𝑤𝑢𝑙𝑡

(1 + 𝐶1
3)exp (−𝐶2)] 

 

(3.47) 

𝐶1 = 3 

 
(3.48) 

𝐶2 = 6.93 

 
(3.49) 

𝑤𝑢𝑙𝑡 =  
5.136 𝐺𝑓

𝑓𝑡
 

 

(3.50) 

where 𝐺𝑓 is concrete’s fracture energy, 𝑤𝑐𝑟𝑥 is the average crack width, and 𝑤𝑢𝑙𝑡 is the ultimate 

crack width. 

 

The tension softening base curve as proposed by Yamamoto (1999) is formulated as follows: 

 

𝑓𝑡𝑠,𝑏𝑎𝑠𝑒

=

{
 
 

 
 

𝑓𝑡

1 + √𝑐(𝜀𝑐1 − 𝜀𝑐𝑟)
           𝑓𝑜𝑟 𝜀𝑐𝑟 < 𝜀𝑐1 < 𝜀𝑐ℎ

𝑓𝑐ℎ
(𝜀𝑡𝑒 − 𝜀𝑐1)

(𝜀𝑡𝑒 − 𝜀𝑐ℎ)
≥ 0            𝑓𝑜𝑟 𝜀𝑐ℎ < 𝜀𝑐1

 
(3.51) 
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where the characteristic strain, 𝜀𝑐ℎ, of the tension softening curve is determined as follows: 

 

𝜀𝑐ℎ = 
2 𝐺𝑓

𝐿𝑟∙𝑓𝑡
 . 1.1      𝜀𝑐𝑟 < 𝜀𝑐ℎ < 10𝜀𝑐𝑟 (3.52) 

 

The terminal strain, 𝜀𝑡𝑒 , is the strain at which the tension softening stress diminishes to zero, 

determined as: 

 

𝜀𝑡𝑒 = 5𝜀𝑐ℎ  (3.53) 

 

and c is the tension softening coefficient determined based on the following: 

 
𝐺𝑓
𝐿𝑟
= ∫ 𝑓𝑡𝑠,𝑏𝑎𝑠𝑒𝑑𝜀𝑐1

∞

0

 

 

(3.54) 

where 𝐿𝑟 is the representative length which is the distance over which the crack is assumed to be 

uniformly distributed and is assigned a value of half the crack spacing.  

 

As can be observed from Figures 3.27 and 3.28, tension softening has a considerable impact on 

the load-deformation response of frost-damage concrete beams. For flexural-governed and shear-

governed beams, when tension softening is not considered, the load and deflection capacity are 

grossly underestimated. For the flexural-governed beam, the nonlinear Hordijk model provides the 

best approximation of load and deflection at failure; see Tables 3.8.  Therefore, in the analysis of 

flexural-governed frost-damaged beams, the nonlinear Hordijk tension softening model is used. 

The nonlinear Hordijk model was able to most accurately predict the failure load and the deflection 

of the shear-governed beam as well; see Tables 3.9.  Therefore, it was also chosen to be used in 

the analysis of shear-governed frost-damaged beams. 
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Figure 3.27. Effects of tension softening models on the load-deformation response of beam D1 

 
Table 3.8. Comparison of beam D1 peak load and deflection at peak load predicted by FE analysis using 

various tension softening models 

 

Tension Softening Model  
𝑃𝑚𝑎𝑥 
(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  
(mm) 

∆𝑚𝑎𝑥FE/Exp. 

No tension softening  
 

190.15 0.62 26.07 0.68 

Nonlinear Hordijk  
 

247.51 0.81 36.46 0.96 

Nonlinear Yamamoto (1999)  
 

214.86 0.70 28.93 0.76 
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Figure 3.28. Effects of tension softening models on the load-deformation response of beam D5 

 
Table 3.9. Comparison of beam D5 peak load and deflection at peak load predicted by FE analysis using 

various tension softening models 

 

Tension Softening Model  
𝑃𝑚𝑎𝑥 
(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  
(mm) 

∆𝑚𝑎𝑥FE/Exp. 

No tension softening  
 

84.46 0.53 20.04 0.64 

Nonlinear Hordijk  
 

140.62 0.88 17.87 0.57 

Nonlinear Yamamoto (1999)  
 

120.57 0.75 15.11 0.48 

 

3.5.5 Cracking Criterion 

 

The cracking strength of concrete is related to parameters such as the specimen size and 

compressive strength as well as the stress state; an increase in transversely acting compressive 

stresses results in the decrease of cracking strength. To account for this effect in the analysis, the 

cracking criterion computes 𝑓𝑡 by considering the coexisting compressive stresses or strains.  The 

cracking strain,𝜀𝑐𝑟, is then computed through the linear-elastic relationship presented in Eq. 3.40 

before cracking.  The computed values of 𝑓𝑡   and 𝜀𝑐𝑟 are then used for the tension stress-strain 

response and the tension stiffening models. 

The effects of the Mohr-Coulomb (Stress) and the CEB-FIP cracking model on the load-deflection 

response of frost-damaged concrete are explored in this section. For the Mohr-Coulomb (Stress) 

model, the combination of shear stress, 𝜏, and normal stresses, 𝑓𝑐1 and 𝑓𝑐3 that result in shear 
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failure is defined by the failure envelope, which is tangent to Mohr’s circle.  For a set of principal 

concrete strains, 𝜀𝑐3 < 𝜀𝑐2 < 𝜀𝑐1, the principal compressive stress is determined as follows: 

 

𝑓𝑐3 =

{
 

 −𝑓𝑐  (2 (
𝜀𝑐3
𝜀𝑜
) − (

𝜀𝑐3
𝜀𝑜
)
2

) 

−𝑓𝑐
0  

   

𝑓𝑜𝑟𝜀𝑐3 < 𝜀𝑜 < 0 

𝑓𝑜𝑟 𝜀𝑜 < 𝜀𝑐3 < 0 

𝑓𝑜𝑟 0 > 𝜀𝑐3 

(3.55) 

 

The cracking strength is then the principal tensile stress, 𝑓𝑐1 of the Mohr’s circle tangent to the 

failure envelope, i.e., 

 

𝑓𝑐𝑟 = 𝑓𝑐𝑟𝑢 (1 + (
𝑓𝑐3
𝑓𝑐
)) , 0.20𝑓𝑡 ≤ 𝑓𝑐𝑟 ≤ 𝑓𝑡 

 

where 𝑓𝑐𝑟𝑢 is the unconfined cracking strength. 

(3.56) 

 

With the CEB-FIP model, the cracking strength for increasing biaxial compression is reduced 

based on the following linear relationship: 

 

𝑓𝑐𝑟 = 𝑓𝑐𝑟𝑢 (1 + 0.8 (
𝑓𝑐3
𝑓𝑐
)) , 0.20𝑓𝑡 ≤ 𝑓𝑐𝑟 ≤ 𝑓𝑡 (3.57) 

 

The principal compressive stress, 𝑓𝑐3, is computed from Eq. 3.55 and the unconfined cracking 

strength, 𝑓𝑐𝑟𝑢, is computed from the compressive strength, 𝑓𝑐 , as follows: 

 

𝑓𝑐𝑟𝑢 = 0.6√𝑓𝑐  

 

(3.58) 

Figures 3.29 and 3.30 illustrate the effects of the Mohr-Coulomb (Stress) and the CEB-FIP 

cracking models on the load-deflection response of frost-damaged beams. For both beams, using 

either of the two models generates a similar load-deflection response.  However, deflection at 

failure of beam D1 is predicted slightly more accurately with the CEB-FIP model; see Table 3.10. 
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Therefore, this model was chosen to be used in the analysis of both flexural and shear governed 

frost-damaged beams. 

 
 

Figure 3.29. Effects of cracking criterion models on the load-deformation response of beam D1 

 

Table 3.10. Comparison of beam D1 peak load and deflection at peak load predicted by FE analysis using 

various cracking criterion models 
 

Cracking Criterion Model 
𝑃𝑚𝑎𝑥 

(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  

(mm) 

∆𝑚𝑎𝑥FE/Exp. 

Mohr-Coulomb (Stress) 247.51 0.81 36.46 0.96 

CEB-FIP 250.98 0.82 37.53 0.98 
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Figure 3.30. Effects of cracking criterion models on the load-deformation response of beam D5 

 
Table 3.11. Comparison of beam D5 peak load and deflection at peak load predicted by FE analysis using 

various cracking criterion models 

 

Cracking Criterion Model 
𝑃𝑚𝑎𝑥 
(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  
(mm) 

∆𝑚𝑎𝑥FE/Exp. 

Mohr-Coulomb (Stress) 140.62 0.88 17.87 0.57 

CEB-FIP 140.06 0.87 17.84 0.57 

 

3.5.6 Crack Width Check 

 

VecTor2 implements crack width check so that the average compressive stresses may be reduced 

if the crack width exceeds a specified limit. Limiting compressive stresses in elements with cracks 

of considerable width is necessary. One reason for this is because the reorientation of the principal 

stresses is overestimated in the absence of shear-slip distortion considerations.  Transmission of 

local compressive stress across the crack takes place; however, when the crack exceeds the 

specified width, this transmission is not likely to take place. The load-deformation response is 

more accurately predicated when the average compressive stress is reduced upon the crack 

exceeding a limit. 
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The average compressive stress computed from the stress-strain response,𝑓𝑐2, is reduced by a crack 

coefficient 𝛽𝑐𝑟.      

 
𝑓𝑐2 = 𝛽𝑐𝑟  𝑓𝑐2

∗  (3.59) 

𝛽𝑐𝑟 = {
1                        𝑓𝑜𝑟 𝑤 < 𝑤𝑙

1 −
𝑤 −𝑤𝑙
3

≥ 0 𝑓𝑜𝑟 𝑤𝑙 < 𝑤 
 (3.60) 

 
where 𝑤 is the crack width in the element, and 𝑤l is the limiting crack width, which is selected to 

be one quarter of the aggregate size. 

 

The crack width was limited to 5 mm and 10 mm. The effects of specifying these limits in VecTor2 

are shown in Figures 3.31 and 3.32 for beams D1 and D5, respectively. For both beams, the change 

in the response curve is insignificant when the limit of the crack width is increased, see Tables 

3.12 and 3.13. 

 

 
 

Figure 3.31. Effects of crack width limit on the load-deformation response of beam D1 
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Table 3.12. Comparison of beam D1 peak load and deflection at peak load predicted by FE analysis using 
various crack width limits 

 

Crack Width Limit 
𝑃𝑚𝑎𝑥 

(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  

(mm) 

∆𝑚𝑎𝑥FE/Exp. 

5 mm  248.06 0.81 36.46 0.96 

10 mm 250.84 0.82 36.15 0.95 

 
 

 

Figure 3.32. Effects of crack width limit on the load-deformation response of beam D5 

 

Table 3.13. Comparison of beam D5 peak load and deflection at peak load predicted by FE analysis using 

various crack width limits 

 

Crack Width Limit 
𝑃𝑚𝑎𝑥 

(kN) 

𝑃𝑚𝑎𝑥 FE/Exp. ∆𝑚𝑎𝑥  

(mm) 

∆𝑚𝑎𝑥FE/Exp. 

5 mm  127.44 0.79 15.90 0.51 

10 mm 124.18 0.77 15.64 0.50 

 

3.5.7 Bond-Slip Response 

 

Beam D1 tested by Hassanzadeh and Fagerlund (2006) was analysed to show the effects of 

modelling bond-slip on the load-deformation response of frost-damaged reinforced concrete 

beams. The experimental and analytical response of the beam is shown in Figure 3.33. From the 
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load-deflection response curves, assuming perfect bond and not considering the effect of frost 

damage on the bond between the reinforcement and concrete provides a slightly stiffer response. 

 

 

Figure 3.33. The response of a frost-damaged beam with and without the consideration of bond action 

 

3.6 Summary of Modelling Methodology 

 

Frost damage changes the internal structure of concrete by introducing micro and macro cracks.  

This change in the internal structure was modeled as a change in the mechanical behaviour, which 

relates to the material properties and bond behaviour of frost-damaged concrete. The damage 

caused by freezing of concrete in the presence of a chloride solution causes surface scaling, which 

was modeled as a reduction of the concrete cover. 

 

To accurately predict the structural response of frost-damaged concrete elements, the use of 

appropriate constitutive models in the numerical analysis is critical. The following table shows the 

behavioural models that were selected based on the analyses of available material models 

discussed in this chapter. 
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Table 3.14 Models for concrete material used in the numerical analysis of frost-damaged beams 

 

 
Models for Concrete Materials 

Flexure-governed beam Shear-governed beam 

Compression Response Hognestad  Popovics 

Compression Softening Vecchio-Collins (1982) Vecchio-Collins (1982) 

Tension Stiffening Vecchio (1982) Vecchio (1982) 

Tension Softening Nonlinear Hordijk Nonlinear Hordijk 

Cracking Criterion CEB-FIP CEB-FIP 
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Chapter 4. Finite Element Model Validation 
 

4.1 Introduction 
 

In this chapter, the methodology presented in the previous chapter to model frost-damaged beams 

is validated.  The proposed methodology is used in the nonlinear finite element analysis of frost-

damaged beams that were tested by Hassanzadeh and Fagerlund (2006) as part of a research study 

to investigate the behaviour of frost-damaged reinforced concrete beams. The load-carrying 

capacity and failure mode of the beams predicted by the numerical analysis are compared with the 

available experimental data in order to validate the proposed methodology.   

 

4.2 Modeling Frost Damage in Reinforced Concrete Beams 

 

Frost damage reduces the stiffness and load-carrying capacity of reinforced concrete structures.  

To assess the damage in a structure subjected to successive freeze-thaw cycles, the damage needs 

to first be quantified.  The degree of internal frost damage is related to the internal microstructure 

of the concrete.  Successive freeze-thaw cycles introduce micro and macro cracks; this change in 

the internal structure affects the material properties, thereby reducing the shear, moment and bond 

capacity.  In this work, change in the material properties of concrete is, therefore, used to quantify 

internal frost damage.  It is further assumed that damage is uniform throughout the cross section, 

as opposed to a non-uniform distribution as illustrated in Figure 2.6. Surface scaling, on the other 

hand, only affects the concrete cover and causes loss of concrete area.  This reduction in cross-

section results in a reduction in moment, shear and anchorage capacities. 

 

In the previous chapter, methods to account for the changes in material and bond properties of 

frost-damaged concrete were introduced; these methods modify the mechanical behaviour of 

concrete in accordance with a measured amount of frost damage, allowing for prediction of the 

load-carrying capacity of the damaged structures.  The behaviour of frost-damaged concrete beams 

tested by Hassanzadeh and Fagerlund (2006) was modeled using the proposed methodology.  

VecTor2 is the non-linear finite element analysis program that was used.  In the subsequent 

sections, validation of the proposed methodology is discussed.   
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4.3 Experimental Beam Tests for Comparison with FE Analysis  

 

Hassanzadeh and Fagerlund (2006) carried out an experimental study to investigate the behaviour 

of frost-damaged reinforced concrete beams.  In the experimental program, tests were carried out 

on six types of beams.  There were two of each beam type; one was the reference beam exposed 

to laboratory climate and the other was the frost-damaged beam.  The types of beams, their varying 

geometries and reinforcement contents are presented in Table 4.1, where  𝑙 is the span between 

supports. The length of the beam is 𝑙 +  0.2 (𝑚). Variables ℎ, 𝑏 and 𝑑 are the beam depth, width 

of the cross-section and effective beam depth, respectively. The reinforcement ratio 𝜌 is calculated 

as 𝐴𝑠/𝑏𝑑, where 𝐴𝑠 is the longitudinal reinforcing steel cross-sectional area, and 𝜌𝑏𝑎𝑙  is the 

balanced reinforcement ratio.  As it is presented in Table 4.1, the diameter of all longitudinal bars 

was 20 mm, and the diameter of all stirrups was 8 mm. Four stirrups were placed at each support 

in beam types 5 and 6 to prevent cracking of the beams due to the concentrated load at the supports. 

 
Table 4.1. Type of beams (Hassanzadeh and Fagerlund, 2006) 

 

Typ

e 

𝑙 (𝑚) ℎ x 𝑏 (𝑚𝑚) 𝑑 (𝑚) Tensile 

reinforcem

ent 

Stirru

p 

Beam 𝜌 (%) 𝜌/𝜌𝑏𝑎𝑙 

Referen

ce  

Damag

ed 

Referen

ce  

Damag

ed 

1 4.4 500 x 

200 

430 4∅20 28∅8 R1 D1 1.46 0.84 1.72 

2 3.0 300 x 

200 

260 3∅20 18∅8 R2 D2 1.81 1.05 2.13 

3 4.4 500 x 

200 

430 6∅20 32∅8 R3 D3 2.19 1.27 2.58 

4 3.0 300 x 

200 

260 5∅20 22∅8 R4 D4 3.41 1.97 4.02 

5 4.4 500 x 

200 

430 4∅20 8∅8 R5 D5 1.46 0.84 1.72 

6 3.0 300 x 

200 

260 3∅20 8∅8 R6 D6 1.81 1.05 2.13 
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       (a) 
 

 
       
       (b)                                                                           (c) 

 

Figure 4.1. Example of beam types and reinforcement arrangement (reproduced from Hassanzadeh and 

Fagerlund, 2006) 
 

Beam types 1, 3 and 5 are shown in Figure 4.1 (a) and (b).  As can be seen from the figure, the 

beams were subjected to a four-point-bending test.  The distance between the supports and the 

distance between the loads was 4.4 m and 1 m, respectively.  The stirrups in beam types 1 and 3 

were distributed evenly within the shear span, while in type 5 beam the stirrups were concentrated 

at the supports.  Figure  4.1 (c) shows the cross section of beam types 1 and 5. The dimensions of 

the cross section are the same for beam type 3; the reinforcement content, however, differs.  Beam 

types 2, 4 and 6 differ from beam types 1, 3 and 5 in their size and amount of reinforcement, as 

shown in Table 4.1.  

 

To induce frost damage in the beams, conditions where the degree of water saturation, 𝑆, exceeded 

the critical value, 𝑆𝑐𝑟 had to be achieved. The critical water saturation 𝑆𝑐𝑟 is a material property 

and does not depend on the number of frost cycles or freezing rate.  In order to reach 𝑆𝑐𝑟 within a 

reasonable amount of time, the entrapped air in the pore system was replaced with water by 

applying vacuum treatment with a residual pressure of 2-mm Hg, and subsequently the beams were 

submerged in water.  The beams then experienced two complete freeze-thaw cycles.  Freezing took 

place in the freeze room and thawing took place in water.  They were once again placed in the 

freeze room and were taken out a day before the bending test in order to reach the laboratory 
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temperature.  The temperature inside the climate chamber was between -20° C and -22° C.  The 

beams were kept in the freeze room for at least three days and were kept at least two days in water. 

 

The four-point-bending test was performed on the beams to determine the failure behaviour.  The 

load-deflection curves were captured, where the load was the total load applied on the beam and 

the deflection is the difference between the displacement at the midspan of the beam and at the 

supports. The measured compressive strength was 37.6 MPa and 17.5 MPa for undamaged 

concrete and frost damaged concrete, respectively.  

 

As mentioned in Chapter 3, the numerical analysis was performed using the non-linear finite 

element analysis program, VecTor2. Concrete was modeled with the four-noded plane stress 

rectangle element. The truss element was used to model both the longitudinal and transverse steel 

reinforcement. The link element was used across the concrete and reinforcement interface to model 

the influence of localized bond-slip on the load-deformation response of frost-damaged reinforced 

concrete.  Half of the beams were modeled due to symmetry of geometry, boundary conditions 

and loading.  The automatic mesh generation function with the hybrid discretization type was used 

to create the mesh of the beams.  For optimal mesh, the coarse mesh that was initially generated 

for each beam was refined by decreasing the element size.  A change in the results was noticed 

and so the element size was further reduced.  The mesh were refined until there was no change in 

the results from further refining the mesh.  Through this process, the optimal mesh of the beams 

was produced.  The finite element mesh of the beams is shown in Figure 4.2.    

 

The input parameters used in the FE analysis of the frost damaged beams were determined using 

the relationships presented in Chapter 3 and are shown in Table 4.2.  Reference bond stresses, 𝜏𝑖, 

and corresponding slips, ∆𝑖, were used as input in VecTor2 to define the multilinear bond stress-

slip relationships for frost-damaged concrete. These relationships are shown in Figure 4.3. 
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                                                (a)                                     

 

 
 
                                                          (b) 

 
                                   
                                               (c) 

 

 

 
 
                                                          (d) 

 
 

                                              (e) 

 

 
 

                                                          (f) 

 

Figure 4.2. Finite element mesh of beams (a) D1 (b) D2 (c) D3 (d) D4 (e) D5 and (f) D6 

 
Table 4.2. Values of input parameters for FE analysis of frost-damaged beams 

Input Parameter Value 

𝐸𝑐
𝑑 (MPa) 8,000 

𝑓𝑡
𝑑  (MPa) 1.5 

Note: Values of input parameters 𝐸𝑐
𝑑 and 𝑓𝑡

𝑑  are calculated using Eqs. 3.1 and 3.2, respectively. 
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(a) 

 

 

(b) 

Figure 4.3. Bond stress-slip relationship for (a) confined bars and (b) unconfined bars (The bond stress-

slip relationships were developed using Eqs. 3.3-3.24). Bond stresses in MPa and corresponding slips in 

mm 
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4.4 Results of FE Analysis  

 

Failure in a reinforced concrete beam subjected to bending moment occurs due to either yielding 

of the reinforcement resulting from tension failure, crushing of concrete resulting from 

compression failure or yielding of steel and crushing of concrete occurring simultaneously 

(balanced condition). The failure mode depends on the reinforcement ratio. Tension failure results 

from under reinforcement, while compression failure is the result of over reinforcement. When the 

reinforcement in the beam is balanced, yielding of steel and crushing of concrete occur 

simultaneously. In the absence of sufficient transverse and longitudinal reinforcements, shear 

stresses can cause diagonal cracks form, which results in shear failure.   

 

The beams tested by Hassanzadeh and Fagerlund (2006) were designed to fail in either of the 

modes discussed above.  For the purposes of the subsequent discussion, the beams are categorized 

according to their respective failure mode and their cross-section size. The experimental and 

analytical load-deflection response of the beams as well as the crack distribution is discussed in 

the following sections.  The analytical failure mode is determined from the maximum stress in the 

concrete and reinforcement at peak load. 

 

4.4.1 Beam types 1 and 3: larger cross-section and flexural failure  

 

Reinforcement in beam 1 consists of 4∅20 longitudinal bars and 28∅8 stirrups; the stirrups were 

evenly distributed within the shear span, and the beam was not heavily reinforced in the tension 

zone.  It was, therefore, expected that the failure in beam R1 would be initiated by tension failure 

in reinforcement steel. The analysis showed that crushing of concrete and yielding of steel took 

place during peak load. Ductile was observed during experimental testing. Figure 4.4 shows the 

comparison between the experimental and numerical analysis load-deflection response for beams 

R1 and D1. From the analysis of beam R1, it is noted that yielding of the steel is followed by the 

crushing of concrete at a load and mid-span deflection of 361 kN and 29 mm, respectively.  The 

stiffness and the load-carrying capacity were predicted relatively well by the numerical analysis.   

   

Frost damage was induced in beam D1, thereby changing the mechanical properties of concrete 

and causing the reinforcement ratio to become greater than the reinforcement ratio of the balanced 
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section. It was therefore expected that the beam would fail in a brittle manner, by crushing of 

concrete in the compression zone. This was confirmed by experimental and analysis results; see 

Figure 4.4. The deflection capacity of the beam was predicted relatively accurately by the analysis; 

the load at failure, however, was underestimated.  The experimental load and deflection at failure 

was reported to be 305 kN and 38 mm, respectively, while the results of the analysis showed the 

load and deflection at failure to be 248 kN and 36 mm, respectively.   

 

In the analysis of the reference beam, R1, flexural cracks developed at the onset of loading and 

continued to propagate until the beam failed due to the yielding of the steel reinforcement; see 

Figure 4.6(a). The crack pattern from the analysis of the damaged beam D1 showed the 

development of vertical flexural cracks followed by inclined flexural-shear cracks; see Figure 

4.6(b).  

 

Beam type 3 was designed similar to beam type 1; the reinforcement consists of 6∅20 longitudinal 

bars and 32∅8 stirrups. The experimental and finite element results of beam 3 are plotted in Figure 

4.5.  Beam R3 failed due to crushing of concrete in compression.  This mode of failure was also 

observed in the FE analysis. The analysis predicted the stiffness as well as the load and deflection 

at failure of the beam relatively well. The analysis showed that vertical flexural cracks continued 

to develop in the beam until concrete crushing limited the load capacity; see Figure 4.6(c).    

 

During experimental testing, beam D3 had failed due to concrete crushing in the compression zone.  

The mode of failure as well as the deflection capacity was accurately predicted by the FE analysis 

(Figure 4.5). However, the load capacity was underestimated. The authors reported the load and 

deflection capacity of beam D3 to be 325 kN and 32 mm, respectively, and the analysis predicted 

277 kN and 33 mm, respectively.  The crack pattern from the analysis showed that, similar to beam 

R3, bending cracks began to form at a low level of loading and continued to propagate until the 

crushing of concrete; see Figure 4.6(d).       

 

The discrepancy between the experimental and analytical results for beams D1 and D3 can be 

attributed to uneven damage distribution over a cross-section; it has been reported in the literature 

that the internal damage progresses from the surface into the concrete beam subjected to freeze-
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thaw cycles (Petersen et al., 2007).  It was observed by Hassanzadeh and Fagerlund (2006) that in 

beams with larger cross section, the degree of damage was less at the inner part of the beams.  In 

modelling the frost-damaged beams, the compressive strength was used to quantify the damage 

and used as an input.  The compressive strength of frost-damaged concrete was determined from 

tests on concrete cores drilled from frost-damaged blocks.  Due to the fact that the dimensions of 

the block (1𝑚 x 0.4𝑚 x 0.2𝑚) were smaller than the beams type 1 and 3, it can be concluded that 

the damage was not indicative of the damage in the larger beam, as the damage in the block would 

be greater than that experienced by the beams D1 and D3. Additionally, the drilled cores used for 

testing were 80 𝑚𝑚 in length, while the height of the beam was 500 𝑚𝑚. The value of compressive 

strength, then, does not take into account the strength of the inner concrete core of the beam. For 

these reasons, numerical analysis underestimated the load-carrying capacity of the frost-damaged 

beams, D1 and D3, as the input parameter quantifying this damage was assumed to uniform 

throughout the beam.   

 

 
Figure 4.4. Load-deflection response of beam type 1 

0

50

100

150

200

250

300

350

400

450

0 10 20 30 40 50 60

V
er

ti
ca

l L
o

ad
 (k

N
)

Midspan Deflection (mm)

Experimental R1

Analytical R1

Experimental D1

Analytical D1



73 
 

 
Figure 4.5. Load-deflection response of beam type 3 
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(a) 

 
(b) 

 
(c) 

 

 
 

(d) 

 
Figure 4.6. Crack pattern of beams (a) R1 (b) D1 (c) R3 (d) D3 
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4.4.2 Beam types 2 and 4: smaller cross-section and flexural failure  

 

Reinforcement in beam type 2 consisted of 3∅20 longitudinal bars and 18∅8 stirrups closely 

spaced. The reference beam R2 was, therefore, expected to fail in bending either by yielding of 

steel or crushing of concrete. A ductile failure was predicted by the numerical analysis; the yielding 

of steel reinforcement was followed by crushing of concrete.  This agrees with what was observed 

during the experimental testing. Figure 4.7 shows the comparison between numerical and 

experimental results in terms of load-displacement curves for type 2 beams.  The numerical 

analysis predicted the load-carrying capacity relatively well.  The crack pattern from the analysis 

showed the propagation of bending cracking along the tensile reinforcement until failure; see 

Figure 4.9(a). 

 

The damaged beam, D2, failed due to crushing of concrete in the compression zone. The analysis 

results were in agreement with the mode of failure observed during experimental testing; the 

stiffness and the load-carrying capacity was, however, slightly overestimated (Figure 4.7).  The 

experimental load and deflection at failure were reported to be 140 kN and 24 mm, whereas the 

analysis provided a peak load and deflection at peak load of 158 kN and 25 mm, respectively. Prior 

to failure, diagonal cracks had formed in the beam; see Figure 4.9(b).  However, the beam failed 

in compression.   

 

Beam type 4 had high bending reinforcement content of 5∅20 bars and closely spaced 22∅8 

stirrups. The reference beam R4 was expected to fail in a brittle manner due to crushing of concrete 

in compression prior to yielding of reinforcement. This failure mode was observed during the 

experimental testing and was captured by the numerical analysis. Figure 4.8 shows the comparison 

between the experimental and numerical analysis load-deflection responses for beam R4.  The 

analysis of the beam showed the initiation and propagation of flexural cracks as loading was 

applied to the beam; see Figure 4.9(c).   
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Beam D4 also failed in a brittle manner; the capacity was limited by crushing of concrete in the 

compression zone. The load-deflection response and the stiffness were accurately predicted by the 

numerical analysis; the experimental and analytical load deflection curves are shown in Figure 4.8.  

Before failure, inclined flexural-shear cracks had developed in the beam; see Figure 4.9(d). 

 

The numerical analysis slightly overestimated the load-carrying capacity of the damaged beams 

with smaller cross-section and flexure failure.  The discrepancy between the experimental and 

numerical results can be attributed to the direction of the visible cracking that was observed by 

Hassanzadeh and Fagerlund (2006) after the beams had undergone freeze-thaw cycles. For the 

other types of damaged beams, the authors reported that cracks that formed as a result of frost 

damage were largely parallel to the longitudinal axis of the beam. However, the authors reported 

that frost-induced cracks in beams with smaller cross-section and flexure failure were not parallel 

to the longitudinal axis of the beams as other beams, but rather they were perpendicular 

(Hassanzadeh and Fagerlund 2006). The significance of the orientation of cracks in relation to the 

cross section size of the beams was not commented on by the authors. The orientation of the cracks 

in a beam has a significant influence on the response of the beam when it is subject to loading. 

When the cracks are oriented in the direction of compressive stresses, i.e., cracks are perpendicular 

to the direction of the longitudinal axis of the beam, delamination occurs. In modelling the frost-

damaged beams, this effect was not taken into consideration and therefore, the analysis provided 

a slight over estimation of the failure loads.  
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Figure 4.7. Load-deflection response of beam type 2 

 
Figure 4.8. Load-deflection response of beam type 4 

0

50

100

150

200

250

300

350

0 10 20 30 40 50 60 70

V
e

rt
ic

al
 L

o
ad

 (k
N

)

Midspan Deflection (mm)

Experimental R2

Analytical R2

Experimental D2

Analytical D2

0

50

100

150

200

250

300

350

0 10 20 30 40 50 60

V
er

ti
ca

l L
o

ad
 (k

N
)

Midspan Deflection (mm)

Experimental R4

Analytical R4

Experimental D4

Analytical D4



78 
 

 

 
 

(a) 

 
(b) 

 

 
(c) 

 
(d) 

 
Figure 4.9. Crack pattern of beams (a) R2 (b) D2 (c) R4 (d) D4 
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4.4.3 Beam types 5 and 6: shear failure 

 

Beam type 5 was designed similar to beam type 1, but with stirrups only at the supports.  For the 

reference beam R5, Hassanzadeh and Fagerlund (2006) reported shear failure, resulting from 

inclined cracks at a load of 215 kN.  The analytical load-deflection curve in Figure 4.10 shows a 

peak load of 217 kN.  The curve had two peak loads, which can be explained by considering the 

crack pattern from the analysis as illustrated in Figure 4.12(a); flexural cracks developed at the 

onset of loading which resulted in a change in the initial stiffness. This was followed by initiation 

of shear cracking that propagated to the tensile reinforcement and resulted in the first peak load in 

the load-deflection curve. Longitudinal cracks progressed along the tensile reinforcement to the 

supports, where vertical cracks formed and resulted in failure at the second peak load.  

 

Similar to beam R5, inclined cracking governed the failure of the damaged beam, D5.  The 

experimental and analytical load-deflection curves are shown in Figure 4.10.  It can be observed 

that the analysis overestimated the initial stiffness; however, the failure load was predicted 

relatively well. The analysis showed that inclined shear cracking governed the failure of the beam; 

see Figure 4.12(b).  

 

The reinforcement in beam type 6 consisted of 3Ø20 longitudinal bars. The transverse 

reinforcement content was the same as that of beam type 5; however, beam type 6 had a smaller 

cross section.  It was therefore expected that the effects of frost damage would be more extensive 

in beam type 6.  From experimental observation, the reference beam R6 and beam D6 both failed 

due to inclined shear cracking.  This failure mode was also observed in the analysis of the beams.  

The experimental and analytical load-deflection curves of beams R6 and D6 are shown in Figure 

4.11. The load capacity of beam R6 was predicted relatively well; however, for the damaged beam, 

D6, the analysis grossly overestimated the stiffness and underestimated the deflection at peak load.  

The crack patterns from the analysis of beams R6 and D6 are shown in Figures 4.12(c) and 4.12(d), 

respectively. The initiation and propagation of diagonal cracks resulted in shear failure.   

 

Concrete is not a perfectly brittle material; when concrete cracks, it is able to resist tensile stresses 

across the crack. As the crack width increases, there is a decrease in the post cracking tensile 

stresses. Concrete can transmit tensile stresses after cracking due to tension softening, and the 
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model used in the analysis to account for this effect is based on the energy of fracture, 𝐺𝑓.  Under 

shear loading, stresses are also transferred over the crack through friction.  However, since only 

the fracture energy of plain concrete was taken into account to define the stress-strain relationship 

of the concrete for the analysis, the load-carrying capacity of the beams was underestimated.   

 

  

 
Figure 4.10. Load-deflection response of beam type 5 
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Figure 4.11. Load-deflection response of beam type 6 
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(a) 

 
(b) 

 

 
(c) 

 

 
 

(d) 
 

Figure 4.12. Crack pattern of beams (a) R5 (b) D5 (c) R6 (d) D6 
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4.5 Discussion of FE Analysis and Summary of Results  

 

Comparison of results from experiments and numerical analyses in terms of maximum load and 

deflection at the peak load is presented in Table 4.3 and Figure 4.13; the table and figure show 

how well the analysis is able to predict the load and deflection capacity of frost-damaged beams 

when the proposed methods are applied.  It can be observed that the analysis provided a better 

estimate of the load-deflection response of reference beams.  With the exception of beams D2 and 

D4, the failure load and deflection of all frost-damaged beams was underestimated.  Beams D1 

and D3 had larger cross sections and therefore had less damage, which was not reflected in the 

input value of the compressive strength, assumed to be uniform throughout. The slight 

overestimation of the load capacity of beams D2 and D4 was due to the orientation of the freeze-

thaw induced cracks; the direction of the cracks affected the fracture behaviour of concrete in 

compression, which was not accounted for in the analysis.  The analysis was not able to accurately 

capture the stiffness degradation of shear critical beams, D5 and D6, and underestimated the peak 

load.  The load-carrying capacity was underestimated because the effects of friction across the 

shear crack were not accounted for in the analysis; tension softening of concrete was determined 

by considering only the fracture energy of concrete.   

 

A comparison of the analysis results with the experimental data indicates that, in general, the effect 

of frost damage on the load-carrying capacity and the changes in failure mode can be predicted by 

using the proposed methodology; see table 4.3 for statistical figures representing the dispersion of 

the results. 
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Table 4.3. Comparison of experimental and numerical results in terms load-deflection capacity  

Beams 

Deflection (mm) Load (kN) 

FEA 

Result 

Experimental 

Result FEA/Exp. 

FEA 

Result 

Experimental 

Result FEA/Exp. 

Reference 

R1 29.44 37.19 0.79 360.94 372.26 0.97 

R2 26.13 28.97 0.90 273.52 270.26 1.01 

R3 29.98 31.96 0.94 451.93 483.11 0.94 

R4 27.90 29.27 0.95 307.83 324.96 0.95 

R5 14.45 15.10 0.96 216.57 215.03 1.01 

R6 10.35 11.92 0.87 141.30 151.20 0.93 

Mean 0.90 Mean 0.97 

Standard Deviation  0.064 Standard Deviation  0.035 

COV (%) 7.06 COV (%) 3.61 

Damaged 

D1 36.46 37.81 0.96 248.06 304.82 0.81 

D2 24.91 23.29 1.07 158.31 139.94 1.13 

D3 33.19 32.23 1.03 277.18 324.80 0.85 

D4 22.23 22.31 1.00 135.20 132.26 1.02 

D5 30.33 30.76 0.99 146.67 161.10 0.91 

D6 14.25 27.94 0.51 105.12 109.11 0.96 

Mean 0.93 Mean 0.95 

Standard Deviation  0.207 Standard Deviation  0.116 

COV (%) 22.37 COV (%) 12.26 
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Figure 4.13. Comparison of experimental and numerical results in terms load-deflection capacity 
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Chapter 5. Parametric Analysis 

 

5.1 Introduction 

 

This chapter presents a parametric study of the effect of external and internal parameters in frost 

damage affecting reinforced concrete, using the methodology that was proposed and validated in 

Chapters 3 and 4, respectively. The influence of each parameter on the damage degree and the 

subsequent reduction in the load capacity is investigated. The test specimen used for the parametric 

analysis was designed in accordance with CSA A23.3.  The results and a discussion of the results 

are also presented in this chapter.     

 

5.2 Test Specimen 

 

The beam designed to perform the parametric analysis is shown in Figure 5.1.  The geometry of 

the beam is characterized by 4.4 m span and two concentrated loads with a shear span of 1.8 m. 

The height, ℎ and the width, 𝑏 of the cross section is 500 mm and 200 mm, respectively.  The 

reinforcement of the beam consists of 4∅20 longitudinal bars and 28∅8 stirrups. It was designed 

to fail in bending. The compressive strength, 𝑓𝑐  of the beam is 37.5 MPa. The reinforcement ratio 

and balance ratio are respectively 𝜌=1.25% and  𝜌/𝜌𝑏𝑎𝑙=0.84. 

 

  

Figure 5.1. Geometry of beam used in parametric analysis 

The beam was designed to meet the requirements of CSA A23.3.  Table 5.1 shows validation of 

the design in accordance with code provisions.  

 

 

 

8M @ 130 mm 

4-20M 
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Table 5.1. CSA A23.3 requirement check for validation of beam design   

 

Requirement  Requirement Check 

Minimum 
reinforcement 

 

𝑀𝑟 ≥ 1.2𝑀𝑐𝑟  
 

𝜌 = 1.5%, 𝑓’𝑐 =  37.6 𝑀𝑃𝑎 𝐾𝑟 =  4.5  
𝑀𝑟 = 𝐾𝑟𝑏𝑑

2  =  157 𝑘𝑁.𝑚 

𝑀𝑐𝑟 =  𝜆0.6√𝑓′𝑐 𝑏𝑡ℎ
2/6 =  31 𝑘𝑁.𝑚  

1.2𝑀𝑐𝑟  =  37 𝑘𝑁.𝑚 
 

𝑀𝑟 ≥ 1.2𝑀𝑐𝑟  ✔ 

 

𝐴𝑠  ≥  𝐴𝑠,𝑚𝑖𝑛 

 𝐴𝑠,𝑚𝑖𝑛 =
0.2√𝑓′𝑐𝑏𝑡ℎ

𝑓𝑦
 =  307 𝑚𝑚2 

𝐴𝑠  =  1256 𝑚𝑚
2 

 

𝐴𝑠  ≥  𝐴𝑠,𝑚𝑖𝑛 ✔ 
 

Detailing 

 

Concrete cover 
 

Class F: concrete exposed to freeze thaw  

40 mm minimum concrete cover ✔ 

 

Bar spacing requirements 
 

clear distance, 𝑠 shall not be less than: 

(1) 1.4 times the bar diameter (1.4 𝑑𝑏)  
(2) 1.4 times the maximum size of coarse aggregate 

(1.4 𝑎𝑚𝑎𝑥)  

(3) 30 mm 
 

𝑠𝑚𝑖𝑛= 30mm  ✔ 

 

Serviceability 

 

Control of Flexural Cracking 

at Service Load 
 

𝑧 = 𝑓𝑠  (𝑑𝑐  𝐴)
1/3  

 
𝑧 = 18,809 𝑁/𝑚𝑚  ≤  25,000 𝑁/

𝑚𝑚 (𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛) ✔ 

 

 

5.3 Parameters  

 

The objective of the parametric study was to investigate parameters that influence the damage 

caused by successive freeze-thaw cycles in reinforced concrete flexural members. The number of 

freeze-thaw cycles is an external variable that was investigated as part of the study. Internal 

variables were also considered and include moisture content and air content.   

Degree of saturation, 𝑆 is a critical factor influencing the freeze-thaw resistance of concrete.  Frost 

damage will not occur after a large number of freeze-thaw cycles if the degree of saturation is 

below the critical degree of saturation, 𝑆𝑐𝑟. Experimental investigation is required to determine the 
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value of the critical degree of saturation for a specific concrete type, and it is marginally affected 

by repeated freeze-thaw cycles. When the pore saturation is above the critical value, there is a 

fatigue effect resulting from successive freeze-thaw cycles. The damage caused by increasing 𝑆 

above the critical value, 𝑆𝑐𝑟  is linear and is described as a function of the number of freeze-thaw 

cycles N, as given by the following expressions (Fagerlund 1995):  

 
𝑆 < 𝑆𝑐𝑟;  𝐷 = 0  𝑓𝑜𝑟 𝑁  
 

(5.1) 

𝑆 > 𝑆𝑐𝑟;  𝐷 = 𝐾𝑁(𝑆 − 𝑆𝑐𝑟) 
 

(5.2) 

where 𝐷 is damage expressed as loss in dynamic modulus of elasticity (see Figure 5.2), and 𝐾𝑁 is 

a coefficient of fatigue, given by:  

 

𝐾𝑁 =
𝐴.𝑁

𝐵 + 𝑁
 

 

(5.3) 

where A and B are empirical constants.  

 

From a study on the effect of the number of freeze-thaw cycles on the critical degree of saturation, 

specimens with a water-cement ratio of 0.40 had a value of 𝑆𝑐𝑟=0.77 (Romben 1973). The 

coefficient 𝐾𝑁 was recorded to have the following value as shown in Table 5.2 for different number 

of freeze-thaw cycles. 

 
Table 5.2. Experimental values of 𝐾𝑁 for different number of cycles 

 

N 𝐾𝑁 

1 0.23 

4 0.62 

10 0.77 

45 1.08 

78 1.08 
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Figure 5.2. Relationship between loss in dynamic modulus of elasticity, 𝐷 and degree of saturation, 𝑆 (for 

various values of 𝑁 and 𝑆𝑐𝑟) 

 
 

By fitting Eq. 5.3 to the experimental data in Table 5.2, the following relationship for 𝐾𝑁  was 

therefore proposed for concrete with a water-cement ratio of 0.40 to relate the degree of frost 

damage to the number of freeze-thaw cycles: 

 

𝐾𝑁  =
1.18 · 𝑁

(4.1 + 𝑁)
   

 

(5.4) 

Figure 5.3 shows how the analytical values of coefficient 𝐾𝑁 relating the degree of damage to 

number of freeze-thaw cycles from Eq. 5.4 compare to the experimental values in Table 5.2.  
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Figure 5.3. Comparison between experimental and analytical values of coefficient 𝐾𝑁 relating the degree 

of damage to number of freeze-thaw cycles (reproduced from Fagerlund 1995) 

 
 

The subsequent sections are a discussion on how each of the parameters were varied, whereby the 

effect of each one on the behaviour of the reinforced concrete beam could be identified.  

5.3.1 Number of Freeze-Thaw Cycles 
 

To determine the effects of repeated freeze-thaw cycles on the degree of frost damage, 𝑆𝑐𝑟 and 𝑆 

in Eq. 5.2 were set to constant values of 0.77 and 1, respectively, while the coefficient of fatigue, 

𝐾𝑁  was varied according to selected values of 𝑁 assuming the concrete in the beam has a w/c of 

0.4.  The corresponding loss of dynamic modulus, as expressed by the damage index 𝐷, was then 

applied to the beam. It was also of interest to consider the effects of repeated freeze-thaw cycles 

on the loss of concrete weight caused by surface scaling.  The method to model surface scaling is 

discussed in Chapter 3.  Since both internal frost damage and salt scaling can occur concurrently, 

they were considered together in the analysis. The damaged was applied as change in the material 

property, 𝐸𝑐  and change in the cross-section geometry of the beam.   
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Climate data published by the Government of Canada was used to determine the number of freeze-

thaw cycles over a period of 74 years for different cities in Canada, including Calgary, Ottawa and 

St. John’s. This data is shown in Figure 5.4. A freeze-thaw cycle was assumed to have occurred 

when a temperature of 18℃ or higher was reached, followed by a recorded minimum temperature 

of -18℃ or lower. This is a definition consistent with what other researchers have defined in their 

respective experimental works (Hanjari et al. 2011, Hassanzadeh and Fagerlund 2006); however, 

it does not correspond to a freeze-thaw cycle as defined in the field (i.e., temperature cycles above 

and below 0°C).  The former definition was adopted because all expressions for mechanical 

properties and constitutive behaviour of frost-damaged concrete reported in Chapter 3 and used in 

the analysis were obtained from experimental testing that involved similar temperature ranges. 

 

Figure 5.4. Number of freeze-thaw cycles over a period of 74 year in Calgary, Ottawa and St. John’s 
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It was of interest to capture how the progression of damage translates into loss in the load-carrying 

capacity of a beam after it has been in service for 10 years, 25 years and 74 years in the three 

Canadian cities. Table 5.3 shows the values of 𝑁, the calculated loss in the dynamic modulus of 

elasticity according to Eq. 5.2, as well as the scaling depth after 10, 25 and 74 years according to 

Eqs. 3.25 and 3.26.  The damaged was applied to the beam as change in material property, 𝐸𝑐  and 

change in the cross-sectional geometry of the beam. It was assumed that the loss of 𝐸𝑐  was 

homogenous throughout the beam, and surface scaling occurred uniformly along the perimeter of 

the cross section. The input values of 𝐸𝑐  , 𝑓𝑐
𝑑 and  𝑓𝑡

𝑑 for the analysis are shown in Table 5.4, 

where 𝑓𝑐
𝑑 and  𝑓𝑡

𝑑 are calculated using Eqs. 3.1 and 3.2, respectively.  

 
Table 5.3. Loss in the dynamic modulus of elasticity and the scaling depth for N freeze-thaw cycles 

City @ year 10 @ year 25 @ year 74 

N D (%) s (mm) N D (%) s (mm) N D (%) s (mm) 

Calgary 12 20.23 0.255 26 23.44 0.553 74 25.72 1.573 

Ottawa  10 19.25 0.213 25 23.32 0.531 71 25.66 1.509 

St. John’s 7 17.12 0.149 21 22.71 0.446 66 25.55 1.403 

 
 

Table 5.4.  Input values of 𝐸𝑐, 𝑓𝑐
𝑑  and  𝑓𝑡

𝑑  for numerical analysis 

 

City 

Undamaged @ year 10 @ year 25 @ year 74 

N 
𝐸𝑐  

(GPa) 

𝑓𝑐
𝑑 

(MPa) 

𝑓𝑡
𝑑 

(MPa) 
N 

𝐸𝑐  
(GPa) 

𝑓𝑐
𝑑 

(MPa) 

𝑓𝑡
𝑑 

(MPa) 
N 

𝐸𝑐  
(GPa) 

𝑓𝑐
𝑑 

(MPa) 

𝑓𝑡
𝑑 

(MPa) 
N 

𝐸𝑐  
(GPa) 

𝑓𝑐
𝑑 

(MPa) 

𝑓𝑡
𝑑 

(MPa) 

Calgary 0 33.7 37.5 2.02 12 26.9 27.3 2.43 26 25.8 26.7 2.37 74 25.0 26.2 2.32 

Ottawa 0 33.7 37.5 2.02 10 27.2 27.5 2.44 25 25.8 26.7 2.37 71 25.0 26.2 2.32 

St. 

John’s 
0 33.7 37.5 2.02 7 27.9 27.9 2.48 21 26.0 26.8 2.38 66 25.1 26.2 2.32 

 

5.3.2 Moisture Content 
 

The degree of saturation was varied between values of 0.77 and 1 to determine its effects on the 

loss in loss in dynamic modulus of elasticity.  Equation 5.2 was used to quantify the damage; 𝑆𝑐𝑟 

was set to a value of 0.77, while the coefficient of fatigue, 𝐾𝑁   for 45 freeze-thaw cycles was 1.08. 

The values of 𝐾𝑁  for 45 freeze-thaw cycles was selected for the analysis because it corresponds to 

the number of freeze-thaw cycles at which the fatigue limit is reached, i.e., after 45 cycles,  𝐾𝑁 

cannot exceed 1.08 even when 𝑁=∞; see Table 5.2 and Figure 5.3.  
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The damaged was applied to the beam as change in material property, 𝐸𝑐 . The loss in dynamic 

modulus of elasticity (%) calculated using Eq. 5.2 and the input value of 𝐸𝑐  , 𝑓𝑐
𝑑 and  𝑓𝑡

𝑑 for the 

analysis are shown in Table 5.5, wherein 𝑓𝑐
𝑑 and  𝑓𝑡

𝑑 are calculated using Eqs. 3.1 and 3.2, 

respectively.  

 

Table 5.5.  Loss in dynamic modulus of elasticity for different moisture content and the corresponding input 

values of 𝐸𝑐, 𝑓𝑐
𝑑  and  𝑓𝑡

𝑑  for numerical analysis 

 

𝑆 𝐷 (%) 
𝐸𝑐 

(GPa) 

𝑓𝑐
𝑑  

(MPa) 

𝑓𝑡
𝑑  

(MPa) 

0.8 3.2 32.6 30.7 2.75 

0.9 14.0 29.0 28.6 2.54 

1 24.8 25.3 26.4 2.34 

 

5.3.3 Air Content 
 

The effects of varying the volume of entrained air on the freeze-thaw resistance of concrete was 

examined through varying the critical degree of saturation, 𝑆𝑐𝑟  .   

 

Yang et al. (2011) carried out experiments to investigate the effects of air entrainment on the 

mechanism of frost damage. The degree of saturation and porosity was measured in order to 

determine the critical degree of saturation of concrete with different air contents and water/cement 

ratios. It was observed that the air content was the main factor influencing the critical degree of 

saturation rather than the water/cement ratio. It was also observed that the critical degree of 

saturation decreased with increasing air content.   

 

The mix designs of the concretes tested by Yang et al. (2011) are shown in Table 5.6.  As the air 

content in air-entrained concrete increases, the compressive strength decreases. The water/cement 

ratio of air-entrained concrete therefore had to be adjusted to ensure that the strength was the same 

as that of non-entrained concrete. The specimens having various degrees of saturation were 

subjected to 6 freeze-thaw cycles and tested for the relative dynamic modulus of elasticity. The 

curves for each of the specimens are shown in Figure 5.5.  These curves show the change in the 
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material properties, from which the critical degree of saturation was inferred, i.e., the saturation 

degree above which there is a reduction in the relative dynamic modulus of elasticity was 

determined to be the critical degree of saturation. 

  

Table 5.6. Mix designs of specimens tested in a study by Yang et al. (2011)   

Series w/c 
Cement 

(kg/m3) 

Water 

(kg/m3) 

Sand 

(kg/m3) 

Coarse 

Aggregate 

(kg/m3) 

Fly Ash 

(kg/m3) 

Air 

Content 

(Vol. 

%) 

A1 0.54 312 170 739 1,156 45 1.2 

A4 0.53 319 170 704 1,101 46 4.1 

A6 0.51 332 170 677 1,060 48 5.6 

C1 0.36 478 170 669 1,047 69 1.1 

C4 0.34 464 160 654 1,023 67 4.3 

C6 0.32 497 160 619 969 72 6.5 

 

 

 

 
 

Figure 5.5. The relative dynamic modulus of elasticity of concrete specimens with different saturation 

degrees (reproduced from Yang et al. 2011) 

 

Figure 5.6 was produced from the curves in Figure 5.5, which shows the effect of air content on 

the critical degree of saturation as it relates to the w/c ratio.  It is apparent that air entrainment 

affects the critical degree of saturation, which in turn affects the dynamic modulus of elasticity. 
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Figure 5.6.  The critical degree of saturation as it relates to the w/c ratio and air content 

 

The effect of air content was investigated by varying the critical degree of saturation. From Figure 

5.6, the values for the critical degree of saturation are 0.77, 0.69 and 0.59 for concrete with a w/c 

of 0.4 and air content of 1%, 4% and 6%, respectively. Equation 5.2 was used to quantify the 

damage and determine the loss in dynamic modulus of elasticity. The degree of saturation, 𝑆 was 

set to a value of 1, while the coefficient of fatigue, 𝐾𝑁   for 45 freeze-thaw cycles was 1.08.  The 

damaged was applied to the beam as change in material property, 𝐸𝑐 . The loss in dynamic modulus 

of elasticity and the input value of 𝐸𝑐 , 𝑓𝑐
𝑑 and  𝑓𝑡

𝑑 for the analysis are shown in Table 5.7, wherein 

𝑓𝑐
𝑑 and  𝑓𝑡

𝑑 are calculated using Eqs. 3.1 and 3.2, respectively. 

 
Table 5.7.  Loss in dynamic modulus of elasticity for different critical degrees of saturation and the 

corresponding input values of 𝐸𝑐, 𝑓𝑐
𝑑  and  𝑓𝑡

𝑑  for numerical analysis   

 

𝑆𝑐𝑟  𝐷 (%) 
𝐸𝑐 

(GPa) 

𝑓𝑐
𝑑  

(MPa) 

𝑓𝑡
𝑑  

(MPa) 

0.59 44.3 18.8 22.4 1.97 

0.69 33.5 22.4 24.6 2.17 

0.77 24.8 25.3 26.4 2.34 

 

 

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.20 0.30 0.40 0.50 0.60

C
ri

ti
ca

l D
eg

re
e 

o
f 

Sa
tu

ra
ti

o
n

, S
cr

w/c ratio

non air entrained

air entrained 4%

air entrained 6%



96 
 

5.4 Results and Discussion  

 

In the presence of water, the external freezing and the subsequent thawing generates pore pressure 

that can cause significant damage in the solid matrix of concrete. This damage changes the internal 

structure of concrete as it introduces micro and macro cracks and thereby changes the material 

properties. The presence of salts on the concrete surface further enhances the damage extent 

resulting in scaling of the reinforced concrete element.  Cycles of freezing and thawing are required 

for frost damage to occur in concrete; however, porosity and moisture content are parameters that 

influence the mechanisms of frost damage and dictate when the damage takes place as well as its 

extent. When the degree of saturation is below the critical value, the effects of repeated freeze-

thaw cycles are marginal. However, when the degree of saturation exceeds the critical degree of 

saturation, the reinforced concrete members cannot sustain a freezing-thawing cycle without 

accumulating damage.  

 

5.4.1 Number of Freeze-Thaw Cycles 

 

In the parametric study, the effect of repeated freeze-thaw cycles on the load-carrying capacity of 

reinforced concrete flexural members was investigated. Climate data was retrieved from the 

Environment Canada database to plot the number of freeze-thaw cycles over a 74-year period for 

three of Canada's cities, including Calgary, Ottawa and Saint John’s.  A numerical analysis of a 

flexural governed beam subjected to damage caused by freeze-thaw cycles after being in service 

for 10 years, 25 years and 74 years in the three Canadian cities was conducted using the finite 

element software, VecTor2.  This damage was estimated using Eq. 5.2 and was modeled using the 

method proposed in Chapter 3.  

 

Shown in Figures 5.7-5.9 are the load-deflection responses for the beam at three specified stages 

of its service life (10, 25 and 74 years) for the three Canadian cities, respectively. The analytical 

load-deformation response of the undamaged beam is also shown in the figures. In the following 

discussion, the beams will be denoted by the city and the number of years in service. For example, 

Calgary10 indicates the beam subjected to 10 years of frost damage in the city of Calgary.   From 

all three figures, it can be observed that with the progression of time and over the course of the 

beam’s service life, there is stiffness degradation and a reduction in the load-carrying capacity of 

the beam, which reflects the increase in the extent of frost damage. The greatest loss of stiffness 
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and overall flexural strength is experienced in the first 10 years. Between 25 years and 75 years, 

the magnitude of reduction in the load carrying capacity is relatively low. This is due to the fact 

that the first cycle causes the most severe damage, and parameter, 𝐾𝑁, as given by Eq. 5.4, 

stabilizes after 45 cycles.  With the accumulation of subsequent freeze-thaw cycles, there is a 

fatigue limit that is reached, above which it is reasonable to assume that there is no further damage.   

 

From the results of the numerical analysis, it is evident that the damage accumulated over the 

course of a reinforced concrete beam’s service life due to repeated freeze-thaw cycles has a 

significant impact on the load-carrying capacity of the member. The saturation degree and critical 

saturation degree of the beam were specified to be 1 and 0.77, respectively.  However, for other 

values of saturation degree and critical saturation degree, a similar trend but varying magnitude of 

reduction in the load-carrying capacity is expected given that the degree of saturation is greater 

than the critical degree of saturation.  

 

 
 

Figure 5.7. Load-deflection response of beam at three stages of its service life in Calgary 



98 
 

 
 

Figure 5.8. Load-deflection response of beam at three stages of its service life in Ottawa 

 



99 
 

 
 

Figure 5.9. Load-deflection response of beam at three stages of its service life in St. John’s 

 
The climate in Canada changes from one region to another, and the range of temperature in cities 

with reinforced concrete infrastructure varies across the country. Reinforced concrete structures 

therefore experience different number of freeze-thaw cycles depending on which region in the 

country they are in service. Figures 5.10, 5.11 and 5.12 show the comparison between the load-

deflection response of the beam in service in Calgary, Ottawa and St. John’s after 10, 25 and 74 

years, respectively. Of the three cities, the lesser impacted beam by frost damage is that in service 

in St. John’s.  The beams Calgary10 and Ottawa10, and Calgary25 and Ottawa25 show more or 

less the same extent of damage. However, the beam Calgary74 is the most severely impacted by 

frost damage in comparison with beams Ottawa74 and St. John’s74.  These results indicate that it 

is important when considering the reduction in the load-carrying capacity to consider the climate 

data of the city that the reinforced concrete structure is serving. 
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Figure 5.10. Comparison of the load-deflection response of the beam for different cities in Canada after 

10 years in service 
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Figure 5.11.  Comparison of the load-deflection response of the beam for different cities in Canada after 

25 years in service 
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Figure 5.12.  Comparison of the load-deflection response of the beam for different cities in Canada after 

74 years in service 

 
 
The variation in the magnitude of reduction in the load-carrying capacity was also investigated 

and is presented in Table 5.8.  Figures 5.13 and 5.14 illustrate the loss in strength and the loss in 

ductility, respectively.  Ductility here and in the subsequent discussions refers to the deformation 

capacity of the beam up to maximum load. In the first 10 years of their service life, the Calgary 

and Ottawa beams both suffer approximately 16% loss in strength, the Ottawa beam, however, 

experiences a slightly greater (0.8%) loss in ductility. After 74 years Calgary suffers a marginally 

greater loss in strength and ductility than the Ottawa beam. The St. John’s beams experience the 

least amount of strength and ductility loss.  However, between 10 and 74 years the greatest 

magnitude of reduction in strength is seen in the St. John’s beam. All beams experience the greatest 

loss of strength and ductility in the first 10 years. Between 25 years and 75 years, the magnitude 

of reduction is comparatively less; this trend was discussed previously and is illustrated again in 

Figures 5.13 and 5.14. 
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Table 5.8 Loss of load-carrying capacity of beams from progression of frost damage over time 

 

Beam 
Peak Load 

(kN) 

Strength Loss 

(%) 

Deflection at Peak Load 

(mm) 

Ductility 

Loss (%) 

Undamaged 347.4  30.0  

Calgary10 290.5 16.4 27.2 9.2 

Calgary25 275.7 20.6 25.6 14.5 

Calgary74 262.4 24.5 24.5 18.1 

Ottawa10 289.7 16.6 26.9 10.0 

Ottawa25 276.1 20.5 26.1 12.9 

Ottawa74 264.4 23.9 24.8 17.2 

St. John’s10 305.9 11.9 29.1 2.8 

St. John’s 

25 
285.2 17.9 27.8 7.2 

St. John’s 

74 
273.6 21.2 26.7 10.7 

 
 

 
 

Figure 5.13. Variation in the reduction of strength over time 
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Figure 5.14. Variation in the reduction of ductility over time 

 

The analysis shows that the undamaged beam failed due to yielding of the tensile reinforcement 

and the simultaneous crushing of concrete in the compression zone; see Figures 5.19 and 5.23.  All 

frost damaged beams failed in a brittle manner from concrete crushing in the compression zone 

before the steel had yielded; see Figures 5.20-5.22 and 5.24-5.26.  Frost damage led to a change 

in the failure mode, which can be understood by observing the crack patterns as shown in Figures 

5.15-5.18.  The crack distribution from the analysis of the undamaged beam showed that relatively 

few and small bending flexural cracks formed before the yielding of the tensile reinforcement 

(Figure 5.15), which governed the failure of the beam. For the frost-damaged beams, the numerical 

analysis showed the propagation of flexural cracks followed by the initiation of diagonal shear 

cracks before crushing of concrete in compression.  The progression and extent of cracking is 

greater in beams with 10 years of damage than in beams with 25 or 74 years of damage; see Figures 

5.16-5.18.  This is expected because at 10 years, the beam has the greater load-carrying capacity. 

The cracking patterns reflect the beam’s capacity to sustain greater loads which allows for greater 

extent of crack propagation.   

 

 
 
 



105 
 

 
 

Figure 5.15. Crack pattern of the undamaged beam 

 
(a) 

 
 

(b) 

 
(c) 

 
Figure 5.16. Crack pattern of beams (a) Calgary10, (b) Calgary25, and (c) Calgary74 
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(a) 

 
(b) 

 
(c) 

 
Figure 5.17. Crack pattern of beams (a) Ottawa10, (b) Ottawa25, (c) and Ottawa74 
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(a) 

 
(b) 

 
(c) 

 

Figure 5.18. Crack pattern of beams (a) St. John’s10, (b) St. John’s25, and (c) St. John’s74 
 

 
 

Figure 5.19. Axial stress distribution in the concrete of the undamaged beam (units in MPa) 
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(a) 

 
 

(b) 

 

 
 

(c) 
 

Figure 5.20. Axial stress distribution in the concrete of beams (a) Calgary10, (b) Calgary25, and (c) 

Calgary74 (units in MPa) 
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(a) 

 

 
 

 

(b) 

 
 

 

(c) 
 

Figure 5.21. Axial stress distribution in the concrete of beams (a) Ottawa10, (b) Ottawa25, (c) and 

Ottawa74 (units in MPa) 
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(a) 

 
 

(b) 

 
 

(c) 
 

Figure 5.22. Axial stress distribution in the concrete of beams (a) St. John’s10, (b) St. John’s25, and (c) 

St. John’s74 (units in MPa) 
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Figure 5.23. Axial stress distribution in the steel reinforcement of the undamaged beam (units in MPa) 
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(a) 

 

 
 

(b) 

 

 
 

(c) 
 

Figure 5.24. Axial stress distribution in the steel reinforcement of beams (a) Calgary10, (b) Calgary25, 

and (c) Calgary74 (units in MPa) 
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(a) 

 
 

(b) 

 
 

(c) 

 
Figure 5.25. Axial stress distribution in the steel reinforcement of beams (a) Ottawa10, (b) Ottawa25, (c) 

and Ottawa74 (units in MPa) 
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(a) 

 
 

(b) 

 
 

(c) 

 

Figure 5.26. Axial stress distribution in the steel reinforcement of beams (a) St. John’s10, (b) St. 
John’s25, and (c) St. John’s74 (units in MPa) 
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In designing the beam, it is of paramount importance to consider this loss of load and deflection 

capacity as it will have an effect on the mode of failure. However, the current design code, CSA 

A23.3 does not provide measures to quantify and mitigate accordingly this loss in capacity that 

results from successive freeze-thaw cycles over the service life of the reinforced concrete 

member. The standard does, however, refer to the CSA A23.1, which specifies a maximum water-

to-cement ratio, a minimum specified compressive strength at 28 days, and a minimum amount of 

entrained air depending on the exposure category.    

 

5.4.2 Moisture Content 
 

When concrete is saturated, it becomes susceptible to frost damage.  To observe the effects of the 

moisture content on the load-carrying capacity of reinforced concrete, beams with three different 

degrees of saturation were modeled. The load-deflection response of the beams with varying 

degrees of saturation and 𝑆𝑐𝑟 = 0.77 subjected to freeze-thaw cycles is shown in Figure 5.27.  The 

initial stiffness does not change with the degree of saturation; however, the load-deflection 

response of the beam deteriorates as the moisture content is increased. When the beam is fully 

saturated, it shows a 22% reduction in the strength and a 15% loss of ductility; see Table 5.9 and 

Figures 5.28 and 5.29.  The magnitude of the loss in the overall load-carrying capacity of the beam 

when the saturation degree is increased from 0.8 to 0.9 is less than when the degree of saturation 

is increased from 0.9 to 1.    

 

The axial stress distribution from analysis showed that the three damaged beams with varying 

saturation degrees all experienced brittle failure (Figures 5.31 and 5.32); the deterioration of 

concrete led to failure in compression before the reinforcement had yielded.  The varying degree 

of damage applied to the beams is reflected in the axial stress distribution.  Figure 5.30 shows the 

crack distribution at failure in the beams. The development of vertical flexural cracks followed by 

inclined flexural-shear cracks can be observed. The initiation and subsequent propagation of the 

cracks is indicative of deterioration, because the undamaged beam, as seen in Figures 5.15, 5.19 

and 5.23, failed from yielding of reinforcement prior to development of diagonal cracks.   

 

The trends observed in the analytical results are in agreement with the understanding that the effect 

of frost damage on the structural response of reinforced concrete members is intensified when the 
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degree of saturation is increased. The Canadian design code stipulation for providing resistance to 

frost damage is to specify air entrainment in the concrete mix design.  However, if concrete is fully 

saturated, repeated freezing and thawing will cause significant amount of damage, regardless of 

the quantity of the air.  It is, therefore, imperative that reinforced concrete members subjected to 

freeze-thaw cycles are protected from moisture.  Current preventative measures to protect the 

concrete against water uptake and permeation include the use of water-resisting admixtures for the 

concrete. 

 

 
 

Figure 5.27.  The load-deflection response of the beam with different degrees of saturation 
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Table 5.9. Loss of load-carrying capacity of beams with varying degrees of saturation  
 

Beam 
Peak Load 

(kN) 

Strength Loss 

(%) 

Deflection at Peak Load 

(mm) 

Ductility 

Loss (%) 

Undamaged 347.4  30.0  

S0.8 333.9 3.9 31.3 0 

S0.9 308.5 11.2 28.8 3.8 

S1 270.6 22.1 25.3 15.4 

 
 

 
 

Figure 5.28.  Loss of strength for varying degrees of saturation 
 

 
 

Figure 5.29.  Loss of ductility for varying degrees of saturation 
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(a) 

 

 
(b) 

 
(c) 

 

Figure 5.30.  Crack pattern of beams (a) S0.8, (b) S0.9, and (c) S1 
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(a) 

 
(b) 

 
(c) 

 

Figure 5.31. Axial stress distribution in the concrete of beams (a) S0.8, (b) S0.9, and (c) S1 (units in MPa) 
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(a) 

 
(b) 

 
(c) 

 
 

Figure 5.32. Axial stress distribution in the steel reinforcement of beams (a) S0.8, (b) S0.9, and (c) S1 

(units in MPa) 
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5.4.3 Air Content 

 

The volume of entrained air in concrete is an important parameter that affects the freeze-thaw 

resistance of concrete and is related to the critical degree of saturation.  As part of the parametric 

study, effects of varying the volume of entrained air on the freeze-thaw resistance of concrete was 

examined through varying the critical degree of saturation, 𝑆𝑐𝑟 (when 𝑆=1). Studies have shown 

that 𝑆𝑐𝑟 decreases with increasing air content (Yang et al. 2011).  Thus, effects of increasing air 

content and subsequently lowering 𝑆𝑐𝑟  on the extent of frost damage was modeled using the 

methods proposed in Chapter 3. The results of the numerical analysis are presented as the load-

deflection response of the beam in Figure 5.33.  It is evident that concrete with lower 𝑆𝑐𝑟   has less 

capacity to sustain loading. Table 5.10 presents the magnitude of reduction in the load-carrying 

capacity of beams with critical degrees of saturation increased from 0.59 to 0.69 and then to 0.77.  

These results are illustrated in Figures 5.34 and 5.35.  From these figures, it is observed that both 

the loss in strength and the loss in ductility follow a linear trend.  Beams subjected to freeze-thaw 

cycles that have a critical saturation degree of 0.59, 0.69, and 0.77 experience strength reduction 

of 39.5%, 30.4% and 21.2%, respectively. The loss in ductility is slightly less compared to the loss 

of strength (31.3%, 23%, and 12.9% in beams with critical saturation degrees of 0.59, 3.69 and 

0.77, respectively). The cracking pattern of the beams from the analysis can be observed in Figure 

5.36.  Vertical flexural cracks and inclined flexural-shear cracks are observed in each beam.  The 

axial stress distribution in the concrete and steel reinforcement, presented in Figures 5.37 and 5.38, 

shows that the load-carrying capacity of the beams was limited by the crushing of the concrete in 

the compression zone. It is important to note that the above results assume that the concrete is fully 

saturated, i.e., S = 1. The degree of frost damage is a function of the difference between the actual 

saturation level of the concrete and its critical degree of saturation. 

   

The quantity of the air voids in concrete is related to the critical degree of saturation.  The results 

of the analysis show that for concrete with higher air content there is greater stiffness degradation 

and reduction in the load-carrying capacity of reinforced concrete flexural members. However, 

another important parameter that affects the freeze-thaw resistance of concrete, which was not 

taken into account in the analysis, is the quality of air distribution. The quality of the air distribution 

is related to the critical flow distance, which is defined as the maximum distance that water can 

flow from freezing site to the closest air-filled pore. As discussed previously, frost damage does 
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not occur unless the degree of saturation is greater than the critical degree of saturation. 

Additionally, if the flow distance is below the critical distance and the degree of saturation is less 

than the critical degree of saturation, frost damage does not occur. If either the flow distance or 

degree of saturation is above their respective critical values, then concrete will experience frost 

damage upon being subjected to freeze-thaw cycles. The quality of air distribution and the volume 

of the air are two important parameters affecting the freeze-thaw resistance of the system. As 

mentioned before, air entrainment, as stipulated by code provisions, is the most effective method 

in protecting reinforced concrete members against frost damage. However, the quality of air 

distribution needs to be also considered in the context of frost-damage resistance. 

 

 
 

Figure 5.33.  The load-deflection response of beam with varying degrees of saturation 

 
 
 

 
 



123 
 

Table 5.10. Loss of load-carrying capacity of beams with varying values of critical saturation degrees  

 

Beam 
Peak Load 

(kN) 

Strength Loss 

(%) 

Deflection at Peak Load 

(mm) 

Ductility 

Loss (%) 

Undamaged 343.4  29.1  

S_cr0.59 207.7 39.5 20.0 31.3 

S_cr0.69 239.0 30.4 22.4 23.0 

S_cr0.77 270.6 21.2 25.3 12.9 

 
 

 

Figure 5.34.  Loss of strength for varying critical saturation degrees 

 

 

Figure 5.35.  Loss of ductility for varying critical saturation degrees 
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(a) 

 

(b) 

 

(c) 

 

Figure 5.36.  Crack pattern of beams (a) S_cr0.59, (b) S_cr0.69, and (c) S_cr0.77 
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(a) 

 
 

(b) 

 
 

(c) 
 

Figure 5.37. Axial stress distribution in the concrete of beams (a) S_cr0.59, (b) S_cr0.69, and (c) S_cr0.77 

(units in MPa) 
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(a) 

 
 

(b) 

 
 

(c) 
 

Figure 5.38. Axial stress distribution in the steel reinforcement of beams (a) S_cr0.59, (b) S_cr0.69, and 

(c) S_cr0.77 (units in MPa) 
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5.5 Parametric Analysis Summary 

 

Concrete resistance against frost damage is influenced by internal and external climate factors.  

The most influential internal parameters discussed in this chapter are moisture content and air 

content.  The number of freeze thaw cycles is an external climate factor that was also investigated 

in this chapter.  From the results of the parametric analysis, the following conclusions are drawn:  

1. The damage accumulated over the course of a reinforced concrete beam’s service life due 

to repeated freeze-thaw cycles has a significant impact on the load-carrying capacity of the 

member. 

2. With the progression of time and over the course of the beam’s service life, there is stiffness 

degradation and a reduction in the load-carrying capacity of the beam which reflects the 

increase in the extent of frost damage. 

3. The greatest loss of stiffness and overall flexural strength is experienced in the first 10 

years.  Between 25 years and 75 years, the magnitude of reduction in load-carrying capacity 

is relatively low. 

4. The comparison between the load-deflection response of the beam in service in Calgary, 

Ottawa and St. John’s after 10, 25 and 74 years indicates that when considering the 

reduction in the load-carrying capacity, it is important to consider the climate data of the 

city that the reinforced concrete structure is serving. 

5. The initial stiffness does not change with the degree of saturation; however, the load-

deflection response of the beam deteriorates as the moisture content is increased.   

6. The effect of frost damage on the structural response of reinforced concrete members is 

intensified when the degree of saturation is increased. 

7. Effects of increasing air content and subsequently lowering Scr include a reduction in the 

capacity to sustain loading, provided the concrete is saturated. 

8. For concrete with a lower critical saturation degree, there is greater stiffness degradation 

and reduction in the load-carrying capacity of reinforced concrete flexural members.     

 

The structural response of frost-damaged reinforced concrete members is most critically affected 

by the air content, which is related to the critical degree of saturation, and the quality of the air 

pore system, which is related to critical spacing factor.  Concrete becomes susceptible to damage 

only when the degree of saturation exceeds the critical value and therefore, considering the critical 
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degree of saturation in the design of reinforced concrete structures subjected to freeze-thaw cycles 

is of vital importance.  When the pore saturation is below the critical value, the freezing of water 

fills up the void space before exerting stress on the pore wall; the phase change from water to ice 

inside the pore will not damage the solid matrix of the material.  The critical spacing factor between 

air pores is also of vital importance to the performance of reinforced concrete structural members.  

Water flow, arising from the 9% volume increase from ice formation, generates pressure.  If the 

distance for the water to flow from freezing site to the nearest air-filled space is below the critical 

distance then, the effects are marginal.  Damage does not occur when the saturation degree is less 

than the critical saturation degree and the flow distance is below the critical flow distance.  If either 

the critical degree of saturation or the critical flow distance is exceeded, the reinforced concrete 

member will experience frost damage during a freezing cycle, and therefore, it is imperative that 

these two parameters be considered in the design of reinforced concrete structures subjected to 

freeze-thaw cycles.  
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Chapter 6. Concluding Remarks    

 

6.1 Conclusions 

 

The effects of frost damage on reinforced concrete flexural members were studied in order to 

propose a structural analysis method that accounts for the degradation of the load-carrying capacity 

and stiffness of frost-damaged reinforced concrete flexural members. A methodology was 

introduced in which frost damage is accounted for by incorporating the material properties of 

deteriorated and frost-damaged concrete in existing analytical constitutive models for concrete in 

compression and tension and for bond steel-concrete interaction, and by modifying the member’s 

geometry to account for surface scaling. VecTor2 is the nonlinear finite element software used in 

this study for the analysis of frost-damaged reinforced concrete members. The analysis procedure 

was validated with published experimental results of reinforced concrete beams subjected to frost 

damage.  From the results of the validation stage, the following conclusions can be made 

1. The effects of frost damage on the load-carrying capacity and the changes in failure mode 

were captured by changing the material and bond properties as well as the cross-section of 

the damaged concrete.    

2. In general, the proposed methodology was more effective in predicting the response of 

flexural governed than shear-governed beams.   

 

Once the methodology was validated, it was used to investigate parameters that influence the 

damage caused by successive freeze-thaw cycles in reinforced concrete flexural members.  The 

number of freeze-thaw cycles is an external variable that was investigated as part of the parametric 

study.  Internal variables were also considered and include moisture content and air content. The 

parametric analysis included the study of the following beam characteristics:  

 

1. Load-deformation curves  

2. Loss in strength 

3. Loss in ductility  
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The results from the numerical analysis were used to identify the effects of the parameters and to 

highlight trends within the results relating to these parameters. From the parametric study, the 

following conclusions can be made:  

 

1. The damage accumulated over the course of a reinforced concrete beam’s service life due 

to repeated freeze-thaw cycles has a significant impact on the load-carrying capacity of the 

member. 

2. With the progression of time and over the course of the beam’s service life, there is stiffness 

degradation and a reduction in the load-carrying capacity of the beam which reflects the 

increase in the extent of frost damage. 

3. The greatest loss of stiffness and overall flexural strength is experienced in the first 10 

years.  

4. Between 25 years and 75 years, the magnitude of reduction in load-carrying capacity is 

relatively low. 

5. The comparison between the load-deflection response of the beam in service in Calgary, 

Ottawa and St. John’s after 10, 25 and 74 years indicates that when considering the 

reduction in the load-carrying capacity, it is important to consider the climate data of the 

city that the reinforced concrete structure is serving 

6. The initial stiffness does not change with the degree of saturation; however, the load-

deflection response of the beam deteriorates as the moisture content is increased.   

7. The effect of frost damage on the structural response of reinforced concrete members is 

intensified when the degree of saturation is increased. 

8. Effects of increasing air content and subsequently lowering Scr include a reduction in the 

capacity to sustain loading. 

9. For concrete with higher air content, and thus a lower critical saturation degree, there is 

greater stiffness degradation and reduction in the load-carrying capacity of reinforced 

concrete flexural members.     
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The objective of this study was to model the effects of frost damage on reinforced concrete flexural 

members in order to provide a reliable methodology to asses deteriorated concrete structures. The 

important findings of this study to consider in the assessment of existing structures include: 

1. Incorporating frost damage effects through the stress–strain response of concrete in 

compression, the stress-crack opening relation in tension and the bond–slip behaviour 

changes the behaviour of frost-damaged reinforced concrete flexural member changes, and 

therefore, they should be considered in the analysis.  

2. The effects of frost damage can be taken into account through modification of the concrete 

cross-section, the response of the materials in tension and compression and the bond–slip 

relation.  

3. The changes in the effective material and bond properties results in change in the failure 

mode of reinforced concrete members. 

 

6.2 Future Work 

 

The method introduced to account for frost damage in the two-dimensional FE model should be 

further developed for three-dimensional analysis to account for the out-of-plane damage. 

Furthermore, the extension and distribution of the damage over the cross-section should be more 

extensively studied as it affects prediction of the failure load and deformation.  For reinforced 

concrete elements, the application of de-icing salts raises concerns over not only frost damage, but 

also corrosion of embedded reinforced steel bars.  In Canadian winters especially, these 

deterioration mechanisms usually appear concurrently.  To better understand the combined effects 

of these two deterioration mechanisms on the response of reinforced concrete members, the 

analysis procedures currently used to model reinforcement corrosion should be applied with the 

proposed methodology to model frost-damage.  Design and assessment guidelines should be 

developed upon further investigation of the effects frost damage on design parameters. Suggestion 

to modify these parameters in order to account for deterioration could be provided in assessment 

guidelines of existing deteriorated concrete structures. 
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